the ice shelf base is the predominant
phase change there, a conclusion that
supports some earlier estimates from gla-
ciological data (/, 21) and from laborato-
ry and theoretical models (/12, 15a, 22).
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Ocean Tide and Waves Beneath the Ross Ice Shelf, Antarctica

Abstract. The ocean tide in the southern Ross Sea is principally diurnal. The tropic
tide range (double amplitude) is between | and 2 meters, depending on the location,
and is closely related to the local water-layer thickness. The range of the tropic tide is
more than three times the range of the equatorial tide. Cotidal and coamplitude
charts were made for the largest diurnal constituents, K, and O,, and a provisional
cotidal map was made for the semidiurnal constituent M. The amplitudes of the
diurnal tide constituents are larger in the Ross Sea than in the adjacent southern
Pacific Ocean, indicating the existence of a diurnal resonance related to the shape
and depth of the sea. Waves related to ocean swell propagate into the ice-covered
region from the northern Ross Sea. These waves have amplitudes near 1 centimeter,
and periods in the range I to 15 minutes. The speed at which these waves travel is
successfully predicted by flexural wave theory.

Tidal water movement' beneath the
Ross Ice Shelf causes diurnal changes in
the elevation of the ice surface of as
much as 2 m. Beginning in 1973, we un-
dertook a study of the ocean tide in this
region as part of the Ross Ice Shelf Proj-
ect (RISP).

The Ross Sea is a marine embayment
penetrating more than 1000 km into the
Pacific sector of the Antarctic continent

Fig. 1. Cotidal (dashed) and coamplitude (sol-
id) contours of the K, O,, and M, ocean tide
constituents in the southern Ross Sea, Ampli-
tudes are in centimeters and phases are in de-
grees relative to the Greenwich meridian.
South is to the top; the ice-free part of the
Ross Sea and the Pacific Ocean are to the bot-
tom. The linear distance between 80°S and
85°S is 556 km.

(Fig. 1). The southern part of this sea is
covered by the Ross Ice Shelf, a tabular
mass of floating ice that extends over
about 560,000 km?, and is almost every-
where 300 to 600 m thick. The thick ice
cover presents an obstacle to the use of
conventional tide gauges. In this study
we used gravity meters to make mea-
surements of the height of the ocean tide
in an unusual way. Tidal fluctuations of
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the gravity at the surface of the ice shelf
are related to tidal changes in the eleva-
tion and underlying water mass. During
four austral summers, we operated
Geodynamics model TRG-1 recording
gravimeters at eight locations distributed
over the study area, obtaining data for 29
to 58 days at each site. In addition, we
have an earlier tidal gravity record from
Little America V reported by Thiel et al.
(/) and the results of tidal water-level
measurements in McMurdo Sound near
the northern boundary of the Ross Ice
Shelf (2). All told, the principal charac-
teristics of the ocean tide have been re-
liably determined at nine sites in the
southern Ross Sea (Table 1). Because
the ice shelf could be exploited as a float-
ing platform, we had the unusual oppor-
tunity to make our tide measurements at
selected locations over the study area.
Elsewhere in the ocean the tide must be

inferred largely from coastal measure-
ments.

The measured tidal gravity variation
results from a direct lunisolar effect and
an ocean tide effect. The lunisolar effect
is related to the masses and relative mo-
tions of the moon and sun with respect to
the recording site, and in the Ross Ice
Shelf region amounts to about 10 percent
of the ocean tide effect. We corrected

our data for the lunisolar effect by sub- -

tracting from our records the rigid-earth
tide (3) increased by 16 percent to allow
for the elastic yielding of the earth. (The
error in this value of the correction is
much less than the uncertainty of our
basic measurement.) In the ocean tide ef-
fect, periodic changes in the thickness of
the water layer beneath the ice shelf
cause changes in the gravity field detect-
ed by a gravimeter. During high tide an
additional mass of ocean water exists

Table 1. Tidal harmonic constituents in the southern Ross Sea.

K, P, 0O, M, S, N,
Site Position

A* Pt A P A P A P A P A P
Base 82.5°S, 166.0°W 43 186 14 186 35 174 8 213 10 112 9 87
J9 82.4°S, 168.6°W 37 191 12 191 37 172 7 205 8 106 7 60
RI 80.2°S, 161.6°W 44 160 15 160 38 140 5 130 10 26 9 12
C36 79.8°S, 169.1°W 37 160 12 160 32 153 3 75 6 25 4 22
019 79.6°S, 196.7°W 31 208 10 208 29 196 4 340 2 190 3 180
Cl16 81.2°S, 189.5°W 31 200 10 200 27 190 3 310 2 160- 4 140
F9 84.3°S, 171.3°W 41 206 14 206 40 190 8 258 11 142 8 143
LASH 78.2°S,162.3°W 34 154 11 154 25 141 3 35 5 342 5 344
McM§ 77.9°S,193.4°W 23 212 8 213 21 195 4 242 2 327 2 263

*Amplitude, in centimeters. +Phase angle, in d
America V. §McMurdo Sound.
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Fig. 2 (left). Comparison of K; and O, tidal
amplitudes (A) in centimeters and water-layer
thickness (4) in meters at seven sites on the
Ross Ice Shelf. Curves have the form
A = bh™'* where b = 144 for the K, constit-
- uent and 129 for the O, constituent. Fig. 3
(right). Simultaneous 200-minute gravimeter
records from three sites in a triangular array
near site J9 display fluctuations produced by
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ocean waves. The vector shows the direction
in which the flexural waves propagate across
the array.

over a local region, and the related in-
crease in elevation of the floating shelf
causes a change in the gravity detected
by a gravimeter on the surface. In con-
verting the gravity change due to the
ocean tide to an elevation change, we
followed Thiel et al. (1), who showed
that a change in water thickness beneath
the ice, Ah, is related to a change in grav-
ity at the surface, Ag, according to the
expression Ah (meters) = —3.7653 Ag
(milligals).

It is conventional to represent the tide
by a sum of discrete harmonic constitu-
ents, which is different from a Fourier
series in that it incorporates information
about the tide-producing force. The tide
records we obtained in connection with
RISP were analyzed by the method de-
scribed by Schureman (¢). The time-in-
dependent amplitudes and phases of the
harmonic constituents are summarized
in Table 1. The level of uncertainty in
our measurements can be inferred from
high-resolution Fourier amplitude spec-
tra of our field records. The amplitude
spectra (5) indicate that the uncertain-
ty in the values given in Table 1 is
generally less than 2 cm for the RISP
stations.

The analysis shows that the tide in the
southern Ross Sea consists primarily of
six harmonic constituents, of which the
three largest have diurnal periods. The
spatial variation of these constituents
can be displayed by maps showing cotid-
al contours for the constituent phase and
coamplitude contours for the amplitude.
The constituent phase represents the lag
of local constituent high water relative to
the time of the maximum constituent
equilibrium tide @) on the meridian of
Greenwich. The cotidal lines can also be
viewed as the crest at different times of a
fictitious ocean wave that would exist if
only that particular constituent were dis-
turbing the sea surface. Cotidal-coampli-
tude maps for the diurnal constituents K,
and O, are shown in Fig. 1. For the semi-
diurnal constituent M, only the cotidal
contours are mapped in Fig. 1.

The diurnal coamplitude contours are
more detailed than if they were drawn by
simple interpolation of the data from the
nine sites. However, for these constitu-
ents a relationship between constituent
amplitude and water-layer thickness was
observed. This relationship is illustrated
in Fig. 2, where curves were fitted to the
data on the assumption that the phenom-
enon is analogous to the amplitude-depth
relationship for a wave in a shallow canal
of slowly varying depth. In such a canal,
the wave amplitude is inversely propor-
tional to the fourth root of the depth (6).
For K, and O, proportionality constants
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of 144 and 129, respectively, for ampli-
tude in centimeters and depth in meters,
yielded minimum root-mean-square er-
rors of 1.0 and 2.4 cm. This observed
relationship, together with a map of wa-
ter-layer thickness beneath the ice shelf
(7), was used to guide the location of the
K, and O, coamplitude contours.

The spatial variation of the M, constit-
uent is more complicated. The condition
that our cotidal lines merge with the
global M, cotidal chart of Zahel (8) re-
quires a complex pattern of cotidal con-
tours within the Ross Sea. The pattern
presented in Fig. 1 displays no amphi-
dromic points in the region, and none are
definitely indicated by the amplitude
data (Table 1). Other patterns requiring
at least two amphidromic points in the
Ross Sea are also consistent with Zahel’s
charts. For M, there is no simple rela-
tionship between amplitude and water-
layer thickness. We would expect the
complex cotidal contours to preclude a
relationship analogous to the canal-type
dependence observed for the diurnal
constituents.

The ocean tide in the southern Ross
Sea is dominated by the diurnal constitu-
ents. In this respect it is different from
the tide in most parts of the world ocean,
where the semidiurnal constituents are
usually the largest. The range of tropic
tide is between 1 and 1!/2 m along the
northern edge of the ice shelf, near 78°S,
and increases to more than 2 m toward
the southeast, near the Siple Coast. The
equatorial range is generally less than
one-third of the tropic range. The ampli-
tudes of the diurnal constituents, partic-
ularly K, and O,, are too large to be ex-
plained simply in terms of the lunisolar
tide-raising force [equilibrium tide theo-
ry ¢)]. They are also larger than might
be anticipated from their amplitudes in
the southern Pacific Ocean (9). Thus a
diurnal resonance related to the shape of
the embayment and the water depth is in-
dicated. The wavelengths of the diurnal
constituents are seen (Fig. 1) to be ap-
proximately four times the length of the
Ross Sea, measured in the direction of a
progressing tide from the edge of the
continental shelf. This is a condition for
diurnal resonance.

Waves having periods in the range 1 to
15 minutes and amplitudes near 1 cm are
superposed on the tidal water-level fluc-
tuations beneath the Ross Ice Shelf (5).
These waves appear on the tidal gravity
records from all our recording sites. On
our field records the dominant wave peri-
ods are between 1 and 2 minutes near the
northern margin of the ice shelf. The
waves are attenuated with increasing dis-
tance from open water, and the shorter
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periods are attenuated relatively rapidly
so that in the region farther south than
84°S the dominant period is near 10 min-
utes.

To obtain data on the speed and direc-
tion of propagation of these waves, we
operated three gravimeters simultane-
ously in a 5-km triangular array near site
J9 (Table 1). From 22 to 26 November
1977 we obtained more than 38 hours of
simultaneous data in five segments,
varying in length from 2!/2 to 16 hours.
These data were digitally recorded at 4-
second intervals by microprocessor-
based digitizers of our own design. Be-
fore the 1977-1978 season, our data were
recorded on strip-chart recorders having
a paper speed of 1 inch per hour, and
data in the period range 1 to 15 minutes
were not well recorded. Figure 3 shows
200-minute segments from the three gra-
vimeter records and the orientation of
the array.

We calculated the wave speed and di-
rection from the time offsets of the wave
between the three recording sites. The
time shifts along each leg of the array
were determined by cross-correlating the
simultaneous record segments from the
two stations on the leg. We found the
wave speed to be 57 = 11 m/sec and the
wave direction to be N139°E =+ 10° (Fig.
3). The wave speed is consistent with the
speed of a flexural wave (10), given the
ice and water-layer thickness at site J9.
For wave periods greater than 9 minutes
this speed is the same as the shallow-wa-
ter gravity wave speed, and is 48.3 m/sec
for the 238-m water thickness at J9. The
influence of the ice layer increases the
flexural wave speed to 50.5 m/sec at the

6-minute period, and 62.5 m/sec at the 3-
minute period. We found that our data
were not adequate to resolve the subtle
difference in wave speed at different pe-
riods in the range 3 to 9 minutes, but the
value of 57 m/sec that we measured is ap-
propriate as an average for the periods
evident on the records (Fig. 3). The di-
rection of propagation is consistent with
the supposition that the flexural waves
are excited at the ice front by in-
fragravity waves in the open ocean north
of the ice shelf.
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Tritium and Carbon-14 Distributions in Seawater
from Under the Ross Ice Shelf Project Ice Hole

Abstract. The tritium and carbon-14 activities of seawater samples collected from
22 to 200 meters below the ice at the Ross Ice Shelf Project ice hole are reported. The
tritium results show that the waters below the ice have exchanged with Ross Sea
water since the advent of nuclear testing. The carbon-14 results indicate that waters
in the upper layer exchange in time periods of less than 6 years. Measurements of
these isotopes in seawater under the Ross Ice Shelf in McMurdo Sound show that

this water has a different history.

Tritium and carbon-14 were intro-
duced into the atmosphere in major
quantities as a result of nuclear weapons
testing in the early 1960’s. Tritium (half-
life, t,,, = 12.3 years) is a valuable tracer
since it is a radioactive isotope of hydro-
gen and will follow the path of water ex-
actly in the world ocean (/). There are no
particulate or biological effects that will
alter tritium concentrations in seawater.
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The natural concentrations of tritium
present before the bomb tests are negli-
gible as compared to the amounts pro-
duced by weapons testing and can be ig-
nored (2). Tritium concentrations at-
tained a maximum of 1 to 2 tritium units
[1 TU is one tritium atom per 10'® hydro-
gen (protium) atoms] in the late 1960’s
and early 1970’s and have been decreas-
ing since then. Tritium found in seawater
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