
scavenging theropods found a few centime- 
ters from the gnawed end of the ischium. 
Two other broken thero~od teeth were 
found near the shaft of limb bone. A 
vartial maxilla with teeth mav remesent , A 

inother theropod or perhaps another indi- 
vidual of Cryolophosaurus. 

Non-theropod specimens include a par- 
tial articulated left pes of a large prosauro- 
pod with the astragalus and metatarsals I 
through IV (Fig. 3C). This specimen shows 
the,distinctive metatarsal articulation Dat- 
tern found only in prosauropods (9). The 
distal end of a large prosauropod left femur 
that was recovered may belong to the same 
individual. Two articulated, plano-concave 
cervical vertebrae also appear to be prosau- 
ropod. A series of long cemical ribs run 
parallel to these vertebrae along their ven- 
tral side. The preserved portion of the 
loneest of these is 50 cm. and the actual - 
length of the ribs must have been even 
longer, perhaps as much as 60 cm. Even 
though these vertebrae were associated with 
the Cryolophosaurus skull, the ribs are sev- 
eral times longer than the cervical ribs of 
theropods, and the vertebrae lack the pleu- 
rocoels that are typical of all theropods. 

The collection also contains the humer- 
us of a pterosaur (perhaps dimorphodontid) 
and a single molar from a large tritylodont. 
This.synapsid is equivalent in size to the 
largest of the tritylodonts, Bienotheroides 
from the Early Jurassic of China (10) and 
Tritylodon maximus from the Early Jurassic 
of Africa. Thus, the Antarctic fauna from 
the Falla Formation includes at least six 
taxa, four of which are dinosaurs. 

The aee of the fauna is constrained bv 
radiometric and biostratigraphic data. ~ i a :  
base that is comagmatic with the Kirk- 
patrick Basalt (177 +- 2 million years ago) 
(1 1) and intrudes into the upper Falla 
Formation indicates that the fossils are old- 
er than early Middle Jurassic. A Dicroidium 
flora occurs approximately 300 m lower in 
the section, which constrains the age to 
Late Triassic or younger (12). The fact that 
prosauropods are restricted to the Late Tri- 
assic and Earlv Iurassic on all of the other 
continents, alokg with the considerable 
stratigraphic distance between Dicroidium 
and the dinosaur locality, suggests that this 
fauna is most likely Early Jurassic in age. 
However, because the large prosauropod 
material appears to be similar to Plateosau- 
rus from the latest Triassic. the fauna could 
conceivably be of that age, although Cryol- 
ophosaurus is more derived than any of the 
Triassic theropods. 

During the Early Jurassic (Pliensba- 
chian), the approximate paleolatitude of 
this region of Antarctica could have been as 
high as 65" to 70" south and was at least 60" 
(1 3). The large prosauropods and theropods 
and the pterosaur may have migrated away 

from harsher winter temperatures; smaller 
animals such as the tritylodont may have 
hibernated through a cold season. Howev- 
er, the existence of this fauna suggests that 
conditions were at least seasonally mild at 
high latitudes during the early part of the 
lurassic. 

In addition to the animals found in the 
Falla Formation. there are tree trunks Dre- 
served approximately 4 m above the bones 
in this section, which indicates the pres- 
ence of forested areas (14). Recent general 
circulation model (GCM) simulations for 
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Diurnal and Semidiurnal Variations in the Earth's 
Rotation Rate Induced by Oceanic Tides 

R. D. Ray, D. J. Steinberg, B. F. Chao, D. E. Carhvright 
Recent space-geodetic observations have revealed daily and subdaily variations in the 
Earth's rotation rate. Although spectral analysis suggests that the variations are primarily 
of tidal origin, comparisons to previous theoretical predictions based on various ocean 
models have been less than satisfactory. This disagreement is partly caused by deficien- 
cies in physical modeling. Rotation predictions based on a reliable tidal-height model, with 
corresponding tidal currents inferred from a modified form of Laplace's momentum equa- 
tions, yield predictions of tidal variations in Universal Time that agree with very long 
baseline interferometer observations to 2 microseconds. This agreement resolves a major 
discrepancy between theory and observation and establishes the dominant role of oceanic 
tides for inducing variation in the Earth's rotation at these frequencies. 

T h e  last several years have witnessed a 
remarkable development in our ability to 
monitor high-frequency variations in the 
Earth's rotation. The observations rely on 
modem methods of space geodesy: very 
long baseline interferometry (VLBI), satel- 

R. D. Ray, HSTX, NASA Goddard Space Flight Center, 
Code 926, Greenbelt, MD 20771, USA. 
D. J. Steinberg and B. F. Chao, Geodynamics Branch, 
NASA ~odda rd  Space Fliaht ~ente;, Greenbelt. MD - 
20771, USA. 
D. E. Cartwright, Borough House, Petersfield, Hamp- 
shire GU32 3LF, United Kingdom. 

lite laser ranging (SLR), and the Global 
Positioning System (GPS). All three mea- 
sure Earth rotation bv determining the - 
three-dimensional orientation of networks 
of ground observatories relative either to 
extragalactic radio sources (VLBI) or to the 
orbital planes of artificial satellites (GPS 
and SLR). With such technology, special 
observation campaigns have demonstrated 
evident dailv and subdailv variations in 
Earth rotation (1). In terms of rotation 
rate. the maenitude of the variations is such " 
that a point on the equator leads and then 
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lags a point on a uniformly rotating Earth 
by roughly 2 or 3 cm (2). 

A recent spectral analysis of 8 years of 
VLBI data by Herring and Dong (3) strong- 
ly suggests that these daily and subdaily 
variations in rotation originate with the - 
oceanic rides: These authors observed iso- 
lated spectral peaks at the known tidal 
frequencies. The oceanic tides affect Earth 
rotation through two mechanisms: changes 
in the Earth's inertia tensor, which are 

induced by varying tidal heights, and 
changes in the relative angular momentum 
between ocean and mantle, which are in- 
duced by varying tidal currents. The second 
mechanism appears to be more important 
for short-period tidal variations in the rota- 
tion rate (4). 

Global numerical models of the ocean 
tides may be used to predict variations in 
Earth rotation. These models can be sepa- 
rated into two classes: those constrained to 

Table 1. The UTl tidal variations (in microseconds). Each tidal constituent is denoted according to 
original Kelvin-Darwin naming conventions. Entries list in-phase (Cos) and quadrature (Sin) 
contributions to AUTI relative to the tidal potential at Greenwich, with each tide broken into 
components from inertia (height) terms and relative angular momentum (current) terms. Phase 
convention is consistent with that of Gross (14). 

Heights Currents 
Tide Period 

(hours) Cos Sin Cos Sin 

50 

- 
0 5 
Y 

F O a 
-50 

-100 
48830 48831 48832 48833 48834 

9 Modified Julian date 

Fig. 1. Predicted and observed variations in AUTI. The prediction (solid curve) follows from Eq. 2 
with use of our harmonic constants from Table 2. The observations (18), with l a  standard errors, are 
the product of five overlapping VLBl experiments carried out during late July 1992 (modified Julian 
date 48830 = 27 July 1992). Each experiment was about 1 day long, and each has been adjusted 
here empirically by a single bias. 

reproduce in situ tidal measurements and 
those unconstrained bv anv measurements 

1 ,  

and dependent only on knowledge of the 
global bathyrnetry. Previous predictions of 
tidal variations in Earth rotation (5, 6) 
have been based on unconstrained models. 
To be successful, such an approach requires 
sophisticated hydrodynamic modeling, and 
the results are generally accurate only if fine 
spatial resolutions are maintained in shelf 
areas so that im~ortant nonlinear mecha- 
nisms (for example, quadratic bottom fric- 
tion and constituent interactions) can be 
properly modeled (7). The shallow seas, 
after all, have been known for decades as 
the principal region of tidal energy dissipa- 
tion, and many numerical experiments 
have proven the global tide's sensitivity to . - -  . 
shelt physics (8). 

Historically, the most reliable global 
tide models have been those constrained 
by observations-typically observations of 
tidal elevation obtained by gauges along 
coastlines and at islands and, more recent- 
lv. bv satellite altimetrv. Such observa- ,, , 
tions reduce the severe demands for accu- 
rate physical modeling that unconstrained 
methods must meet. We followed this 
approach by adopting the model of global 
tidal heights derived by Schwiderski (9). 
This model is known to be fairly reliable 
because it was constrained by more than 
2000 coastal, island, and bottom pressure 
measurements; its root-mean-square (rms) 
discrepancy' with 80 selected open &ean 
"ground truth" height measurements is 
about 4 cm for the principal semidiurnal 
lunar constituent ( 1  0). 

From the adopted global height fields, 
we computed tidal currents using Laplace's 
tidal eauations. These current calculations 
are restricted to the deep ocean. Although 
currents in shallow seas are typically an 
order of magnitude greater than currents 
in the open ocean, the small volume of 
the shallows (-0.5% of the global ocean) 
ensures that these regions contribute no 
more than a few percent to global momen- 
tum calculations. This restriction has two 
benefits: It allows us to invoke dvnamical 
equations appropriate strictly to open 
ocean conditions, which are considerably 

Table 2. Tidal AUTI comparisons of amplitudes (in microseconds) and phase lags (in degrees) relative to equilibrium arguments at the Greenwich 
meridian. Sovers et a/. (15) and Herring and Dong (3) are estimates based on VLBl data; Broche eta/. (5) [which was later modified (14, 19)] and this 
paper are model predictions (20). 

Diurnal tides Semidiurnal tides 
Study 

Ql 0 1  Pl K 1 N2 M2 s2 K2 

Sovers et a/. 6.6, 37.0" 21.4, 39.1" 7.2, 26.6" 15.5, 13.0" 3.0, 221.0" 18.2, 235.1" 5.2, 265.6" 2.8, 250.9" 
HerringandDong 5.3,35B0 23.6,47.1° 7.1,33.5' 18.9,20.1° 3.2,240.3" 17.9,232.g0 8.6, 269.3" 3.8, 257.8" 
Brosche et a/.* 35.2,21.8" 7.1,59.4" 18.7,52.0" 7.5,231.4" 35.3,229.9" 18.1,260.0° 
This paper 4.3, 17.6" 20.4, 36.2" 5.9, 19.2" 21.2, 27.4" 3.6, 240.1" 18.7, 244.4" 7.7, 255.8' 1.9, 260.1" 

*As amended and tabulated by Gross (14). 
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simpler than equations for shallow water, 
and it allows us to ignore known errors in 
the tidal heights in the shelf regions. 

Let u  (southward) and v (eastward) be 
complex variables whose real and imagi- 
nary components give the barotropic, or 
depth-averaged, tidal current velocities in 
phase and in quadrature to the tide-gen- 
erating potential @. Similarly, let 5 be a 
complex tidal height, reckoned with re- 
spect to the seabed. For a constituent of 
frequency w, Laplace's tidal equations, 
modified for the ocean's loading and com- 
uression of the solid Earth and for the 
tide's own gravitational self-attraction, 
may be written in spherical polar coordi- 
nates as 

g a i W - f u = - -  
a sin 0 acp (5 - ~ 2 @  - Y) (1) 

where g is the gravitational acceleration, a 
the Earth's mean radius, y2 a degree-2 
Love number, and f the Coriolis parame- 
ter. The quantity Y modifies the astro- 
nomical potential @ for the ocean load- 
ing and self-attraction and is here comput- 
ed from a svherical harmonic decom- 
position of to degree and order 180 
(1 1). Note that Eq. 1 neglects bottom 
friction. In the deep ocean, any physically 
plausible representation of friction is easily 
shown to be two or three orders of magni- 
tude less than the leading terms in La- 
place's equations (the net global effect of 
friction is nevertheless implied in the 
known field of 5). 

Because the right side of Eq. 1 is known, 
current components u  and v are easily 
found, excepting for known singularities at 
the "critical latitudes" where the inertial 
and tidal frequencies are equal. Test calcu- 
lations show that u  and v remain stable 
until within 5" of the critical latitudes, so 
we simply interpolate across the remaining 
10" gap (12). More details of these calcula- 
tions, as well as comparisons to in situ 
current measurements, may be found in 
(13). 

Daily and subdaily variations in the 
Earth's rotation rate are conveniently pa- 
rameterized by the quantity AUT1, repre- 
senting the departure of Universal Time 
UT1, as regulated by the Earth's rotation, 
from atomic time TAI. The perturbations 
in AUTl that are induced by oceanic tides 
follow from equation 6 of Gross (14) and 
consist of two terms: one dependent on the 
axial component of relative angular mo- 
mentum, which we compute from our tidal 
currents, and a second dependent on the 
axial moment of inertia, which we compute 
from the second-degree zonal harmonic of 
the tidal heights (neglecting a small zero- 

degree harmonic arising from nonconserva- 
tion of mass). The second term contains 
factors allowing for ocean loading, and both 
terms allow for fluid-core decoupling. The 
resulting AUTl variations for the eight 
major diurnal and semidiurnal tides (Table 
1) and comparison of the totals with other 
results (Table 2) show that three -tidal 
constituents clearly dominate AUT1: M,, 
O,, and K,. 

Table 2 shows generally good agree- 
ment between our constants and the ob- 
served values. In terms of sine and cosine 
components, the rms difference with the 
estimates of Herring and Dong (3) is 2.1 
p,s and with those of Sovers et al. (1 5) is 
2.2 p,s. These VLBI estimates themselves 
differ by 1.8 p,s rms, whereas the difference 
between Sovers et al. and Brosche et al. 
( 3 ,  a model prediction, is 8.7 p,s. Dis- 
crepancies of 2 p,s are comparable with the 
quoted standard errors of Sovers et al. Part 
of the remaining discrepancies in diurnal 
tides may be attributable to our approxi- 
mations near the critical latitudes (which 
occur between 25" and 30"; in contrast, all 
semidiurnal tides have critical latitudes in 
the Arctic, where errors should have little 
influence on UT1). Other discrepancies in 
the lunar tides may be attributable to an . apparent lack of nodal corrections in the 
VLBI analyses; for observations taken in 
the late 1980s, nodal corrections are espe- 
cially important for K, and O,, and they 
would reduce the reported observed ampli- 
tudes. 

The harmonic constants in Table 2 may 
be used to predict AUTl at any time t 
according to 

where X, represents the classical Doodson 
arguments for each tide evaluated at t, H, 
and GI are amplitudes and Greenwich phase 
lags, respectively, as given in Table 2, and 
f, and ui account for nodal modulations in 
lunar constituents (1 6). 

The convergence of observation and 
theory (Table 2 and Fig. 1) is remarkably 
good and clearly establishes the primary 
role of the oceans in inducing these Earth 
rotation variations. Earth libration (1 7) 
and atmospheric tides must also induce 
AUTl variations, but these are secondary 
effects and will require improved precision 
before they are detected. The observation- 
al determinations will certainly improve as 
space geodetic measurements continue to 
accumulate. Within the next few years, 
tide models based on the TOPEX (Ocean 
Topography Experiment) poseidon satel- 
lite altimeter mission will appear; their 
Earth rotation predictions should be more 

accurate than present models, especially 
when derived through data-assimilation 
schemes. 
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