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compound 10 has a reasonably large 6 val- 
ue, and its fluorescence quantum yield is 
low in comparison with 3, consistent with 
efficient intersystem crossing. Preliminary 
results indicate that 10 is a singlet 0, sen- 
sitizer, which makes it a good candidate for 
cytotoxicity and photodynamic therapy 
studies in biological tissues (16). 

We suggest that T-conjugated molecules 
with large changes of quadrupole moment 
upon excitation are worthy of examination as 
molecules with large two-photon absorption 
cross sections. Molecules derived from the 
design strategies described should greatly fa- 
cilitate a variety of applications of two-pho- 
ton excitation in biology, medicine, three- 
dimensional optical memory, photonics, (1 7) 
optical limiting (2), and materials science 
(1 7). 
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Detection and Modeling of 
NonTidal Oceanic Effects on 

Earth's Rotation Rate 
Steven L. Marcus, Yi Chao, Jean 0. Dickey, Pascal Gegout 

Subdecadal changes in Earth's rotation rate, and hence in the length of day 
(LOD), are largely controlled by variations in atmospheric angular momentum. 
Results from two oceanic general circulation models (OGCMs), forced by ob- 
sewed wind stress and heat flux for the years 1992 through 1994, show that 
ocean current and mass distribution changes also induce detectable LOD vari- 
ations. The close similarity of axial oceanic angular momentum (OAM) results 
from two independent OGCMs, and their coherence with LOD, demonstrate 
that global ocean models can successfully capture the large-scale circulation 
changes that drive OAM variability on seasonal and shorter time scales. 

Changes in the rotation rate of the solid Earth 
(that is, its crust and mantle), typically yield 
variations in the LOD of about 1 ms over 
several years (1). Earth as a whole conserves 
its angular momentum (with the exception of 
tidal torques); LOD variations, in particular, 
arise largely from compensating changes in 
atmospheric angular momentum (AAM) car- 
ried by zonal (west-to-east) winds (2, 3). 
Remaining discrepancies in the axial budget 
indicate that other reservoirs also store and 
release appreciable quantities of angular mo- 
mentum on these time scales, but these have 
been less well resolved. 

In this study we show that (i) a significant 
nontidal oceanic signal can be detected in 
geodetic LOD series and (ii) this contribution 
of OAM helps to close the global budget on 
seasonal and shorter time scales. Because the 
three-dimensional observational data needed 
to compute OAM directly are not available, 
we use two OGCM simulations as a proxy for 
our analysis. These comparisons can provide 
a valuable check on the realism of the model- 
derived OAM and may be used to estimate 
contributions from other angular momentum 
reservoirs, such as changes in terrestrial and 
atmospheric water storage. 

We consider results from two OGCMs 
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whose dynamical formulations differ consid- 
erably: the Modular Ocean Model (4) 
(MOM), based on earlier multilevel models 
developed at the Geophysical Fluid Dynam- 
ics Laboratory (5), and a multilayer model 
based on an early version of the Miami Iso- 
pycnal Coordinate Ocean Model (MICOM) 
(6 ) .  Both MOM and MICOM are based on 
the primitive equations of fluid flow that use 
the Boussinesq and hydrostatic approxima- 
tions. The major differences between the two 
models are (i) their vertical coordinate sys- 
tems: MOM uses geometrical depth beneath a 
rigid lid and MICOM uses a density-based 
coordinate with a freely varying surface 
height; and (ii) their treatment of the surface 
mixed layer: MOM uses a Richardson-num- 
ber scheme (7) and MICOM uses the Kraus- 
Turner mixed layer model (8).  Both models 
have a horizontal resolution of 2" longitude 
by l o  latitude and comparable vertical reso- 
lution (22 and 12 layers, respectively). 

The OGCMs were spun up for 10 years 
starting from climatological temperature and 
salinity distributions (9), forced with clima- 
tological monthly wind stress (10) and sea 
surface temperature and salinity (9). The 
models were then driven with surface wind 
stress derived from the daily National Center 
for Environmental Prediction (NCEP) 1000- 
hPa analysis from 1 January 1992 to 15 De- 
cember 1994, and heat flux as computed us- 
ing the bulk formulation described in (11); 
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the first 45 days were excluded from the as great because of the lower variability of tribute to the axial OAM-that is, the large- 
analysis to eliminate transient effects. Pres- the ERS scatterometer winds (12). Thus, sim- scale current systems and mass distribution 
sure forcing by the atmosphere was not in- ulations of the circulation features that con- (14)-appear to be robust. 
cluded. A shorter experiment (24 September 
1992 to 14 March 1994) was also dine with 
the MOM model using surface wind stress 
derived from the ERS-1 scatterometer (12). 

The contributions to OAM variation cal- 
culated from the zonal currents simulated by 
each model represent changes in the relative 
axial angular momentum of the oceans and 
are expressed in units of equivalent LOD 
(Fig. 1A). Both models are characterized by a 
net west-to-east flow, which sequesters pos- 
itive angular momentum, giving rise to a 
mean positive LOD forcing of about 100 ps; 
for comparison the atmosphere has a mean 
zonal velocity of about 7 ms-' and would 
change the average LOD by about 2.5 ms 
were its superrotation to cease (Fig. 2A). 
Both current terms are characterized by drifts 
that are approximately linear in time but op- 
posite in sign. Removal of these trends, 
which reflect the incomplete equilibration of 
the OGCMs during spinup, leaves relative 
OAM variations that are similar between the 
MICOM and MOM simulations; the root 
mean square (rms) magnitudes are 12.7 and 
14.5 ps, respectively. 

Because of the background planetary ro- 
tation, changes in the oceans' moment of 
inertia also induce OAM variations (their ef- 
fect on the relative angular momentum is 
orders of magnitude smaller and is neglect- 
ed). Changes in the planetary terms for the 
two models (Fig. lB, solid lines) again show 
long-term trends of opposite sign, although 
these are not linear and are much larger than 
the corresponding trends for the relative 
OAM. Because of the use of the Boussinesq 
approximation in the governing equations, 
both models conserve volume rather than 
mass. The OAM variations due to changes in 
the total mass content of each model (13) are 
shown by the dashed lines in Fig. 1B and 
clearly account for the bulk of the long-term 
trends. Removal of the effects of mass non- 
conservation, as well as residual linear trends 
representing incomplete equilibration during 
spinup, yields time series of planetary OAM 
that are similar between the MOM and MI- 
COM results; their respective rms magni- 
tudes are 21.2 and 22.5 IJ,~, nearly twice that 
of the relative OAM. 

The total OAM variations obtained by 
adding the detrended relative and planetary 
OAM series bear a strong resemblance over 
the nearly 3 years simulated by the two mod- 
els with NCEP forcing (Fig. 1C) despite their 
distinct dynamical formulations and the dif- 
ferences in long-term trends after spinup. The 
shorter OAM series derived from the MOM 
model forced by ERS- 1 winds resembles the 
NCEP-forced results over the period of over- 
lap, although its rms magnitude is only 64% 

Oceanic Current Terms 

-- 
Oceanic Mass Terms 

loo I Net LOD Forcing c 

Fig. 1. LOD excitation computed 
from the OCCM results. Both 
models were forced with surface 
wind stress and heat flux com- 
puted from daily NCEP analyses; 
pressure forcing by the atmo- 
sphere was not considered. (A) 
Relative OAM contained in zonal 
currents (solid lines); positive 
LOD forcing corresponds t o  a net 
west-to-east flow. Dashed lines 
indicate least-squares-fit linear 
trends for each model series. (B) 
Planetary OAM changes for the 
two OCCM simulations (solid 
lines); time mean has been re- 
moved from each series. Dashed 
lines indicate change due to  vari- 
ations in the total mass content 
of each model (see text for de- 
tails). (C) Sum of relative and 
planetary OAM changes for each 
model, after removal of linear 
trends and the effects of mass 
nonconservation. The detrended 
OAM is also shown for a shorter 
experiment with the MOM mod- 
el forced by ERS-1 winds. 

3.5 Fig. 2. (A) Comparison of ob- 
A 1 served LOD with atmos~heric 

forcing, computed from 'zonal 
winds integrated from 1000 to  
0.3 hPa. Because the LOD is de- 
fined with respect to an arbi- 
trary reference value, its vertical 
offset has no physical signifi- 
cance. (B) Difference between 
the LOD and AAM curves plot- 
ted in frame (A) compared with 
a least-squares-fit second-order 
polynomial used to  represent 
the effects of core-mantle cou- 
pling. (C) Difference between 
the LOD-AAM and quadratic 
terms plotted in frame (B) com- 
pared with total OAM computed 
from the MICOM simulation. 
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For comparison with an LOD time series, 
we used the Kalman-filtered SPACE96 cal- 
culation (15), which is sampled at daily in- 
tervals (Fig. 2A). The effects of tidal forcing 
on both the solid Earth and oceans has been 
removed from this series (16). We also esti- 
mated the LOD forcing due to atmospheric 
winds integrated from 1000 to 0.3 hPa; val- 
ues below the 10-hPa level were computed as 
the averages of global wind analyses provid- 
ed by the European Centre for Medium- 
Range Weather Forecasts (ECMWF), the 
Japanese Meteorological Agency (JMA), and 
the NCEPMational Center for Atmospheric 
Research (NCAR) reanalysis campaign, 
whereas those above 10 hPa were obtained 
from the British Atmospheric Data Centre 
(BADC) (17). Both the geodetic and atmo- 
spheric series contain a strong seasonal sig- 
nal; higher-frequency variability is also clear- 
ly shared by the two time series (18). 

In a closed two-component system con- 
sisting of the solid Earth and atmosphere the 
combined angular momentum would be con- 
stant, and this would be reflected by identical 
(although offset) shapes of the AAM and 
LOD series (Fig. 2A). Therefore, the nonzero 
residual variation shown in Fig. 2B (note the 
difference in vertical scale) implies that an 
additional angular momentum reservoir is 
participating in the global budget. Variations 
in core motions are believed to be responsible 
for observed decadal-scale excursions of up 
to several milliseconds in LOD (I). As the 
core is only weakly coupled to the mantle on 
the shorter time scales considered here (19), 
we accounted for its effect by removing a 
least-squares-fit quadratic trend from the 
LOD-AAM variation. The residual LOD- 
AAM signal (shown in Fig. 2C) represents 
the missing part of Earth's axial angular mo- 

Fig. 3. (A) Amplitude spectra of 
LOD residuals after subtraction 
of atmospheric and oceanic ex- 
citation. AAM was computed 
from winds suppiied by the 
ECMWF and JMA analysis and 
NCEP reanalysis campaigns for 
the 1000- to 10-hPa layer and 
from BADC winds for the 10- to 
0.3-hPa layer; the full (1000 to 
0.3 hPa) AAM was used in com- 
bination with the OAM comput- 
ed from the MOM and MICOM 
results. Spectral bandwidth is 
given by the width of the blue 
bars, which are centered on the 
abscissa at the annual and semi- 
annual frequencies. (B) Coher- 
ence squared of LOD with atmo- 
spheric and combined atmo- 
spheric and oceanic excitation 
sources (note difference in fre- 
quency scale). 

mentum budget and has an rms magnitude of 
60.5 ks. 

The 3-year OAM series generated by the 
MICOM and MOM models using NCEP 
forcing (Fig. 1C) have rms magnitudes of 
30.7 and 30.5 FS, respectively, and thus po- 
tentially represent about half the residual 
LOD variation. The MICOM series, shown in 
Fig. 2C with a quadratic background re- 
moved, bears a striking similarity to the 
LOD-AAM residual (r2 = 0.77) and explains 
42% of its variance; the MOM series has a 
correlation coefficient of 0.72 and explains 
34% of the variance. The high correlation 
coefficients from both models (significant at 
approximately the 30  level) demonstrate the 
detection of a nontidal oceanic signal in 
Earth's rotation rate. 

Further understanding of the oceans' ef- 
fect on Earth rotation may be gained by 
comparing geodetic, atmospheric, and ocean- 
ic signals in the frequency domain. LOD 
spectra contain strong seasonal peaks, with 
amplitudes of about 0.3 to 0.4 ms (20). These 
peaks are still evident in our LOD data after 
removal of the wind excitation in the 1000- to 
10-hPa layer (Fig. 3A), although the ampli- 
tude has been reduced by an order of magni- 
tude. The winds above 10 hPa (canying 
about 1% of the total atmosvheric mass) 
make a disproportionately large contribution 
to the seasonal AAM cycle (2); removal of 
the excitation attributed to BADC winds (10 
to 0.3 hPa) gives a particularly strong re- 
duction in our results at the annual period, 
where the residual LOD amplitude is now 
comparable to that of the low-frequency 
background. 

The OAM time series generated by the 
OGCM runs also contain seasonal rotation 
signals, as evidenced by the pronounced de- 

crease in the residual LOD amplitudes (Fig. 
3A, red lines) at the first two annual harmon- 
ics. Removal of the oceanic excitation simu- 
lated by both models produces local ampli- 
tude minima within a bandwidth of the annu- 
al frequency, suggesting that the oceans play 
a significant role in the axial angular momen- 
tum budget on that time scale (21). At the 
semiannual period, both the 10- to 0.3-hPa 
winds and the oceanic excitation reduce the 
LOD residual, although the latter has a great- 
er impact. The upper-atmospheric data appar- 
ently contain little of the LOD signal at sub- 
seasonal periods, because their incorporation 
into the atmospheric excitation fails to reduce 
the spectral amplitude relative to the 1000- to 
10-hPa residual in that range. The oceanic 
excitation from both models, by contrast, 
consistently lowers the LOD residuals at fre- 
quencies up to about (25 day)-'. 

Further evidence for the presence of a 
rotational signal in the OGCM results can be 
obtained from their effect on the coherence of 
LOD with its excitation sources. The atmo- 
spheric data sets used in our study produce 
coherence with LOD significant at the 95% 
level for all frequencies up to (10 day)-'; 
however, addition of the 10- to 0.3-hPa winds 
to the 1000- to 10-hPa data yields no consis- 
tent improvement at subseasonal frequencies 
(Fig. 3B, black lines). In contrast, addition of 
the OAM data from both models to the atmo- 
spheric excitation consistently increases the 
coherence with LOD at frequencies up to (25 
day)-' and generally improves the results up 
to (15 day)-'. At higher frequencies, the 
effects of incorporating the OAM series are 
mixed. The combined AAM and MICOM 
excitation gives better overall results, howev- 
er, and maintains coherence with LOD sig- 
nificant at the 99% level for all frequencies 
up to (10 day)-'. 

The suverior results obtained with MI- 
COM at high frequency appear to be due to 
its isopycnal formulation and better treatment 
of the mixed layer (22); in particular, the 
density-based vertical coordinate allows a 
more realistic treatment of the effects of bot- 
tom topography than the "staircase" represen- 
tation employed in depth-based models. The 
future use of in situ and satellite observations 
in constraining OGCMs and the incorpora- 
tion of atmospheric pressure forcing will lead 
to an increasingly accurate picture of oceanic 
effects on the Earth's rotational dynamics. 
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Energetics of Amino Acid 
Synthesis in Hydrothermal 

Ecosystems 
J. P. Amend* and E. L. Shock 

Thermodynamic calculations showed that the autotrophic synthesis of all 20 
protein-forming amino acids was energetically favored in hot (lOO°C), mod- 
erately reduced, submarine hydrothermal solutions relative to the synthesis in 
cold (18"C), oxidized, surface seawater. The net synthesis reactions of 11 amino 
acids were exergonic in the hydrothermal solution, but all were endergonic in 
surface seawater. The synthesis of the requisite amino acids of nine thermo- 
philic and hyperthermophilic proteins in a 100°C hydrothermal solution yielded 
between 600 and 8000 kilojoules per mole of protein, which is energy that is 
available to drive the intracellular synthesis of enzymes and other biopolymers 
in hyperthermophiles thriving in these ecosystems. 

Recently, Woese ( I )  suggested that the an- 
cestor o f  all life on Earth was not a discrete 
entity but rather a community o f  cells with a 
shared physical history. Over time, as  the 
universal tree o f  life radiated outward from 
the root, three primary domains o f  organisms 
arose. Although interpretations o f  the com- 
plete genomes o f  over a dozen microbes have 
raised questions regarding the classification 
of  various organisms within this phylogenetic 
tree (2), general properties o f  members be- 
longing to the deepest branches of  the Bac- 
teria and Archaea lineages indicate that the 
earliest life was autotrophic not heterotro- 
phic, relied on chemosynthesis rather than 
photosynthesis, and required high tempera- 
tures for growth (3). On the basis o f  these 
findings, ancient hydrothermal systems have 
been proposed as likely sites for the origin o f  
life (4-6). This view is consistent with the 
results o f  hydrothermal experiments that 
were aimed at identifying the primordial che- 
mosynthesis reactions for life's origin (7).  

In the speculative arena o f  the origin and 
the early evolution of  life, quantification o f  
the energetics o f  biosynthesis reactions in 
microorganisms belonging to the deepest 
branches in the phylogenetic tree is of  inter- 
est. However, the determination o f  these en- 
ergetics in hydrothermal systems on early 
Earth (4, 8, 9 )  is hindered somewhat by poor- 
ly constrained chemical and physical proper- 
ties o f  the earliest oceans, including the redox 
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state, p H ,  temperature, and concentrations o f  
CO,, NH,+, and H,S. On the other hand, 
ample data are available from active hydro- 
thermal ecosystems, which are hosts to the 
deepest branches o f  thermophilic, chemoau- 
totrophic Archaea and Bacteria. Analyses of  
seawater and vent fluids together with reli- 
able equations o f  state for aqueous organic 
and inorganic compounds permit well-con- 
strained calculations o f  the energetics o f  bio- 
synthesis reactions in hydrothermal ecosys- 
tems. Once such a framework for evaluating 
the energetics o f  biosynthesis is in place, 
analogous calculations can be carried out to 
account for likely conditions on early Earth. 

Chemical disequilibria in hydrothermal 
ecosystems provide substantial amounts o f  
energy, which can drive anabolic reactions in 
thermophilic and hyperthermophilic chemo- 
autotrophs (8, 10). Furthermore, the forma- 
tion of  many aqueous organic compounds is 
favored at high temperatures over low tem- 
peratures (11-13). We calculated the overall 
Gibbs free energies (AG,) o f  net amino acid 
synthesis reactions (l;i for hydrothermal sys- 
tems and contrasted them with the energy 
requirements of  synthesis reactions in surface 
seawater. W e  then used these calculations to 
explore the ramifications for the synthesis o f  
thermophilic proteins, and we considered the 
implications for early life. 

Amino acid synthesis pathways in extant 
microorganisms, although highly diverse, 
share two basic features: ( i)  the nitrogen o f  
a-amino groups in amino acids originates 
from NH,+ and (ii) the sources o f  skeletal 
carbons are intermediates of  the tricarboxylic 
acid cycle and the other major metabolic 
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