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Abstract. We describe the spatial variability of high frequency ice velocity in the Weddell Sea
using satellite-tracked ice-mounted buoys. Ice motion is analyzed separately for “diurnal” (1/36-1/18
cph) and “semidiurnal” (1/18-1/6 cph) bands. Ice motion in both bands is caused by a combination of
ocean tidal currents and wind stress. Monthly mean diurnal band ice speeds over the deep basin range
from 2 to 4 cm s™ depending on wind stress variance and ice concentration (Cic.). Higher speeds (~10
cm s™) are found in the semidiurnal band in regions of low Ci, notably the northern Weddell Sea,
where the ice velocity is dominated by the inertial response to wind stress variations. Monthly mean

tidal band ice speeds over the continental slope and shelves often exceed 10 cm 5. We use
comparisons between buoy velocities, moored current meter data, and an ocean tidal model to
demonstrate that ice motion is frequently a good indicator of ocean tidal currents in strongly tidal
regions. The standard deviation of the divergence of ocean tidal currents estimated from an ocean-
only tidal model is small (<0. 1x10° s™) over most of the Weddell Sea but has values of 1-5x10° 5™
along the Ronne Ice Front and the continental shelf break. High frequency ice divergence is
dominated by ice response to wind stress rather than by tides except along the shelf break and ice
fronts. In these tidally dominated regions the periodic divergence maintains a mean lead (open water)
area of ~2-5%. This increased lead fraction implies an increase in area-averaged winter ocean-to-
atmosphere heat exchange rate of ~4-10 W m™ and an increase in salt flux into the upper ocean as

new ice forms in the leads.

1. Introduction

The role of ocean tides in forcing sea ice drift and periodic
divergence has been recognized for at least a century [see,
e.g., Nansen, 1898, p.
importance of ice divergence is that the winter flux of heat
from the ocean to the polar atmosphere can be 1-2 orders of
magnitudes higher through the open water of leads than
through the adjacent sea ice [Maykut, 1986; Launiainen and
Vihma, 1994]. A small mean fraction of leads in pack ice can
therefore greatly increase the area- and time-averaged ocean-
to-atmosphere heat loss, ice formation rate, and salt flux into
the upper ocean. The new ice in the leads is crushed into
ridges at floe edges during the convergent phase, permitting
additional rapid ice growth during the divergent phase. This
“ice accordian” process is particularly efficient for high-
frequency divergence-convergence cycles. More rapid cycling
results in a thinner mean new ice thickness and thus more
mean heat loss and brine rejection during new ice growth. An
understanding of high-frequency ice motion is also of value
when attempting to estimate mean ice motion by tracking
features between pairs of satellite images that may be

'Now at Institut fur Meteorologie und Klimaforschung,
Universitit Forschungszentrum Karlsruhe, Karlsruhe, Germany.

Copyright 2000 by the American Geophysical Union.

Paper number 1999JC900267.
0148-0227/00/1999JC900267$09.00

180]. For climate studies the

separated in time by one to several days [Drinkwater, 1998],
so that the tidal motion is aliased into the mean drift
estimates.

The Weddell Sea (Figure 1) is the major source for
Antarctic Bottom Water (AABW) that is found throughout
the World Ocean [Broecker et al., 1998]. Air-sea interactions
around the Weddell Sea perimeter are responsible for creating
the cold and dense shelf waters that are necessary for the
production of AABW and the colder and denser Weddell Sea
Bottom Water [see Gordon, 1998]. De Veaux et al. [1993]
demonstrated empirically that the distribution of ice
concentration was related to topography, being dependent on
both water depth and bottom slope. We know that tides are a
major source of oceanic kinetic energy over shallow water
and steep topography [Robertson et al., 1998], so we ask: Are
tides at least partly responsible for the observed distributions
of sea ice motion and concentration? Given this research
focus, the geographical features of most significance are those
that influence the distribution of tidal energy and divergence.
These features include the shelf break and the ice fronts of the
Ronne, Filchner, and Larsen Ice Shelves, which are the
floating extensions of thick glacial ice flowing off Antarctica.
The typical water depth over the continental shelf is ~400-500
m, thus the shelf break in Figure 1 is approximately défined
by the 500 m isobath. Water depths in the center of the
Weddell Sea exceed 4000 m. Depth data are, however, sparse
over much of the western and southwestern Weddell Sea, and
this lack of data severely limits our ability to accurately model
ocean tidal currents [Padman et al., 1998].

With our interest in tides we focus on high-frequency ice
motion, defined here as variability between 1/36 and 1/6 cph.

3379



3380 PADMAN AND KOTTMEIER: WEDDELL SEA ICE MOTION AND DIVERGENCE

(

Q
~—

o
N

Latitude(°S)

30,

-0 -40

# Plateau

. TN P

Filchnerl © 7 &304
On Trough
0 !

8. Atlantic

1

Depth

Weddell
Sea

-30 -20 -10 O

Longitude

Latitude (°S)

65

50 45 40
Longitude (°W)

Figure 1. (a) Principal topographic features in the Weddell Sea region. The General Belgrano Bank (GBB: ~73°S,
48°W) and the Filchner Ice Shelf (FIS) are indicated. (b) Locations, indicated by stars, of current measurements on the
southern Weddell Sea shelf and slope, reported by Foldvik et al. [1990] (FMF-90) and Woodgate et al. [1998] (WSO-98).
The location of the tidal ice motion measurements by Viehoff and Li [1995] near 70°S, 59°W is also indicated (VL-95).

Depths are in meters.

Various authors [e.g., Rowe et al., 1989; Viehoff and Li, 1995,
Kottmeier and Sellmann, 1996; Kottmeier et al., 1992, 1997,
Geiger et al., 1998a] have noted the influence of ocean tides
on ice motion. However, ice motion in this frequency band
can also be caused by its direct response to high-frequency

wind stress variability and a near-resonant response to wind
stress pulses. The first process encompasses ice motion in
phase with fluctuations of high-frequency wind stress. Most
wind variability occurs with periods of several days; however,
~20% of the wind velocity variance occurs at frequencies
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>1/36 cph [Kottmeier et al., 1997]. The second process entails
the setup of ice velocity oscillations with frequencies near the
local inertial frequency f, which ranges from ~1/14 to 1/12
cph over the latitude range 60-85°S. We will show that both
tidal and wind forcing contribute significantly to ice motion
when averaged over the Weddell Sea but that the spatial
patterns for these processes are very different.

Time series of the paths of clusters of satellite-tracked
buoys show that spatial velocity gradients (shear, strain, curl,
and divergence) can also contain significant high-frequency
energy [Kottmeier et al., 1997; Geiger et al., 1998a, b]. As
was noted above, periodic divergence of the ice pack can
increase the mean heat loss from the ocean to the atmosphere.
Shear and strain help to break up the ice cover into smaller
floes and make the sea ice more responsive to local external
stresses. Kowalik and Proshutinsky [1994], who coupled a
high-resolution barotropic ocean tide model to a dynamic ice
model, concluded that ice response to tides must be included
in realistic models of the thermohaline forcing of the Arctic
Ocean. We propose that this is also true for the Weddell Sea.
This is not a novel hypothesis [see, e.g., Foldvik and
Gammelsrod, 1988; Kottmeier and Sellmann, 1996].
However, we extend these studies by a more detailed analysis
of available buoy data and comparisons with ocean data and
an ocean-only tidal model.

In this paper we first describe the analysis procedures for
obtaining high-frequency ice motion and gradient quantities
from time series of the positions of clusters of satellite-
tracked buoys (section 2). The spatial distributions of ice
speed in two broadly defined “tidal” bands, diurnal (1/36-1/18
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cph) and semidiurnal (1/18-1/6 cph), are then presented
(section 3). The term “tidal band” refers to the entire
frequency range of 1/36-1/6 cph, even though much of the ice
motion at these frequencies is associated with wind forcing
rather than ocean tides. We then describe a depth-averaged
ocean-only tide model that we use to interpret the drifter
observations (section 4). We conclude with a discussion
(section 5) including an assessment of the validity of the free
drift approximation and the oceanographic relevance of the
modeled and measured tidal band ice divergence.

The influence of lead fraction on average air-sea heat
fluxes, ice formation, and salt flux to the upper ocean in the
western Weddell Sea will be quantified in a future study (O.
Eisen, personal communication, 1999) on the basis of a
kinematic-thermodynamic sea ice model and the time series of
ice divergence from one buoy cluster.

2. Methodology for Obtaining Tidal Band Ice
Motion From Buoys

2.1. Buoy Data Sets and Tidal Band Ice Velocity
Determination

Autonomous buoys deployed on the Weddell Sea pack ice
have provided large-scale wind, temperature, and ice motion
statistics from this region [Kottmeier et al., 1997]. The buoys
that we consider here were deployed during the Winter
Weddell Sea Project 1986 (WWSP86) [Augstein, 1986],
during the Polarstern cruises ANT-X [Spindler et al., 1993]
in 1992 and ANT-XII [Jokat and Oerter, 1997] in 1995, and
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Figure 2. Monthly location of every buoy used in the ice motion analysis. Drifters released in 1986, 1992, and 1995 are
indicated by open squares, open circles, and pluses, respectively. Deployments during Ice Station Weddell are indicated

by asterisks. Depths are in meters.
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in the western Weddell Sea around Ice Station Weddell 1
(ISW-1) in 1992 [Gordon and Ice Station Weddell Group of
Principal Investigators and Chief Scientists, 1993; Muench
and Gordon, 1995; Geiger et al., 1998a, b]. Buoy locations
were determined from Doppler shifts of the transmitted
signals observed at different satellite positions. The accuracy
of individual buoy positions from the Argos  satellite
" positioning system is ~350 m. Accuracies of 150 m can now
be achieved by improved processing methods by Argos CLS
but were not available for the full data set on a regular basis.
The Argos system obtained ~20 position estimates per day for
each buoy. Ice drift velocity, D(¢)=(d., d,), for each buoy was
obtained from the time series of buoy location. A regularly
spaced time series with a resolution of 3 hours was generated
using cubic spline interpolation. Long gaps were filled by
linear interpolation. The geographical distribution of these
data is shown in Figure 2. The mean ice drift paths were
clockwise with the mean flow of the Weddell Gyre [Orsi et
al., 1993; Fahrbach et al., 1994, 1998].

The momentum balance for drifting sea ice involves wind
and water stresses, the pressure gradient associated with any
geostrophic current, Coriolis forces, internal stresses, and
advective and local accelerations. Even without the latter two
terms, the forces acting on the ice generally cause a nonlinear
response of ice motion to winds and currents. Despite these
difficulties, ice motion can be a useful marker of tidal
currents, as is demonstrated below.

The linear model [Thorndike and Colony, 1982]
approximates the time-dependent ice motion by
D(O)=AV()+C,te(), ' @

where, V,(¢) is the geostrophic wind, A is a constant complex
multiplier linearly relating ice drift fluctuations to geostrophic
wind variations, C, is the constant mean (not wind-correlated)
component of the ice motion, and €(?) is the residual drift. The
vector C, sums all mean effects that are not represented by the
geostrophic wind, specifically the mean effects of internal ice
stress and ocean surface tilt. The residual €(¢) accounts for ice
drift that is neither wind-related nor caused by the constant
ocean current. It not only includes ocean tidal motion and
higher-frequency fluctuations of internal stress but also
“noise” from wind velocity and ice drift observational errors.

Equation (1), without €, is used as a regression equation to
calculate the optimum constants A and C, for 30 day periods
(240 three-hourly estimates of D(#) and V,(#)). It is found that
for periods >0.5 days the linear model generally accounts for
>60% of the total variance of drift speeds except for the
region west of 45°W and south of ~68°S in the southwestern
Weddell Sea. In the latter region, relative explained variances
vary from 15 to 70%, and the modulus of the complex
multiplier |A| ranges from 0.2x107 to 0.9x107, whereas it is
above 1x107 in all other regions. The weaker and nonlinear
correspondence of ice motion to the winds in this region has
previously been attributed to more frequent events associated
with tidal influences [Kottmeier and Sellmann, 1996] and also
to large internal stresses.

Variances explained by the linear model (1) were
recalculated for ice drift and geostrophic wind data in the
Weddell Sea after low-pass filtering at 36 hours to eliminate
direct tidal effects. Relative explained variances for the
southwestern Weddell Sea became significantly larger,
between 50 and 90%, and did not systematically differ from
those for other regions. However, |A| remained below 1x107.
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The linear response of ice drift to winds in the period band of
synoptic processes (36 hours and longer) is therefore a critical
element of ice motion in all parts of the Weddell Sea, even
though the ratio of drift speed to geostrophic wind speed (JA|)
varies between regions. Following (1), this implies that mean,
non-wind-forced ocean currents are simply additive to the
mean wind-related drift. )

At semidiurnal and diurnal periods, ice motion and winds
are almost uncorrelated in the western Weddell Sea, and the
wind variance in these bands rarely exceeds 20% of the total
wind variance [Kottmeier et al., 1997]. The time series of the
residual € was compared to the original 36 hour high-pass
filtered ice drift and was found to be very similar. This
exercise shows that ice drift observations at semidiurnal and
diurnal periods in the southwestern Weddell Sea provide
useful information on tidal effects in the upper ocean. The
amplitudes of ice drift fluctuations therefore are at least
qualitative estimates of ocean tidal motion.

The ice response to ocean currents in the tidal band. is
expected to be affected by internal ice stresses. We know,
from simultaneous measurements of upper ocean currents and
ice motion in the Arctic, that tidal band ice velocity can be
very different from ocean tidal currents [Padman et al.,
1992]. Near the Yermak Plateau in the eastern Arctic in early
spring, diurnal band ice speeds of only 3 cm s’ were
measured where the diurnal ocean tidal current was 25 cm s™.
This lack of ice response was attributed to the small spatial
scales of ocean tidal current variability (which are comparable
to the topographic slope scales [see Robertson et al., 1998,
Figure 5], relative to the distance over which the ice pack
effectively acts as a single rigid sheet and thus integrates the
tide-applied ocean-ice stress. This latter scale is large near the
Yermak Plateau in winter because of the high ice
concentration and mean thickness, and the mean convergence
associated with the Transpolar Drift as the ice leaves the
Arctic Basin through Fram Strait. Other published
measurements reported by Padman et al. [1992] demonstrated
that tidal band ice velocities could be much greater in the
same region in summer, when the ice was weaker and thus
less able to resist internal stresses. Similar seasonal variation
can be expected for the Weddell Sea pack ice, which
undergoes a pronounced seasonal cycle. Rowe et al. [1989]
suggested that internal ice stresses were responsible for the
observed reduction in tidal frequency ice motion during the
austral winter, for the one drifter that they analyzed.
However, as we will show below, much of the variability seen
in individual drift tracks is truly spatial rather than temporal,
and so, Rowe’s conclusion must be regarded with caution.

Ice distribution in the Antarctic has been monitored with
satellites for over 2 decades. The Special Sensor Microwave
Imager (SSM/I) has provided ice concentration C;., estimates
approximately once per day since 1987. High Ci.. values are
found in the western portion of the Weddell Sea, which is a
region of frequent onshore wind stress and mean ice
convergence [Kottmeier and Sellmann, 1996]. This is
illustrated in Figure 3 where we show the fraction of time that
Ci.e in each SSM/I satellite pixel location exceeds 90%
(denoted Cyy) during the period 1988-1995. In Figure 3,
contour intervals are closely spaced for Co;>80%. Figure 3 is
intended as a qualitative guide to regions where free drift may
usually be valid (low values of Cyy) and to suggest that in
regions of persistently high C;. the small perturbations in Cy,
are related to topography and perhaps therefore also to tides.
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Figure 3. Percentage of time that the Special Sensor Microwave Imager satellite reported ice concentration above 90%
(denoted Cyy in the text), for the period 1988-1995. Data were provided by the National Snow and Ice Data Center. The
400, 500, 1000, and 3000 m isobaths are shown as solid lines (see Figure 1). The ranges of shading are not evenly

spaced: intervals are much narrower for high values of Cyy.

In the southern Weddell Sea, there is a trough of slightly
lower Cy, along the shelf break (roughly, the 500 m isobath)
from near 40° to ~55°W. We shall return to Figure 3 in
section 5.2.

2.2. Tidal Analysis of Ice Motion

The usual method for tidal analysis of ocean currents
involves a multivariate least squares fit of sine and cosine
waves at the known tidal frequencies [see, e.g., Foreman,
1978]. The total analyzed record length determines the
number of constituents that can be numerically resolved
(although additional constituents can be obtained by inferring
the spectrally inseparable constituents from the resolved
constituents). The four most energetic constituents are O,
(period~25.82 hours) and K; (23.93 hours) in the diurnal
band, and M, (12.42 hours) and S, (12.00 hours) in the
semidiurnal band. While the minimum required record length
for resolving each of these pairs is ~15' days, in practice,
much longer records are required to partition the total energy
accurately between constituents. The method assumes that the
amplitude and phase of constituents is stationary. For currents
obtained at fixed moorings, some nonstationarity arises
because of such processes as nonlinear interactions with
seasonally varying “mean” flows and temporal variability in
the baroclinic component of the total tidal current. Fortunately
the kinetic energy of the baroclinic tide in the Weddell Sea is
usually small relative to the more stable barotropic
component.

For ice velocity, D(f)=(d,(?), d,(?)), nonstationarity is also
caused by the mean drift of the ice through a region of
varying amplitude and/or phase. Even assuming free drift, the
quality of a multiconstituent tidal analysis is reduced by any
significant mean drift. For much of the present study we
therefore use simplified measures of semidiurnal and diurnal
currents. For each frequency band we first bandpass filter
d(t) and d(f) for each buoy and then calculate time series of
ice speed |D(#)]. The mean ice speed is then obtained by
averaging [D(?)| for 50%-overlapping 15 day intervals. These
values are denoted D, and D, for the diurnal and semidiurnal
bands, respectively. For contouring purposes the values of D,
and D, were assigned to the buoy’s geographic position at the
center of each analysis time interval.

Remember that the tidal bands as defined previously are
quite broad, and so, tidal band ice motion includes some
contribution due to wind stress. Throughout our domain,
wind-forced near-inertial oscillations are included in D,.

2.3. Differential Kinematic Parameters

Deployment of three or more buoys in a coherent array
(which we call a “cluster”) allows spatial derivatives of D(z)
to be calculated. The method is as follows. Each cluster
consists of K buoys for which we have velocity data (D;(x,y,?):
i=1...K) at N regular time steps. We fit linear functions to d,
and d, at each time step according to a least squares
minimization, over the K buoys, of
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Plate 1. (a) Mean measured diurnal band ice speed D, from drifting buoys. The 400, 500, 1000, and 3000 m isobaths are
shown as solid lines (see Figure 1). (b) Mean measured semidiurnal band ice speed Dy, from drifting buoys. The color
ranges are not evenly spaced. The averaging interval for speeds is 15 days. < N
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A (x.y:0)=b (Ox+b(1)y+b5(1)
d(x.y,t)=c;(Ox+ec(B)ytes(r)

The time series of b; and c; describe the time dependence of
all spatial derivatives. Some of our clusters consisted of only
three buoys (K=3) or were reduced to three buoys by
instrument failure. For these clusters the first-order
polynomials in (2) provide an exact solution to the cluster
velocity fields. Higher-order polynomials could be used for
clusters with K>3 and, for perfect ice velocity data, would
provide more accurate estimates of gradient parameters. We
chose not to do this,
methodology was consistent between different clusters, and
our experience with higher-order fits is that they introduce
unacceptable noise because of the buoy position errors. The
latter difficulty is particularly relevant to Argos-tracked
buoys: the more accurate and frequent position data from
buoys navigated with the Global Positioning System (GPS)
could be used to generate higher quality estimates of ice
velocity gradients. '

We create cluster-averaged time series of the differential
kinematic parameters (DKPs) from time varying coefficients
b;and ¢;: i=1...3 in (2), for example, the drift divergence,

)

077}
V-D@)= Ay +—2 xbrte,, 3)
& o
and drift vorticity,
V,xD() = A, b (C))
X = -b,.
& o} ?

Approximate signal-to-error ratios for the quantities used to
study ice dynamics on the basis of daily averaged data are
shown in Table 1.

The assumption made in estimating ice divergence from (2)
and (3) is that over the entire cluster and for each time step,
the linear functions (2) used to fit d.(x,y) and d(x,y) for the K
buoys truly represent the ice motion field. In the real ocean,
however, true measures of ice divergence require that the area
occupied by an identifiable “patch” of sea ice can be
accurately integrated or that ice velocity is defined and fully
resolved around some closed perimeter. These methods are
possible with synthetic aperture radar (SAR) when individual
ice floes can be identified and tracked between pairs of SAR
images [Drinkwater, 1998]. However, orbit characteristics of
existing SAR data generally preclude resolution of feature
motion at the timescales necessary for estimating tidal band
divergence. For the present study therefore we use these
buoy-derived tidal-band divergence estimates in a primarily
qualitative way, in comparisons with divergence estimates
from an ocean tidal model.

Time series of the linearized approximations to V-D and
- V,xD were calculated for each cluster. Buoys from different
deployment programs rarely overlapped in time, and so were
never combined. Our previously defined frequency limits
were used for exploring diurnal and semidiurnal DKP
variability. In addition we defined a “weather band,” which
was obtained by low-pass filtering with a cutoff frequency of
1/36 cph. Wind forcing of ice motion occurs mainly at
frequencies below this cutoff but also contributes some
energy to the diurnal band and a smaller amount to the
semidiurnal band.

The mean ((DKP)) and standard deviation (c(DKP)) of
V-D and V,xD for each frequency band were calculated for

however, so that the analysis .
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Table 1. Typical Signal Magnitudes, Error Estimates, and
Signal-to-Error Ratios for Daily Averaged Quantities

Used to Study ice Dynamics
Quantity Typical Signal Error SER®
Magnitude  Estimate
Drift vector components, cm s 10 0.5 20
Ice drift divergence, x10%s™! 0.3 0.1 3
Ice drift vorticity, x10 s 0.6 0.1 6

*Signal-to-error ratio

consecutive 30-day periods for each cluster, and these values
were assigned to the mean positions of each buoy cluster and
the central time for each analysis period (Table 2). The mean
ice motion during the 30 day intervals was typically ~150 km
and thus caused spatial averaging that is comparable to the
spatial averaging inherent in the O(100) km separations of
buoys within each cluster. There were occasions, however,
where the mean drift exceeded 500 km during a 30 day
period: this occurred for buoys in the northern Weddell Sea
(see section 3).

3. Spatial Distribution of Mean Ice Speeds

Diurnal band ice speeds D; >4 c¢m s’ occur in many
reglons of the Weddell Sea (Plate 1a). The largest values, ~20
cm s”, are found over the southwestern continental shelf near
70.5°S, 57.5°W, where Viehoff and Li [1995] observed strong
diurnal motions. (The drifter that they analyzed, 9357, is
included in our analyses.) Values of D,~10 cm s along the
shelf break between 31° and 39°W are similar to those
obtained from moored current meters (see Figure 1b for
locations of ocean current data).

Values of D,, (Plate 1b) over deep water are largest south
of the Scotia Rldge and near 71°S, 28°W. Values of D,
exceed 5 cm s along almost all of the western and southem
shelf break and the continental shelf north of the Ronne Ice
Front. The largest mean current speeds (>7 cm s”) along the
shelf break occur in the northern end of the Filchner
Depression. These values are similar to those obtained from
moored current meters.

Area-preserving spectra of ice motion for selected 30 day
periods of individual buoys are shown in Figure 4. We show
the raw spectral estimates for these records; hence the
frequency bandwidth Ae is 1/30 cpd (~2.4x10 s™). The two
dominant constituents in each of the tidal frequency bands
(M, and S, in the semidiurnal band and O, and K, in the
diurnal band) are therefore separated by one “nontidal”
spectral estimate. Values of D, and D,; (here based on the
analyzed 30 day record and not the 15 day records used for
Plate 1) for each of these records are also shown in Figure 4.
Remember that D, and Dy, are determined from time series of
ice drift that have been band passed with quite broad
frequency limits (1/36 and 1/18 cph for the diurnal band and
1/18 and 1/6 cph for the semidiurnal band). These values
therefore include not only the obvious tidal peaks but also
broadband energy because of the ice response to wind and
internal ice stresses.

Values of D, and Dy, for the most westerly buoy in the
ISW-1 cluster, Site Ed (Figure 4a), are both ~4 cm s”. Ice
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Plate 2. Modeled mean tidal current from CATS99.2 for (a) the diurnal band Uy, and (b) the semidiurnal band Uy, The
400, 500, 1000, and 3000 m isobaths are shown as solid lines (see Figure 1). The color ranges are not evenly spaced.
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Table 2. Standard Deviations for Divergence and Vorticity for Three Frequency Bands Described in Text: Weather
Band, Diurnal, and Semidiurnal
Latitude Longitude  Day of Year Divergence Vorticity
Weather Diurnal Semidiurnal ~ Weather Diurnal Semidiurnal
Southwestern Inner Shelf
-72.33 -59.18 75 0.7 1.1 0.9 1.1 1.6 1.0
-71.18 -59.10 106 0.6 1.7 1.1 0.9 12 1.4
-70.59 -59.27 136 1.1 0.9 0.7 0.7 12 0.7
Southwestern Outer Shelf
-71.47 -52.37 135 0.2 04 0.4 04 0.9 03
-71.38 -53.26 54 1.2 1.0 0.9 0.6 0.9 0.8
-70.42 -53.76 75 03 0.6 0.6 0.4 0.6 0.5
-72.86 -50.53 105 0.2 0.3 0.2 0.5 0.9 0.2
-71.71 -50.68 135 0.2 04 0.6 0.3 0.9 04
Western Shelf
-69.90 -59.45 167 0.5 0.9 0.6 0.8 0.9 0.5
-69.77 -53.50 166 0.2 0.2 0.1 0.5 0.5 0.2
-69.10 -59.49 197 0.3 04 0.6 0.4 0.5 0.5
-68.85 -59.44 228 04 04 0.5 0.4 04 0.5
-68.63 -59.19 246 0.5 04 0.4 0.4 0.3 0.4
-68.57 -53.42 106 0.3 04 0.6 0.4 0.4 0.5
-67.59 -54.73 196 0.0 0.0 0.1 0.3 0.3 0.1
-67.39 -52.90 196 0.4 0.6 1.1 0.4 0.3 0.2
-67.30 -53.29 136 - 0.2 0.4 0.6 0.3 0.5 0.5
-66.97 -54.89 227 0.1 0.2 0.2 04 0.4 0.2
-66.65 -53.15 227 0.1 0.2 0.2 0.5 0.4 0.3
-66.01 -53.64 258 0.5 0.2 0.3 0.5 0.4 0.3
-65.47 -51.44 258 04 0.2 0.3 0.7 04 04
Ronne Depression
-75.03 -49.03 50 0.6 0.2 0.3 0.6 04 0.3
-74.97 -58.01 28 1.1 0.7 0.7 0.6 0.5 0.6
-74.64 -50.79 53 0.6 0.2 0.3 0.4 0.3 0.4
-74.32 -50.37 74 0.3 0.1 0.2 0.8 02 0.3
-73.99 -59.08 45 1.9 0.8 1.0 2.5 13 0.9
-73.92 -51.90 74 0.3 0.1 0.2 1.0 0.2 0.2
General Belgrano Bank
-72.72 -44.85 105 04 0.5 0.6 0.7 1.1 0.6
-72.51 -52.20 105 0.2 0.3 0.2 0.5 0.7 0.2
Filchner/Southern Slope
-73.86 -37.74 74 1.5 24 0.9 1.7 2.1 1.2
Southeastern Weddell Sea
-73.74 -26.72 349 04 04 - 06 0.8 0.6 0.7
-72.83 -22.58 319 04 0.3 0.4 0.9 03 0.5
-71.28 -27.51 45 1.1 1.0 1.6 1.6 1.0 1.8
-70.83 -25.75 15 1.1 0.6 14 1.7 0.7 13
-69.94 -21.04 349 0.9 1.0 23 1.3 1.1 2.4
-69.83 -14.52 319 0.7 0.6 0.9 1.2 0.6 0.9
Central Weddell Sea
-71.81 -37.97 105 04 0.3 0.4 0.7 0.2 03
-71.23 -47.38 135 0.2 0.3 0.4 03 0.3 0.4
-70.36 -39.53 135 0.3 0.2 0.2 0.6 0.2 0.2
-69.45 -48.05 166 02 03 0.5 0.6 0.3 0.3
-68.62 -40.11 166 04 0.2 0.2 0.7 0.2 0.2
-67.77 -41.19 196 0.3 0.2 0.2 0.9 0.3 0.2
-67.76 -47.79 196 0.3 0.2 0.3 1.1 0.6 0.4
-66.27 -38.73 227 0.2 0.2 0.2 0.6 0.3 0.2
-65.69 -33.93 258 0.2 0.2 0.2 0.7 0.3 0.3
-65.57 -45.28 227 0.2 0.2 0.4 0.6 0.5 0.5
-65.18 -40.00 258 0.2 0.2 0.4 0.9 0.4 0.5
-65.03 -47.18 288 0.4 0.3 0.7 0.8 0.3 0.7
-64.28 -31.41 288 0.2 0.2 0.2 0.7 0.3 0.2
-63.53 -35.82 288 0.2 0.2 0.3 0.7 0.4 04
-63.14 -26.43 319 02 0.2 0.3 0.5 0.4 0.4
-62.20 -29.14 319 0.9 0.4 0.7 1.2 0.6 0.7

Standard deviations are given in units of 10 s™. Estimates are grouped by geographical area.
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Figure 4. The map in the upper left shows the locations of the central points of each of five buoy drift tracks for which
area-preserving spectra (¢, where ¢=¢,+, is the sum of the power spectral densities for u and v) are shown in Figures
4a-4e. Spectra are based on 30 days of measured ice velocity. The total drift distance Ax, time in day of year at the center
of the analysis period t,, diurnal and semidiurnal mean ice drift speeds, D; and Dy, respectively, and estimated ice

concentration

C,.. based on SSM/I are shown for each record. The scale for o¢ in Figure 4e is 20 times larger than for

Figures 4a-4d. The frequencies for Oy, K;, My, and S, are 0.0387, 0.0418, 0.0805, and 0.0833 cycles h™', respectively.

velocity was similar to upper ocean tidal currents measured at
the same site [Levine et al., 1997]. Mean ice concentration,
based on SSM/I analyses and observations from helicopters,
was close to 100% at this time.

In the northern Weddell Sea just south of the Scotia Ridge
(Figure 4b), D5 cm s' and D&10 cm s'. There is
significant energy in a broad frequency band between 0.07
and 0.08 cph (1/14.3 and 1/12.5 cph). The mean latitude for
this record is ~61.1°S, giving f~1/13.7 cph. We attribute most

energy throughout this spectral peak to wind-forced near-
inertial ice response. (A smaller spectral peak between 0.08
and 0.085 cph contains the M, and S, tidal energy.) While the
spectral peak (~1/13.2 cph) is not precisely at £, the time
series of # and v in the semidiurnal band (Figure 5) do appear
to be dominated by near-inertial motion. As expected for
near-inertial motion, # and v have similar magnitudes, with v
lagging u by ~m/2 (Figure 5). That is, the velocity vector
traces out an almost circular ellipse rotating anticlockwise.
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Figure 5. Time series of (a) d; and (b) d, for buoy 3314 in
the northern Weddell Sea (see Figure 4b) after band passing
between 1/15 and 1/11 cph (semidiurnal). Amplitudes of d,
and d, are similar, and d, leads d, by ~n/2, consistent with
anticlockwise, wind-forced near-inertial motion.

The largest observed inertial ice drift speed in the northern
Weddell Sea data was ~25 cm s'l, although more typical
values are 5-10 cm s”. By looking at a longer time series we
also find that the modulation of amplitude is less regular than
we would expect from spring-neap cycling because of tides,
with a timescale for amplitude variability of 5-10 days rather
than the 14 days expected for a spring-neap cycle. This
observation is consistent with the amplitude responding to the
passage of storm fronts.

Along the southern shelf break near the northern Filchner
Depression (Figure 4c), D; and Dy, are each ~8-9 cm s'l,
which is comparable to local measured ocean tidal current
speeds [Middleton et al., 1987; Foldvik et al., 1990]. The
semidiurnal energy is seen as two narrow, separated peaks
corresponding to the M, and S, tides (although f is not
separable from M, at this latitude), while the diurnal band is
broad, without clearly defined peaks for O, and K;. The lack
of separated peaks in the diurnal band can be explained by the
210 km net drift during the analysis ‘period. For the
semidiurnal constituents, amplitude and phase vary only
slightly over this drift. However, most of the energy in the
diurnal constituents is associated with short-wavelength
(0(200) km), topographically trapped vorticity waves
[Middleton et al., 1987], so the phase and amplitude
variations of each diurnal constituent are blurred in the
analysis of ice drift even if the free drift approximation is
valid. Ice concentration is estimated at ~70% -at this time
(February/March 1987). We will discuss the diurnal tide in
more detail in section 4.2.
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Over the southwestern shelf (Figure 4d), the spectrum of
the same drifter record discussed by Viehoff and Li [1995] is
dominated by the diurnal band. For this record the total drift
during the 30 day period was only 45 km; hence the diurnal
peak is narrower than for the location of Figure 4c. The value
of D, is ~13 em s”. Ice concentration is >95% at this time
(April 1992).

Over deep water in the central western Weddell Sea
(Figure 4e), D, and Dy, are small, each 2-3 cm s™. Note that
the scale for the spectrum in Figure 4e is 20 times finer than
for Figures 4a-d because there is so little ice drift kinetic
energy at this site. The spectral peak in the semidiurnal band
is at the inertial frequency of 1/12.84 cph, and very little tidal
energy is present in either the diurnal or semidiurnal bands.
Mean ice concentration is ~95% at this time (May/June 1987).

These spectra encompass the range of ice motion found in
the Weddell Sea associated with both wind stress and tides
and further modified by dependence on ice concentration.
Clear tidal signals are found over the shelf and slope (Figures
4a, 4c, and 4d), where the tide may be predominantly diurnal
or mixed diurnal-semidiurnal. For the two deep water sites
(Figures 4b and 4e) there is no clear diurnal spectral peak,
although values of D, are 5 and 2 cm st respectively, in part
because of the breadth of the frequency limits used to define
this band. In the semidiurnal band an inertial response rather
than tidal forcing dominates the ice motion. The near-inertial
energy at the location of Figure 4b in the northern Weddell
Sea is about 20 times greater than at the location of Figure 4e
in the central western Weddell Sea, and we attribute this to a
combination of much higher ice concentration and lower wind
energy in the latter region.

The spectra in Figure 4 also demonstrate some of the
difficulties in using ice motion for tidal analyses, even when
Cic is sufficiently low that we might expect the free drift
approximation to apply. The most obvious difficulty is the
contamination of the semidiurnal band by inertial motion. In
addition, it is not always possible to resolve even the major
tidal constituents because the buoy drift during the time
interval needed to separate constituents can be large, thus
moving the buoy through a region in which the tidal
amplitudes and phases may change significantly. In the
semidiurnal band this problem is significant only when the
buoy drift is across isobaths so that tidal current amplitude
changes rapidly. In the diurnal band, along-slope mean drift
can blur the tidal spectra because much of the diurnal energy
along the outer shelf and upper slope is associated with shelf-
trapped topographic vorticity waves (TVWs). The TVWs
have a short wavelength, O(200) km, so that phase varies
rapidly along the slope, while amplitude varies rapidly across
the slope. Thus, even a slow mean drift of 1-2 km d” (Ax=30-
60 km over 1 month) might lead to significant broadening of
the tidal spectral peaks.

Despite these difficulties, by limiting analyses to periods of
buoy drift with small Ax and C;..«100% it appears that useful
information on ocean tidal currents may be obtained from
measured ice motion. One difficulty with testing this
hypothesis is the paucity of ocean tidal current data in much
of the Weddell Sea. Our approach to mitigating this data
limitation is to use an ocean tidal model to produce tidal
speed maps that can be directly compared to the tidal band ice
drift data from the buoys. This ocean model is described in
section 4, including comparisons with the available ocean
data.
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4. Barotropic Ocean-Only Tidal Model
4.1. Model Overview

The barotropic, ocean-only, Circum-Antarctic Tidal
Simulation, version 99.2 (CATS99.2) that we use here is an
updated version of the Weddell/Scotia Seas model described
by Robertson et al. [1998] (denoted RPE98.1). The
CATS99.2 domain includes the entire ocean south of 50°S.
The grid spacing is 1/4° x 1/12°, which gives ~10 km
resolution near the Antarctic coast. For the ocean cavities
under the Ross Ice Shelf (RIS) and Filchner and Ronne Ice
Shelves (FRIS), we replace water depth with “water column
thickness,” i.e., the vertical distance between the base of the
glacial ice and the seabed. The water column thickness values
for the FRIS were obtained from Johnson and Smith [1997],
and those for the RIS were kindly provided by D. Holland
(personal communication, 1999). For all other ice shelves the
water depth was taken unmodified from ETOPO-5 since very
few glacier thickness data are available. The model
incorporates depth data for the southwestern Weddell Sea that
was acquired during the 1998 Ronne Polynya Experiment
(ROPEX-98) [Nicholls et al., 1998; Padman et al., 1998,
1999]. :

Three diurnal (O, K;, and Q,) and five semidiurnal (2N,,
M,, S,, N,, and K) tidal constituents are simulated. This set
was chosen because these are the primary constituents in the
finite-element simulation global tidal model (FES95.2) [Le
Provost et al., 1998] that we use for the open boundary
condition along 50°S. The CATS99.2 model is run
nonlinearly: the model solves the shallow water equations by
forward time stepping with boundary conditions specified as
the superposition of all eight constituents. Nonlinear
responses, including additional tidal constituents and a mean
tidal residual circulation, can develop through the advective
terms, the quadratic bottom friction ¢, and the lateral
viscosity Ay. The nonlinear terms are, however, typically
small, and so, the model output is interpreted in terms of just
the eight primary constituents and a mean flow term, Z,.
Analyses on the last 90 days of the model run were performed
using methods following Foreman [1977, 1978], i.e., a least
squares fit of phase-shifted sine waves with the frequencies of
the eight primary constituents plus Z,.

Sea ice is not included in CATS99.2. As will be shown in
the section 4.2, the model comparison with current meter data
is quite poor in the important diurnal band along the southern
shelf break. We believe that it is premature to add ice
dynamics before investigating ways to improve the ocean-
only tidal solution for this region. In the semidiurnal band
much of the energy in ice motion is due to near-inertial
response to wind stress events. Despite these limitations in the
ocean tidal model, comparing CATS99.2 with ice drift data
will demonstrate the distribution of regions in which tidal
currents influence ice motion and divergence in the Weddell
Sea and will provide a basis for estimating tidal effects on ice
divergence variance.

Before we compare the ocean tidal model and measured ice
motion, however, we compare CATS99.2 with available tidal
data in the Weddell Sea. This comparison will illuminate both
the strengths and weaknesses of this model.

4.2. Model Validation

We consider here the performance of CATS99.2 only in
the Weddell Sea. The most energetic semidiurnal tidal
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constituents are M, and S,. In the diurnal band, O; and K,
have similar structure and energy over most of the domain
[Robertson et al., 1998, Plate 1], except along the southern
shelf break. We have compared the model with tidal elevation
data in the Weddell Sea region.. The results are not
significantly different from those presented by Robertson et
al. [1998, Figure 4]: most constituent amplitude and phase
estimates agree with data within measurement uncertainty.
Additional confidence in the model comes from satisfactory
agreement with TOPEX/Poseidon altimetry data, which are
available north of ~65°S. This result is not surprising since the
FES95.2 model, from which the CATS99.2 northern
boundary condition is obtained, has been tuned by
assimilation of the TOPEX/Poseidon data [Le Provost et al.,
1998]. An independent validation of CATS99.2 comes from
comparisons of model predictions with differential tidal
displacements of the FRIS obtained from differential SAR
interferometry (E. Rignot, et al., Observation of ocean tides
below the Filchner-Ronne ice shelf, Antarctica, using
synthetic aperture radar interferometry: Comparison with tide
model predictions, submitted to Journal of Geophysical
Research, 1999, hereinafter referred to as Rignot et al.,
submitted manuscript, 1999). On the basis of these different
comparisons, CATS99.2 performs well at predicting tidal sea
surface elevation in most of the Weddell Sea.

The tides’ principal impact on ice motion is, however,
through the stress applied by the ocean currents to the ice.
Tidal currents are much more difficult to model accurately
than sea surface elevation, especially in the diurnal band [see
Robertson et al., 1998, Figure 4]. In Table 3 and Figure 6 we
compare the semimajor axes (Up,) evaluated from CATS99.2
with values obtained from moorings over the southern
continental shelf and slope (Figure 1b). The model
consistently overestimates Uy, for M, and S, by O(20)%. We
believe that this is due to the “critical latitude” effect [Foldvik
et al., 1990; Nost, 1994; Furevik and Foldvik, '1996;
Robertson, 1999]. A tidal constituent’s critical latitude (Acrir)
is the latitude at which the tidal frequency equals f{A). These
latitudes are ~74.47° and 85.76° for M, and S,, respectively.
Models and observations suggest that near Ag; the
constituent’s momentum boundary layer can become
extremely thick, up to several hundred meters. Most current
data in our comparison come from within 100 m of the seabed
(see Table 3); thus we expect these measurements to be
within the benthic momentum boundary layer for the
semidiurnal constituents, especially M,. The current obtained
from depth-integrated models will generally exceed the
current measured in this boundary layer. With this in mind we
regard Figure 6 as indicating satisfactory agreement in the
semidiurnal band between the depth-integrated tidal model
and the mooring measurements. .

CATS99.2 represents O; and K; currents well along the
Ronne Ice Front (points 9, 10, and 11) but significantly
overestimates constituent amplitudes in the northern Filchner
Depression and at most moorings on the southern slope.
Comparisons between four model runs (RPE98.1, [Padman et
al., 1998a], the present study using CATS99.2, and the
FES94.1 global model (P. Techine, personal communication,
1999) demonstrate that quite small changes to bathymetry
near the shelf break can lead to large changes in predicted
diurnal tidal currents along the southern shelf break. We
conclude that even with the new depth data from ROPEX-98
[Nicholls et al., 1998; Padman et al., 1998, 1999], there is



PADMAN AND KOTTMEIER: WEDDELL SEA ICE MOTION AND DIVERGENCE

3391

Table 3. Semimajor Uy, and Semiminor Axes Uy, and Ellipse Inclination 7 for the Four Principal Tidal Constituents (O,
K, M,, and S,) From the CATS99.2 Tidal Model and Mooring Data Reported by Foldvik et al. [1990] and Woodgate et

al. [1998]
Mooring Mooring Location Model Variable 0, K M, S,
ID (zH)* Depth (m)
Mooring Model Mooring Model Mooring Model Mooring Model
1 FMF-A® southern 1915 Unaj 1.2 2.1 37 6.6 1.3 (2.6) 1.1 1.6
(100 m) slope Unin -0.6 -13 -1.8 -3.8 0.1 0.3 0.2 0.2
I 16 46 25 59 64 66 43 63
2 FMF-B® southern 720 Ung 34 54 10.9. 15.8 2.9 6.1) 2.6 3.7
(100 m) slope Unin 1.1 2.1 6.1 7.0 1.0 32 14 1.8
I 66 51 66 61 72 66 76 66
3 FMF-C® southern 475 Unnaij 2.1 (5.8) 10.2 184 6.8 94 45 5.7
(100 m) slope Unin 1.0 3.6 9.5 14.7 45 6.0 32 34
I 84 35 49 53 74 68 72 69
4 FMF-D® southern 465 Uns 2.8 5.3 11.0 17.6 5.0 8.7 39 .53
(65m) slope Unin 2.0 2.7 8.5 12.8 32 5.3 2.8 3.1
I 55 41 19 57 46 68 54 69
5 FMF-E® Filchner 475 Uniaj 2.1 8.1) 5.1 (14.2) 6.8 10.0 4.0 6.6
(100 m) Depression Unin 1.2 74 42 11.9 4.2 6.0 2.3 3.7
I 7 32 26 61 67 74 68 76
6 FMF-F® southern 470 Ungj 84 6.5 154 25.5 22 (11.6) 1.7 (7.3)
(25m) slope Unin 52 1.1 113 12.7 0.7 6.2 0.5 3.7
I 67 65 73 66 45 67 57 67
7 FR1° Filchner 610 Uns 12 (5.4) 2.5 (7.9) 5.7 9.0 3.6 6.1
(353 m) Depression Unmin 0.7 3.7 22 6.8 24 4.0 13 2.5
1 13 -6 29 2 63 71 67 73
8 FR2° Filchner 509 Unaj 2.1 ;.7 3.6 (8.0) 7.1 10.1 3.9 6.7
(383 m) Depression Umin 12 4.3 3.1 7.1 4.0 52 1.8 32
I -8 -9 2 0 62 71 61 73
9 FR3° RIF¢ 284 Unsj 3.6 3.1 43 2.5 11.9 18.3 7.0 124
(51 m) Unin 0.5 0.8 0.5 1.0 0.9 -2.6 0.0 2.1
I -52 -3 -22 46 30 20 28 19
10 FR5° RIF? 598 Unaj 6.4 6.5 6.4 7.3 10.6 15.0 6.8, 10.2
(397 m) Unmin -42 -4.6 -39 -43 -32 -3.5 -1.5 23
I 81 -89 77 90 58 57 59 57
11 FR6° RIF? 665 Unnaj 6.0 5.0 6.0 6.4 12.9 16.0 7.8 10.9
(352 m) Unin -12 -1.7 -1.1 -1.9 -1.0 2.3 -0.8 -1.5
I 59 71 59 73 57 68 56 68
12 VL-95  Western 300 Unnaj 9.3 18.5 10.9 18.9 34 6.3 1.3 4.9
(ice drift) Shelf Unin 2.8 6.7 3.8 6.2 0.2 0.0 0.3 0.2
I -87 -85 -86 90 -1 5 -10 0

Where more than one current meter is on a mooring, the uppermost meter is used to minimize boundary layer effects. Ice drift values
for the Viehoff and Li [1995] (VL-95) observations are included. Model values of Un;; in error by greater than a factor of 2 are shown in
brackets. A negative sign for Uni, implies that the current rotates clockwise; otherwise the current rotates counterclockwise.

®Here, z+ is the current meter height above the seabed.
®Mooring from Foldvik et al. [1990].

“Mooring from Woodgate et al. [1998].

ARIF is the Ronne Ice Front.

still insufficient bathymetric information in this region for
accurate modeling of diurnal tidal currents. In the following
paragraphs we discuss why diurnal constituents are more
sensitive to bathymetry than are the semidiurnal constituents.
In addition to errors caused by an inaccurate model depth
grid, the amplitudes and phases of both O, and K, are known
to vary, apparently seasonally [Middleton et al., 1987, Figure
5], with the smallest amplitudes occurring in the austral
winter (May-October). This latter observation is consistent
with the propagation characteristics of the diurnal shelf waves
being sensitive to seasonal changes in stratification
[Middleton et al., 1987] or to interactions between tides and
wind-forced or thermohaline mean flows [Foldvik et al.,
1990]. Neither of these mechanisms is captured in depth-
integrated, tide-only models such as CATS99.2.

For the reasons cited above it is not presently possible to
predict time series of diurnal band tidal currents along the
southern shelf break. It is possible however, to use CATS99.2
to estimate the statistics of ocean diurnal currents that are
needed for comparison with the statistics of observed ice
motion. From the data comparisons shown in Table 3 and
Figure 6, the model overestimates Uy, for K; by factors of
~1.7 and 2 for the southern slope and northern Filchner
Depression respectively. For the less energetic O, constituent
the values are about ~2 and 3.5 for the same regions.

For estimates of divergence and other DKPs we may also
need to understand the error in the instantaneous spatial
gradients of tidal currents, represented by spatial gradients of
constituent amplitudes and phases. Most tidal energy flux in
the Weddell Sea is carried by the large-scale Kelvin waves
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(a)

Latitude (°S)
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Plate 3. Standard deviation of horizontal divergence determined on ~100 km scale (in units of 10 s from the ocean-
only depth-integrated CATS99.2 tidal model: (a) diurnal band (Q;, Oy, and K,) and (b) semidiurnal band (2N, N,, M,,
S, and Ky). The 400, 500, 1000, and 3000 m isobaths are shown as solid lines (see Figure 1). The color ranges are not
evenly spaced.
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Figure 6. Comparison of semimajor axes Upy, (cm sh
between moored current meter measurements and the Circum-
Antarctic Tidal Simulation, version 99.2 (CATS99.2) for (a)
0;, (b) K;, (¢) M,, and (d) S, tidal constituents. Note the
different scale for K,. Dashed lines indicate model
equivalence with data. Numbers on the plots refer to mooring
identifiers in Table 3. Points 5, 7, and 8 are in the northern
Filchner Depression. Points 9-11 are along the Ronne Ice
Front, and point 12 is in the southwestern Weddell Sea. The
remaining points come from moorings on the southern
continental slope. Point 12 is actually a comparison of Up,;
derived from ice velocity for buoy 9357 [see Viehoff and Li,
1995].

that propagate along the Antarctic coast. Their long length
scales, O(10*) km wavelength and O(10*) km offshore decay
scale, make these waves insensitive to small topographic
errors, and they are therefore relatively easy to model.
However, most diurnal tidal energy along the southern slope
is associated with short-wavelength topographic vorticity
waves (TVWs) [Middleton et al., 1987]. The observed
properties of these waves are qualitatively consistent with an
analytical model of TVWs traveling along a long, straight
slope between a wide continental shelf and a deep basin
[Saint-Guily, 1976]. In this model, along-slope wavelength A,
is sensitive to the shape of the continental slope, scaling
directly with the characteristic slope width (denoted a), and
also varying with the ratio of the depths of the shelf and the
offshore deep basin. Middleton et al. [1987] measured values
of A, for K; and O; TVWs of ~230 km and 120 km,
respectively. These waves are also found in CATS99.2. In
Figure 7 we show the phase of the K; and O, v velocity
(roughly cross-slope) components along the southern shelf
break from 56° to 20°W. Velocity phase is shown instead of
sea surface elevation phase because kinetic energy in this
region is mostly associated with the short-wavelength TVWs,
whereas the potential energy is dominated by the tidal Kelvin
waves. The model values of A,(K;) and A,(O;) near 39°W are
~340 km and 180 km, respectively, each being ~50% greater
than the observed wavelengths. The value of @ can change
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quite rapidly with along-slope distance: Middleton et al.
[1987] noted that a varied from ~40 to 100 km in two cross-
slope transects with an along-slope separation of <100 km. As
expected from this observation, we also find a factor of 2
variability in modeled A, along the shelf break.

The observed short-wavelength TVWs have phase
propagation toward the west but with group velocity (and
energy) propagating eastward. Errors in modeling the energy
of diurnal constituents at the moorings used in our
comparisons (Figure 6) therefore probably arise from model
shortcomings to the west of these moorings. This region, the
western and southern continental slope, is the area of least
depth data control in the model depth grid, and it will be
difficult to improve models of tidal constituents without first
improving the depth database. A second source of errors due
to inadequate bathymetry data may be the artificial
smoothness of the depth grid in the southwestern Weddell
Sea. More realistic rougher bathymetry might scatter or
otherwise dissipate more of the TVW energy than occurs in
CATS99.2.

4.3. Spatial Distribution of Tidal Speed Estimates

Ice floes drift through regions of varying tidal amplitudes
and phases during the time interval that is needed to resolve
the major constituents. As shown in section 3 (see the ice
velocity spectra in Figure 4), this net drift limits our ability to
resolve individual constituents, especially in the diurnal band
for the reasons discussed in section 4.2. Thus, in order to
construct maps that can be directly compared with the ice
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Figure 7. Phases of the v velocity component (roughly cross
slope) for (a) K; and (b) O, as functions of longitude near the
750 m contour along the southern shelf break from
CATS99.2. The approximate location of the current meters
used in comparisons with the model is indicated with the
vertical dashed line near 39°W.
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motion speed maps (Plate 1), we define diurnal and
semidiurnal band mean current speeds, U; and Ug,
respectively. The values of Uy and U, are evaluated from a 90
day simulated time series of the tidal current speed at each
model grid point using a superposition of all constituents in
each frequency band (three diurnal and five semidiurnal).

Maps of U, and U,, are shown in Plate 2. The largest value
of U, is ~25 cm s near the General Belgrano Bank (GBB),
which is a submarine plateau centered near 73°S, 50°W. Much
larger values were reported for this region by Robertson et al.
[1998], but these were based on a model depth grid in which
the GBB was a well-defined plateau that rose more than 200
m relative to the local mean shelf depth of 400-450 m. The
new depth data from ROPEX-98 demonstrate that the GBB
actually rises <50 m relative to the typical shelf depth and is
really the eastern limit of a ridge extending westward to at
least 58°W, just inshore of the shelf break. Values of U,
exceed 10 cm s along most of the shelf break of the southern
and western Weddell Sea (Plate 2a). Recall, however, that the
model values of U, along the southern slope near the northern
Filchner Depression are typically 1.5-2 times as large as
current meter moorings indicate (Figure 6). Over most of the
deep basin, U<l cm s,

The largest values of Uy, (Plate 2b) occur over the outer
western continental shelf and along the Ronne Ice Front.
Values of U,; over most of the deep basin are <3 cm s?, and
typical values over the shelf are ~10 cm s, As discussed in
section 4.2, the modeled semidiurnal currents agree well with
ocean current measurements throughout the southern Weddell
Sea after considering the boundary layer response to
proximity to critical latitude and the locations of the current
meters above the seabed.

4.4. Spatial Distribution of Modeled Ocean Tidal
Divergence

We wish to use our ocean-only depth-integrated tidal
model to estimate tidal band ice divergence statistics. To this
end we first equate the surface current with the modeled
depth-averaged ocean velocity vector U(x,y,7). The limited
ocean data suggest that this is a reasonable first
approximation. The horizontal divergence at a location with
water depth H(x,y) is then balanced by the time rate of change
in surface elevation 1 at that point,

V-(HU)+%7=0. (5)

When H is constant the divergence is simply -H 'on/0t, which
we shall call the “Eulerian” divergence, denoted (V-U)g.
However, a water column that is advected over a sloping
bottom experiences a “Lagrangian” divergence that can be
much larger than (V-U)z. We see this by rewriting the
conservation of volume for a water column in Lagrangian

terms as
o o 6H JH)\ Jn
H—+—|[+|u—+v—|+—=0, 6
(@c @J (@c voth+o‘t ©
1.e.,
HV-U+—D—IZ+277—=O. @)
Dt &

In (7), DH/Dt is the Lagrangian (along-path) time derivative
of water depth and is typically much greater than O7/0t.
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Figure 8. Distortion of an initially regular 11x11-element
array centered near 71.3°S, 55.2°W (southwestern shelf break)
for 12 hours of tidal advection. During these 12 hours,
particles at each node of the initial grid (thin lines) have been
tracked with bicubic interpolation within the time-dependent
tide model grid to the final positions (thick lines). The period
shown represents diurnal spring tide, that is, O; and K,
currents are approximately in phase. The total area of the grid
increases by 8.9%: areas of individual cells increase by
between 1.3 and 31.6%.

Volume conservation requires that the Lagrangian rate of
change of fractional area (V-U), be inversely proportional to
the rate of change of fractional water depth (A 'DH/D?) due to
advection.

We can visualize this distortion by modeling the
trajectories of an initially regular grid of Lagrangian particles.
Particle displacements are shown in Figure 8 for a small
region centered on 71.3°S, 55.2°W, these coordinates being
chosen within a region of large divergence variance along the
southern shelf break (see Plate 3). Trajectories were obtained
by time-integrating particle velocities for an 11x11-element
array in our tidal model. We chose a 12 hour integration time
to represent a half-tidal cycle in this diurnally dominated
region. The simulation was run at diurnal band spring tide (O,
and K, roughly in phase). Mean displacements for individual
particles vary significantly over the grid, both in speed and
direction. The result is a distortion of what we associate here
with a field of noninteracting surface particles (e.g., ice
assuming free drift). The ratio of final to initial cell area for
this array ranges from 1.01 to 1.32, and the summed array
area increases by 8.9%. In regions of shallow and steep
topography a small column of water is easily advected into a
region where the area averaged water depth is significantly
different from the mean water depth at the start of the
trajectory. As the length scale of the advected region becomes
large relative to the average advection distance, however, the
fractional change in area averaged water depth is reduced,
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implying a smaller horizontal divergence. As was discussed in
section 2.3, the geometry of the buoy clusters and the choice
of 30 day analysis intervals results in a length scale of O(100)
km for DKP calculations, and a similar length scale should be
used in the model when comparing DKPs from the two
methods.

Maps of the standard deviation of horizontal divergence of
ocean tidal currents for the diurnal and semidivrnal tidal
frequency bands (denoted o(V-U,) and o(V-Uy,), respectively)
are calculated from CATS99.2 (Plate 3). We obtain these
values by first synthesizing hourly time series of the tidal
current velocity field over 90 days at all locations in the
model domain. We then calculate V-U(x,y,f) for 50%-
overlapping 11x11-element arrays, i.e., a characteristic length
scale of O(100) km. Finally, the standard deviation as a
function of position only, o(V-U), is determined from
V-U(x,y,f) in the usual way. We include the Lagrangian
divergence terms (7) due to tidal advection across local
gradients of water depth. The largest values of o(V-Uy),
excluding a region near the tip of the Antarctic Peninsula,
occur in a narrow band along the southern and western shelf
break. A typical value of o(V-U,) in energetic regions is 1-
2x10° 5!, with a maximum value of ~6x10° s'. For
comparison, a typical value of total ice drift divergence
standard deviation (including weather band variability) over
the Weddell Sea is ~0.3x10° s [Kottmeier et al., 1997].
Values of 6(V-U,) in the deep basin and much of the broad
southern shelf are negligible (<0.1x10° s™). There is a very
narrow band of high o(V-U,) (>0.5x10° s™) along the Ronne
Ice Front that is not easily seen in Plate 3.

Since the Lagrangian term in (7) dominates the model
estimates of o(V-U,) over the continental slope, o(V-U,)
depends almost entirely on the magnitude of cross-slope tidal
current and not on the spatial scales of current variability.
Thus the critical feature of the error in diurnal band modeled
currents is the overestimation of [U,| rather than the error in
the wavelengths and cross-slope spatial scales of the diurnal
TVWs (see section 4.2). As we showed in section 4.2 (see

~also Figure 6), the semimajor axes for the dominant diurnal
constituent K; are overestimated by the model by a factor of
~1.7 on the southern slope, and 2 in the northern Filchner
Depression. We can therefore estimate the true value of
o(V-U,) as being ~50% of the modeled value in this region.
(Where the diurnal currents are adequately modeled by
CATS99.2, for example, along the Ronne Ice Front (points 9,
10, and 11 in Figure 6), no reduction should be made in the
modeled values of o(V-U,)). Even when the appropriate
scaling is applied to the map of o(V-U,), the values along the
shelf break greatly exceed typical values in the central
Weddell Sea.
In the semidiurnal band (Plate 3b), the largest values of
. o(V-Uy) are found along the southern and western outer
continental shelves. The largest values of o(V-U,,) here are
typically >0.5x10° s’.  Values of o(V-Uy) also exceed
0.5x10° s in a very narrow band along the Ronne and
Filchner Ice Fronts, although this is not easily seen in Plate
3b. Remember that the comparison between CATS99.2 and
ocean tidal data (Figure 6) suggests that the model values of
semidiurnal currents are quite accurate. We therefore believe
that the model values of o(V-Uy,) are reasonable estimates of
the divergence standard deviation of ice velocity due to tidal
stresses when the free drift approximation is valid.
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5. Discussion

5.1. Ice Drift Velocities

We postulated that ice response to ocean tidal currents can
often be adequately represented by free drift models (see
section 2.1): this is a necessary condition for inferring ice
divergence from the modeled ocean current divergence (Plate
3). Is free drift ever a valid assumption in areas of interest to
us? We compare tidal band ice drift with analyses of current
meters and CATS99.2 predictions for three moorings near the
northern Filchner Depression (Table 4). Ice concentration
based on SSM/I data was ~70% at the time the drifters were
in this region. As we have noted previously, diurnal currents
are not well modeled by CATS99.2 in the Filchner
Depression; however, the measured values of U, from the
moorings match D, quite well. In the semidiurnal band the
mooring and model values of Uy, both agree well with D,. In
Figure 9, we compare time series of d, and d, in the
semidiurnal band for drifter 3314, with u and v (Upege) in the
semidiurnal band predicted with CATS99.2. Values of
Umodet(x,y,f) were obtained for the time and location of each
buoy estimate of position and velocity, thus U, includes
both temporal variability and spatial variation of constituent
amplitudes and phases along the buoy’s drift track. The
agreement between the two time series demonstrates that the
free drift approximation is reasonable here. Similar time
series comparing diurnal band observed ice velocity and
modeled ocean currents (not shown) demonstrate that as
expected from Table 4, diurnal currents are not well modeled.
However, the comparison of diurnal band energy in the ice
motion and moored current meter data (Table 4) and the
validation of the free drift assumption in the semidiurnal band
(Figure 9), lead us to expect that diurnal band ice motion will
also be strongly correlated with true ocean diurnal tidal
currents. These observations will be relevant to our discussion
of tidal band ice divergence in section 5.2.

Table 4: Tidal currents in the Southern Shelf/Slope Region
and Filchner Depression at the Sites of Three Current
Meter Moorings Reported by Foldvik et al. [1990]

and Middleton et al. [1987] .

Mooring Tidal Band Current, cm s
(Location)

Unneas Model Ice Motion
FMF-A Diurnal 4 5 5
(slope) Semidiurnal 2 2 &)
FMF-D Diurnal 12 15 9
(shelf) Semidiurnal 8 6 8
FMF-E Diurnal 6 (14) 7
(Filchner  Semidiurnal 9 8 8
Depression)

Instrument depths and water depth at the moorings are given in
Table 2. Measured currents Upeas are evaluated from the RMS
amplitudes presented by Middleton et al. [1987]. Upncas(diurnal)=
(@ O)+0’ K1),  and  Upeo(semidiurnaly=(o*(Mp)+0%(S,))™.
Model mean current speeds (U and Uy,) and mean ice drift speeds
(D4 and Dyg) are given for the same locations. Quantities that are
poor fits to the mooring data (factor of 2 or greater mismatch) are
indicated by brackets.
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Figure 9. Time series of semidiurnal band ice drift velocity
components (solid lines) from buoy 3314 near the northern
Filchner Depression in February 1987 compared with

modeled semidiurnal current components (dashed lines) from -

the CATS99.2 tidal model: (a) easterly components d, and
Umoder @nd (b) northerly components d, and vioger-

The other data set for which similar comparisons can be
attempted is ISW-1 in the western Weddell Sea [Muench and
Gordon, 1995; Geiger et al., 1998a, b]. Here we consider data
from Site Ed for the period centered near day 105 in 1992
(see spectrum in Figure 4a). The only direct current data for
comparison is from 50 m below the ice [Levine et al., 1997].
Measurements at other stations in the ISW-1 cluster, however,
indicate that the tidal current at 50 m is similar to deeper
currents. The modeled current (Upeg) from CATS99.2 is
quite similar to the measured current in this portion of the
drift of Site Ed for both diurnal and semidiurnal bands. The
ice motion is also closely coupled to U, (Figure 10); thus
we feel confident that CATS99.2 can be used to estimate ice
motion in this region even though C;,. from SSM/I at this time
was close to 100%.

In the deep ocean, modeled tidal currents are small,
typically <2 cm s’. This model-based observation is
consistent with measured tidal current speed values obtained
from moorings deployed across the central Weddell Sea [see
Fahrbach et al., 1994]. Tidal band ice speeds frequently
exceed the equivalent ocean tidal current values. Values of D,
(Plate 1a) are similar to the tidal values in the central Weddell
Sea, but increase to ~5 cm s north of ~67°S. We suggest two
reasons for this variability in wind-forced tidal-band ice
motion. First, lower values are found in the region of net ice
convergence in the western central Weddell Sea (excluding
areas of tidal influence on the shelf and slope), suggesting
that mean ice concentration is a factor. Spatial variability in
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the wind-forced component of D; may also be related to the
factor of 2 variation in total wind variance [Kottmeier et al.,
1997], which increases toward the north. Similar variation is
found in Dy, (Plate 1b), although in this case the values in the
northern Weddell Sea are much larger than D,. Since wind
energy in the semidiurnal band is lower than in the diurnal
band, we postulate that most of the wind-forced semidiurnal
band ice motion is due to the inertial near-resonant response
of the ice to passing weather fronts. This response is only
seen when Ci, is relatively low, as in the northern Weddell
Sea and in a region centered near 70°S, 27°W, where the
drifters were present during the time of year when Cj.. was
low.

As we showed in section 4.2, for the sites over the
southern shelf and continental slope where current
measurements have been obtained, the CATS99.2 tidal model
performs well at predicting semidiurnal tidal currents. The
model also performs well in the diurnal band along the Ronne
Ice Front and in comparisons with data from ISW-1 in the
western Weddell Sea. Additional support for the model comes
from favorable comparisons between model predictions and
ice shelf vertical displacement measured by differential SAR
interferometry (Rignot et al., submitted manuscript, 1999) and
by three-dimensional GPS measurements on the Ekstrom Ice
Shelf near 8°W [Riedel et al., 1999]. The major weakness in
CATS99.2 is that it overestimates diurnal tidal kinetic energy
along the southern shelf break. Diurnal tides in this region
exist as TVWs (see section 4.2), which have along-slope
wavelengths of O(200) km and dispersion properties that are
sensitive to cross-slope bathymetry. We believe that model
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Figure 10. Time series of semidiurnal band ice drift velocity
components (solid lines) from Ice Station Weddell 1, Site Ed,
near the western continental shelf break in 1992 compared
with modeled semidiurnal current components (dashed lines)
from the CATS99.2 tidal model: (a) easterly components d,
and #poqe and (b) northerly components d, and vioge-



PADMAN AND KOTTMEIER: WEDDELL SEA ICE MOTION AND DIVERGENCE

errors stem from two primary sources, inaccuracy of the depth
grid and insufficient wave dissipation and dispersion because
of the smoothness of the model depth grid. We are studying
several methods to improve diurnal predictions including the
introduction of realistic bathymetric roughness and formal
inverse modeling with data assimilation of tidal currents in
the southern Weddell Sea. In the meantime, however, we
obtain estimates of the influence of the diurnal tide in this
region by reducing the predicted currents by ~50% (see Table
3 and Figure 6) along the southern shelf break and in the
northern Filchner Depression.

This study suggests to us that ice motion obtained from
ice-mounted satellite-tracked drifters can be used to help
determine the underlying ocean tidal current field in the
Weddell Sea. Since Cj is readily observable by satellite, the
data quality from a specific buoy can be assessed by
comparison with the local values of Ci... On the basis of our
analyses a rule of thumb is that ice motion should be closely
coupled to ocean tidal currents for Cj,, < ~80%. If the ice
motion were used in a formal data assimilation scheme to
improve the predictive skill of a regional tidal model, the
acceptable error covariance could be made an increasing
function of Ci,.. Ice motion estimates would then provide a
more rigid constraint on the inverse model when Cj,. was
lower. The Weddell Sea is an ideal environment for using
such nontraditional techniques for improving tidal models.
Depth-integrated tidal models generally work well because
the ocean stratification is too weak to support a strong
baroclinic tide, and standard ocean data are difficult to obtain.

Additional techniques for improving tide models include
attempts to use ERS-1 and ERS-2 satellite altimetry over sea
ice to measure directly the tidal variability (S. Laxon, personal
communication, 1998) in a manner similar to the use of
TOPEX/Poseidon altimetry over open water [Egbert et al.,
1994; Egbert, 1997]. Iceberg groundings [Viehoff and Li,
1995] and satellite or airborne gravity surveys used to
interpolate between ship tracks [LaBrecque and Ghidella,
1997; Smith and Sandwell, 1997] are also valuable tools for
improving the depth grids used by dynamical tidal models.

5.2. Ice Divergence Due to Tides

-The reasonable agreement between semidiurnal ice drift
and ocean tidal currents predicted using CATS99.2 suggests
that at least in regions where tidal energy is high and Ci is
significantly below 100%, the free drift approximation (1) is
valid. We therefore believe that the contribution of
semidiurnal tides to high-frequency divergence standard
deviation under these conditions can be estimated from
CATS99.2. In the diurnal band, CATS99.2 overestimates
tidal currents along the southern shelf break by about a factor
of 2. Although the model also overestimates the spatial scales
of the diurnal TVWs that dominate the energy in this region,
this error does not significantly effect the divergence
estimates, which are dominated by the Lagrangian term (area
changes because of conservation of volume as the water
column is advected across isobaths). That is, o(V-U,) scales
directly with the cross slope velocity at the shelf break and so,
for a rough approximation to the true value of o(V-U,), we
can reduce the CATS99.2 values of o(V-U,) by ~50%. After
this scaling is taken into account the standard deviation of
total (i.e., diurnal plus semidiurnal) tide-forced dlvergence at
the shelf break has a typical value of 1x10° s”, with
maximum values of ~2.5x10° s™. The largest values are

3397

found in narrow strips along the continental shelf break and
the fronts of the FRIS. Over deep water, o(V-U;) and
o(V-U,,) are both negligible (<0.1x10°s™).

Tidal band ice divergence was also estimated from least
squares fitting of linear functions for drift velocity
components of small clusters of ice-mounted satellite-tracked
buoys, as described in section 2.3 (Table 2). This fitting
method is best suited to studies of processes such as wind-
forced mean divergence, where the characteristic spatial scale
of the divergence is larger than the buoy cluster scale. When
tides are the dominant source of ocean variability, the
characteristic scales of ice motion are related to length scales
of topographic variability, and thus the potential exists for
unresolved structure in ice velocities to compensate for the
apparent divergence in velocity fields that have been
linearized according to (2). Despite this caveat we find that
the method generates distributions of o(V-D,) and o(V-D,,)
that are qualitatively consistent with estimates from
CATS99.2. The largest area-averaged values are found over
the southwestern shelf, Filchner Depression and southern
slope (only one point), and the southeastern Weddell Sea. The
largest values tend to occur during the austral oceanographic
summer (December-March), and with the limitations of the
existing database, it is difficult to separate spatial variability
from a seasonal dependence on ice concentration.
Nevertheless, buoy-derived divergence values in regions
where tides are energetic and Ci. is well below 100%
frequently exceed 0.5x10° s” and are sometimes >1x10° s
These values are similar to the maximum values of o(V-U)
obtained with the ocean tidal model. The agreement between
divergence estimates is not surprising since for Cj, < ~80%,
we found that ice motion was consistent with the free drift
approximation. Over deep water, typical values of o(V-D,)
and o(V-D,,) from the buoy clusters are 0.2-0.3x10° s and
so are significantly higher than predicted by the tidal model.
Most of the divergence variance over deep water is therefore
due to spatial variability in high-frequency wind stress and the
inertial near-resonant response of the ice. Further
contributions to measured divergence are provided by buoy
position errors and noise introduced by the linearized fit to
drift velocities within each cluster using (2).

The maximum increase in fractional lead area A4.A" due
to periodic tidal divergence can be estimated from

Cruma=Ad L) =no(V-D)o, ®)

where o is the tidal frequency (in units of s™). Thus the value
of 6(V-D)=0.3x10° s for the deep water, where the motion
is predominantly near-inertial (semidiurnal), corresponds to
CL.max~0.7%. For a dlumal-dommated divergence standard
deviation of o(V-D)=2x10 s near the shelf break, however,
Crmax®9%. The mean lead area during the tidal cycle is
roughly C./2; thus the latter case corresponds to a mean
lead area of ~4-5%.

What effect will this lead fraction have on area-averaged
ocean-to-atmosphere heat flux? For this order-of-magnitude
calculation we use a typlcal winter net ocean-to-atmosphere
heat flux of 200 W m™ for open water [Launiainen and
Vihma, 1994] and 5 W m™ through the second-year ice of the
western Weddell Sea [Robertson et al., 1995; Lytle and
Ackley, 1996] For Ci,:=100%, the area mean flux (F) is
simply 5 W m?; however, with 5% leads, (F)~15 W m™. This
scenario corresponds to free drift ice response to tides in a
region of solid ice cover. At such high values of C,, however,
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we do not expect free drift to be valid and so, the actual mean
lead fraction will be less than predicted by the tide model, and
the lead contribution to (F) will also be reduced. Now,
assume that the ice concentration without the influence of
tides is 90% so that we might expect free drift to be a
reasonable assumption. Then, (F) is ~25 W m™ without the
addition of tidal lead fraction and 35 W m™ with tides added.
Under these conditions the fractional increase in (F) due to
tides is much less than for Ci.:~100%; however, the real tidal
contribution to () is probably greater because the tides really
do modify the lead fraction. For comparison the average heat
loss from Weddell Deep Water as it circulates clockwise from
the prime meridian to the tip of the Antarctic Peninsula is ~20
W m? [Fahrbach et al., 1994]. In summary, for tide-forced
ice divergence in strongly tidal regions (cs(V-D)=1-2x10*S sh,
an additional 5-10 W m™ may be lost from the ocean to the
atmosphere in winter. Ice productivity and the associated
salinity flux to the upper ocean are also enhanced (O. Eisen,
personal communication, 1999).

The modeled mean tide-induced lead fraction (~2-5%)
along the southern slope is consistent with the trough of
relatively low mean ice concentration (Cy) that roughly
follows the shelf break (Figure 3). Other features that are seen
in Figure 3, such as the low probability of high ice
concentration along the Ronne Ice Front and north of Berkner
Island, are not necessarily related to tides. Katabatic winds
flowing off the Ronne Ice Shelf maintain the Ronne Polynya,
although possibly aided by tidal shear and strain [Foldvik and
Gammelsrad, 1988]. Grounded icebergs on the Berkner Bank
just northeast of the tip of Berkner Island interfere with the
generally westward sea ice drift in this region [Naost and
Osterhus, 1998], causing a buildup of ice to the southeast of
the icebergs and reduced sea ice concentration to the west. It
is possible that the trough along the shelf break is also related
to nontidal processes. However, the coincidence of o(V-D),
o(V-U), and this low-concentration trough is supporting
evidence for an influence of tides on ice dynamics for at least
part of the year.

On the basis of our analyses of ice motion spectra as
summarized in Figure 4, we conclude that the near-inertial
response of the ice to wind stress is much more energetic for
Cice«100% than for Ci,~100%. The spectrum in the northern
Weddell Sea, where Ci,~60% (Figure 4b), is dominated by
energetic near-inertial motion, while the inertial response in
the central western Weddell Sea, where C;..>95%, is very
weak (Figure 4e). It is tempting to assume that ice response to
tides will follow the same pattern, i.e., substantially weaker
when ice concentration is high. This expectation is consistent
with a study of ice drift and ocean currents in the tide-
dominated eastern Arctic [Padman et al., 1992].
Nevertheless, the two spectra from regions of high ice
concentration (C;.>95%) in the western Weddell Sea (Figures
4a and 4d) indicate significant tidal influence. The model
ocean tidal current component time series and the ice drift
time series at ISW-1 Site Ed (Figures 4a and 10) are also well
correlated. We suspect that high ice concentration is less
effective at damping tidal motion in the ice than the near-
inertial response to wind stress because the length scales of
tidal variability are typically much larger than those of inertial
motion. As the length scales of tidal current variability
decrease, however, for example close to the shelf break where
cross-slope amplitude variability is large and the diurnal
TVW along-slope wavelengths can be short, we expect the
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free drift approximation to be less valid for large values of
Cie. Since this is the region where tidal frequency ocean
divergence is largest, we assume for the present study that the
true values of o(V-D,) and o(V-D,,) are reduced relative to
the tidal modeled tide free drift values (o(V-U,) and
o(V-Uw)).

Values of o(V-U) are large in narrow bands along the shelf
break and the Ronne Ice Front (Plate 3); however, over most
of the Weddell Sea they are <0.1x10° 5. The averages of
tidal model values o(V-U,) and o(V-U,) over the Weddell
Sea south of 65°S and west of 20°W ‘(a total area of ~2x10°
km?) are ~0.12x10 s in each band. For calculating the value
of o(V-U,) we assume that the true value of |U, along the
southern shelf break is 50% of the modeled value, on the
basis of the comparisons with moored current meter data
(Figure 6). The buoy-derived average values of o(V-D,) and
o(V-Dy,) for the central Weddell Sea are 0.23 and 0.35x10°®
st (sece Table 2). That is, the contribution of tides to
divergence variance, when averaged over the entire western
Weddell Sea, is significantly less than the measured average
value. When the damping effect of ice internal stresses are
taken into account, we expect the area-averaged tidal
contribution to divergence variance to be even smaller than is
suggested by these estimates based on free drift.

The shelf break and Ronne Ice Front are, however, regions
that are crucial to setting the thermohaline characteristics of
the entire Weddell Sea, thus the role of tide-forced divergence
may be more significant than is implied by this simple area-
averaging. High-salinity shelf water (HSSW) at the Ronne Ice
Front is the source water for ice shelf water (ISW) that is
formed when HSSW melts the glacial ice base under the
FRIS. The salinity of HSSW and its production rate will
determine the properties of ISW and the flux of ISW flowing
north to the shelf break via the Filchner Depression. Open
water along the Ronne Ice Front in winter increases the
salinity of HSSW.

At the shelf/slope front, which is typically near the 600 m
isobath, cold and saline shelf water types (HSSW and ISW)
mix with the warm, salty Weddell Deep Water and Modified
Warm Deep Water. The resulting water types are dense and
sink down the continental slope, ultimately contributing to the
formation of AABW and Weddell Sea Bottom Water. The
increase in the density of surface water in winter because of
the increased local ice production and consequent salt flux
associated with the tide-induced mean lead fraction will
contribute to the efficiency of dense water production and
also modify the dynamics of the shelf/slope front.

Quantitative estimates of the effect of high-frequency lead
fraction on average air-sea heat fluxes, ice formation, and salt
flux to the upper ocean in the western Weddell Sea were
evaluated by O. Eisen and C. Kottmeier, who used a
kinematic-thermodynamic sea ice model and the measured
time series of ice divergence for a single buoy cluster. Their
study demonstrates that high-frequency ice divergence
contributes ~10% of the total net heat flux and ice formation
and almost 40% of the total salt flux into the upper ocean in
this region.

We conclude that there is sufficient evidence of tidal
influence on ice motion, divergence variance, and the
associated winter air/sea heat and salt fluxes over the shelf
and upper slope to justify additional improvements in tidal
models for the Weddell Sea. Planned improvements include
development of inverse models that are capable of
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assimilating nontraditional tidal information such as shelf ice
displacements (detected by differential SAR interferometry)
and sea ice motion from ice-mounted satellite-tracked buoys.
The focus of these efforts is the improvement in model skill
for diurnal shelf waves along the continental shelf break.
With improved ocean tidal modeling capability it would also
be appropriate to develop a coupled ocean-ice model, initially
with a dynamics-only ice component but ultimately including
full thermodynamics. This effort would serve two purposes. It
would allow us to quantify more rigorously the role of tidal
divergence on ocean/atmosphere heat and salt exchanges and
ice production, extending the application of the methods of O.
Eisen and C. Kottmeier to the entire Weddell Sea and not
simply to the areas in which buoy cluster motion data are
available. It would also allow us to separate tidal from wind-
forced near-inertial ice motion, which will be valuable in
interpreting ice velocity maps obtained from ice feature
tracking in SAR image pairs where tides and inertial motion
usually appear as strongly aliased signals.
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