time it is important to utilize the present
advances to determine the extent of the
negative-pressure domains for other lig-
uids and to perform measurements of
structural, dynamic, and thermodynamic
properties of liquids within these domains.
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Ice Flexure Forced by Internal Wave Packets in the

Arctic Ocean

PETER V. CzIrorT, MURRAY D. LEVINE, CLAYTON A. PAULSON,
DimMrTRIs MENEMENLIS, DAVID M. FARMER, ROBIN G. WILLIAMS

Tiltmeters on the Arctic Ocean were used to measure flexure of the ice forced by an
energetic packet of internal waves riding the crest of diurnal internal bores emanating
from the Yermak Plateau, north of the Svalbard Archipelago. The waves forced an
oscillatory excursion of 36 microradians in tilt of the ice, corresponding to an
excursion of 16 micrometers per second in vertical velocity at the surface and of 3.5
millimeters in surface displacement. Strainmeters embedded in the ice measured an
excursion of 3 x 1077 in strain, consistent with ice flexure rather than compression.
The measured tilt is consistent with -direct measurements of excursions in horizontal
current near the surface (12 centimeters per second) and in vertical displacement (36
meters) of the pycnocline 100 meters below the surface.

world’s oceans are important in trans-

porting momentum and energy both
horizontally and vertically. The wave field is
remarkably constant in space and time, per-
mitting the formulation of a “universal”
statistical description (1), yet the processes
that generate and dissipate these waves are
not well understood. However, internal
waves in the Arctic Ocean appear to be more
variable than waves in other oceans (2) and

INTERNAL GRAVITY ° WAVES IN THE

_hence may allow study of specific mecha-

nisms of wave growth, propagation, and
decay. Measurement of ice tilt is a simple
way to observe internal waves from the
surface of the Arctic Ocean.

Internal waves generate large displace-
ments of water deep in the ocean. Vertical
displacements at the surface are orders of
magnitude smaller and masked by noise
from turbulence and wind waves on open
seas. In most internal wave models, such
surface displacements are ignored and a
rigid-lid boundary condition is invoked in
which the vertical displacement of the sea
surface is set to zero (3). The ice cover of the
Arctic Ocean suppresses surface wave noise
and enables direct measurement of vertical
displacements of the surface forced by inter-
nal waves.

In this report, we describe coherent mea-
surements of ice tilt forced by internal waves
in the Arctic Ocean. Observations were
made at the oceanography ice camp of the
Coordinated Eastern Arctic Experiment
(CEAREX) as it drifted over the northern
flank of the Yermak Plateau (4). Three elec-
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trolytic bubble level tiltmeters (5) (Fig. 1)
were frozen to the surface of the ice in a
triangular array. One axis of each meter
pointed north and the other east. Three
triaxial strainmeters (6), with one arm of
each meter pointing north, formed another
array. We also measured vertical velocity and
temperature in the pycnocline using an
acoustic Doppler current profiler (ADCP)
(7) and temperature sensors (8) moored
near the center of the tilt and strain arrays.
Three additional temperature sensors at a
depth of 99.5 m formed a triangular moored
array. Horizontal water velocity near the
surface was measured with a triangular array
of acoustic transmitters and receivers (9)
centered about 337 m to the south of the
ADCP mooring.

An internal wave packet was observed
passing the ice camp at 82.53°N, 8.58°E
between 00 and 02 hours universal time
coordinated (UTC) on 18 April 1989 (Fig.
2) (10). The wave forced a peak-to-peak ice
tilt of 36 prad (11) in a north-south (N-S)
direction, in phase with the vertical compo-
nent of seawater velocity in the pycnocline
(12) extending from about 100 to 200 m in
water 1800 m deep. The vertical velocity in
the packet had a maximum excursion of 15
cmy/s at a depth near 125 m. Water temper-
ature also revealed vertical displacement in a

Fig. 1. Instrumentation 150 ——
layout at the CEAREX 100 . @
oceanography ice camp. of ®m
Solid circles, tiltmeter ar- 0 o
ray; open circles, strain- E -s0

meter  array; solid £ioo}

square, central mooring s R
with ADCP and temper- % 5

ature  meters;  open 250}

squares, satellite moor- 00

ings with temperature as0 4

0 " A
-50 0 50 100150200

meters; solid triangles, st (m)

vertices of the. hori-
zontal, path-averaging
acoustic current meter. Coordinate orientation is
aligned with true north for 18 April 1989.
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Fig. 2. Signals during passage of a
packet of internal waves between
00 and 02 hours UTC on 18 April
1989 (Julian day 108). (A) Ice tilt
measured in an N-8 direction (solid
line) and in an E-W direction
(dashed line) (27). The packet pro-

Ice tilt (urad)

duced a maximum excursion of 36

prad in N-S tilt and 7 prad in E-W
tilt. (B) Vertical velocity measured
at depths of 100, 125, 150, 175,
and 200 m, as marked on the right
ordinate. The maximum excursion
of vertical velocity in the packet was
15 cm/s at 125 m. (C) Water tem-

Vertlcal
veloclty (cm/s)
% %3
)

perature at a depth of 99.5 m.

Before the arrival of the packet, the
thermometer was in a nearly iso-
thermal mixed layer and was insen-
sitive to vertical displacement of
water. The mixed layer shoaled as

o
T

s

Temperature (°C)

the packet arrived. The thermome-
ter, then in a thermocline, respond-
ed to displacements of the water column.

0
=y

signal 90° out of phase with tilt and vertical
velocity. Tiltmeter and temperature arrays
showed that the packet propagated in a
direction within 20° of true north at a speed
of 0.45 m/s; its wavelength was 632 m and
its period was 24 min (13). The compara-
tively small east-west (E-W) tilt shows that
wave crests were orthogonal to the propa-
gation vector. The wave form preserved its
shape as it propagated through the instru-
ment arrays.

For a coherent wave form with long crests
moving horizontally at speed ¢ along char-
acteristics specified by x — ¢t = £, the surface
displacement m(£) depends on £ alone. Ver-
tical velocity of the surface (14), u, = dn/at,
is then proportional to its tilt, 7, = dn/dx,
because u, = —cdn/d€ = —ct,. Forc = 0.45
my/s, a peak tilt of 36 wrad corresponds to a
peak vertical velocity of the surface of 16
pm/s (Fig. 3). The vertical velocity at the
surface was opposite in phase to vertical
velocity in the pycnocline, in keeping with
displacements expected from waves on an
interface between two fluid layers (15). Con-
ventional current meter measurements of
water velocity near the surface did not detect
the small velocities forced by internal waves,
because flow over the rough bottom of the
ice leads to turbulence (16). The ice acts as a
spatial filter to suppress small-scale turbu-
lence and enables tiltmeters to measure ver-
tical surface currents from internal waves.

To relate tilt to horizontal velocity near
the surface, we used Bernoulli’s relation (17)
in linear form for potential flow at the
surface

pgn = p(9d/at), — dP (1)

where p is the density of seawater in the
mixed layer, ¢ = 9.8 m/s?, and (3d/dt),, is
the rate of change of the velocity potential ¢
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at the surface. Ice flexure supports a pressure
differential 3P at the interface of ice and
water. For internal waves at wavelengths A
appreciably greater than the thickness 4 of
the ice (h/A < 1072), 3P is negligible and the
ice is a flaccid membrane that responds to
wave forcing as a free surface (18). Ice tilt is
then proportional to horizontal acceleration
of seawater at the surface

7= —(L/g)(0uy/or)o 2

where the relations + = V,mand u,, = -V, ¢
express tilt T and horizontal velocity at the
surface uy, as horizontal gradients of surface
displacement and velocity potential, respec-
tively. The horizontal velocity at the surface,
determined by numerical integration over
time of surface tilt, is approximately in phase
with horizontal velocity measured directly
by the acoustic array at a depth of 8 m, but
is two-thirds of its amplitude (Fig. 3). We
attribute the discrepancy to the Doppler
shift introduced by a steady ice camp drift of
7.5 cm/s and to nonlinear terms in Bernoul-
I’s relation, which we have neglected in the
first-order analysis presented here. Each of
these factors accounts for an error of rough-
ly 15%.

Equation 2 shows that tilt of the ice
reflects horizontal acceleration at the sur-
face. In addition, the kinematics of surface
displacement implies that the rate of change
of tilt is the horizontal gradient of vertical
velocity at the surface: dr/ot = (Viu,),
Neither a steady flow nor a spatially uniform
flow forces tilt of the ice cover.

Compatibility of these two relations spec-
ifies polarization of velocity at the surface,
namely, (8%u,/0), = —g(Vyu,),. For long
wave crests progressing horizontally at fre-
quency o and wave number k, vertical and
horizontal velocities will be 90° out of phase

and the ratio of vertical to horizontal veloc-
ity will be w?/gk. For the observed period
and wavelength of the wave packet, the
predicted velocity ratio is 2 x 10™%. The
ratio of vertical velocity (16 pm/s) to hori-
zontal velocity (8 cmy/s), inferred from mea-
sured ice tilt forced by the packet, agrees
with this predicted value.

Polarization of velocity at the surface de-
termined from measurements of tilt also
agrees with the value expected (19) for
dispersion of interfacial waves on a sharp
pycnocline at a depth of 115 m, marking a
density contrast of 0.39 kg/m3. The time
integral of surface vertical velocity gives
surface displacement. We determined sur-
face displacement in two ways: (i) by nu-
merical integration of vertical velocity at the
surface inferred from tilt (from Fig. 3), and
(i) by numerical integration of vertical ve-
locity in the pycnocline (from Fig. 2), scaled
by the ratio of surface displacement to pyc-
nocline displacement expected in a two-layer
fluid.

To find surface displacement from dis-
placement of the pycnocline, we supposed
that the integral over time of vertical velocity
in the pycnocline gives displacement of the
interface between the mixed layer and the
water below (20). For two fluid layers cov-
ered by a sheet of ice, the expression (21)

n —(dp/p)e™ 3
¢ 1+ )

gives the ratio of surface displacement n to

Horizontal
velocity

Vertical
velocity

0 1 2
Time (hours)

Fig. 3. Horizontal and vertical seawater velocity
near the surface during the internal wave packet.
(A) N-S horizontal current, measured at a depth
of 8 m by the path-averaging acoustic current
meter (solid line), showed a maximum excursion
of 12 cm/s during the packet, with a phase shift of
95°+13° from ice tilt (Fig. 2) (28). Horizontal
current at the surface, inferred from N-S tilt using
Eq. 2 (dashed line), shows a maximum excursion
of 8 cm/s during the packet and is in phase with
current measured directly. (B) Vertical velocity of
the ocean surface inferred from N-S tilt for a
coherent wave form propagating at ¢ = 0.45 m/s.
The maximum excursion in surface velocity is 16
wm/s. No other instrument measured vertical
velocity of the surface with such resolution of
internal waves.
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Fig. 4. Comparison of surface and
pycnocline displacements forced by
the internal wave packet. (A) Sur-
face displacement determined by
numerical integration over time of
N-S ice tilt, scaled by —c¢ (dashed
line), and surface displacement de-

Surface
displacement (mm)

termined by numerical integration
of vertical velocity in the py

cnocline
at a depth of 125 m, scaled by Eq. 7
3 (solid line). The lines start from
zero displacement” at —1 hours
UTC and overlap during passage of
the packet, each showing a peak
excursion of about 3.5 mm. (B)
Pycnocline  displacement  deter-

Pycnocline
displacement (m)
3 283

g

mined by numerical integration
over time of vertical velocity in the
pycnocline, starting at 125-, 150-,

[
-

Time (hours)

and 175-m depths. It shows a peak excursion of 36 m during passage of the packet.

displacement of the pycnocline { by a progres-
sive wave with wave number k. The density
contrast across the pycnocline is 8p, and p is
density of a mixed layer of depth d. Rigidity R
of the ice cover is negligible for hk < 1 (18).
The two methods of estimating surface
displacement agree during passage of the
wave packet (Fig. 4); thus, the packet held
its wave form as it propagated over a dis-
tance of one wavelength. It forced an excur-
sion of 3.5 mm in surface displacement.
Numerical integration of vertical velocity
in the pycnocline shows that its maximum
excursion was about 36 m during passage of
the packet. The packet rode an undulant
bore that displaced the pycnocline upward
by about 15 m. Integrated velocity com-
pares closely with pycnocline displacement
determined from the temperature record of
Fig. 2. We used a mean gradient of —31
m/°C in the thermocline (22) to convert
temperature to a measure of displacement

3x107

=
‘s __13x10-7 B AN N
1 w~ .
7]

- b’xqo*’ N /0 - =~

1 - N
0 1 2

Time (hours)

Fig. 5. Comparison of strain of the ice during
passage of the internal wave packet with strains
inferred from ice tilt. Longitudinal strain (solid
line) measured along an N-S axis on the surface of
the ice showed an excursion of 3 X 107 in strain,
coming from the packet. Flexural strain (dashed
line), inferred from measured tilt using Eq. 5 with
h = 2 m, is in phase and commensurate with
measured strain. Compressional strain (dot-dashed
line), inferred from measured tilt using Eq. 4 with
h = 2 m, shows an excursion of 3 x 1073 that is
opposite in phase and four orders of magnitude
larger than measured strain.
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also indicating a peak excursion of 36 m.
Strain in the ice from wave motion below
it comes mainly from bending instead of
longitudinal compression of the ice. For ice
compression (23), longitudinal strain in the
direction of propagation, e,,, is proportional
to an integral of ice tilt in the same direction
-2(1-v)
= ——— j Ty dxc

2«1 —v)
B hv - J '-rxdt

hv

(4)
where v is Poisson’s ratio and £ = x — «
relates integrals over space and time. For ice
flexure (24), strain is proportional to deriv-
atives of tilt

Strain of the ice, measured along an N-S
direction, showed an excursion of 3 X 10~7
during passage of the wave packet (Fig. 5).
The comparison of measured strain to com-
pressional and flexural strain inferred from
measured ice tilt (Fig. 5) demonstrates that
strain and tilt forced by coherent internal
waves below the ice come mainly from
flexure of the ice cover with little or no
direct compression.

Tiltmeters are a valuable tool for ocean-
ography of polar seas. They give a measure
of velocity at the surface that no other
instrument can provide (25). Because they
are easy to deploy on the ice, arrays of
autonomous tiltmeters can monitor arctic
flow on the scale of internal waves over wide
areas in all seasons. They offer a remarkable
capability for monitoring surface displace-
ments of the Arctic Ocean.
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Sudden Extinction of the Dinosaurs: Latest
Cretaceous, Upper Great Plains, U.S.A.

PETER M. SHEEHAN, DAVID E. FASTOVSKY, RAYMOND G. HOFFMANN,
CLAUDIA B. BERGHAUS,* DIANE L. GABRIELT

Results of a three-year field study of family-level patterns of ecological diversity of
dinosaurs in the Hell Creek Formation of Montana and North Dakota show no
evidence (probability P < 0.05) of a gradual decline of dinosaurs at the end of the
Cretaceous. Stratigraphic reliability was maintained through a tripartite division of the
Hell Creek, and preservational biases were corrected for by comparison of results only
from similar facies as well as.through the use of large-scale, statistically rigorous survey
and collection procedures. The findings are in agreement with an abrupt extinction
event such as one caused by an asteroid impact.

HE CAUSE OF EXTINCTION OF DINO-

saur faunas at the end of the Meso-

zoic era remains controversial. Two
principal endmember hypotheses have been
developed. One is that dinosaur populations
dwindled gradually at the end of the Creta-
ceous, probably as a result of climatic
changes (1-3). The other is that an asteroid
impact produced sudden environmental
changes that caused an abrupt extinction (4,
5). Resolution of the mechanism responsible
for the extinction requires knowledge of
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changes in dinosaur populations immedi-
ately before and at the end of the Creta-
ceous. Earlier field studies, however, were
not designed to examine patterns of dino-
saur diversity during this interval in a
statistically meaningful fashion (6). We
therefore undertook a 3-year study in
which dinosaur fossils were sampled
through the Hell Creek Formation, a unit
that represents the last 2 to 3 million years
of the Cretaceous Period (7) in the upper
Great Plains of the United States (Fig. 1).
Patterns of family-level dinosaur ecological
diversity are used to assess the general
robustness of dinosaur populations.
Several considerations hinder analysis of
the extinction in the Hell Creek. The Hell
Creek has complex, laterally discontinuous
facies that make biostratigraphic distribu-
tions difficult to determine. Fossils are found
in interfingering channel and floodplain de-
posits that reflect the repeated erosion of
floodplains by ancient meandering streams.
Superimposed soils were formed during po-

tentially long intervals of nondeposition.
Correlation of beds across tens of meters is
often impossible because of such complexity
(8, 9). For example, a stream meandering
over a floodplain can erode a broad channel
that is later filled by much younger deposits.
As a result, sediments at approximately the
same topographic level can be of quite dif-
ferent ages because of channel erosion and
infilling by younger sediments. Moreover,
equivalent thicknesses of floodplain and
channel sediments cannot easily be com-
pared, because the former took orders of
magnitude more time to be deposited than
the latter (7-10).

Detailed correlations are tenuous beyond
a limited area, even though broad areas must
be searched to find significant numbers of
fossils. To overcome the problems of the
lateral nonpersistence of strata and differing
sedimentation rates, we divided the Hell
Creek Formation into three approximately
equal, successive intervals, against which
dinosaur ecological diversity could be mea-
sured. The top of the upper stratigraphic
interval was the boundary clay (commonly
associated with coal) containing the iridium
anomaly (11). No dinosaur bones were
found above this layer, and the closest dino-
saur specimen was found 60 cm below it.
The lower stratigraphic boundary was estab-
lished at the lithostratigraphic contact be-
tween the terrestrial Hell Creek and under-
lying, marginal-marine Fox Hills Sandstone,
which contains no dinosaurs. Because the
upper boundary is approximately isochro-
nous and the Hell Creek Formation is 70 to
90 m thick in all of the study areas, it is
reasonable to infer that crude correlations
can be made between equivalent, measured
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