
tions ensures bounded solutions so that we 
focus on oscillatorv solutions and their sen- 
sitivity to changes' in the parameters. The 
reference case shows how an initial small 
perturbation slowly amplifies before settling 
down to an oscillation with a period of 35 
years and an amplitude of about 1°C (Fig. 
4A). The tro~ical and extratro~ical fluctua- 
tions are out of phase, A cycle starts with a 
rapid increase in equatorial temperatures 
(because of the local positive feedback). It 
causes a drop in extratropical surface temper- 
ature as a result of an intensification of the 
extratropical westerly winds and enhanced 
evaporation. The increased latitudinal tem- 
perature difference gives rise to a poleward 
transport of heat that halts both the warm- 
ing of the tropics and the cooling of the 
extratropics, establishing an equilibrium 
state that persists for a considerable time 
before coming to an end and entering into 
the complementary phase. The period of the 
oscillation is determined mainlv bv the delav 

3 ,  

time d, which depends on the time it takes 
narcels to travel from the surface in the 
extratropics to the equator. In reality, no 
single value can be assigned to d because 
surface water subducts over a wide range of 
latitudes and because there are various routes 
a parcel can follow to reach the equator (Fig. 
2). This suggest a broad-band spectnlm for 
interdecadal climate fluctuations. 

In Fig. 4A, the oscillation is perfectly 
periodic and transitions from one phase to 
the other are very abrupt. The introduction 
of stochastic forcing in the extratropics (Fig. 
4, B and C) causes the transition to be more 
gradual. Calculations to explore the sensitiv- 
ity of the results to specified parameters re- 
veal that the period of the oscillation de- 
pends linearly on d. A change in y, which 
determines the rate at which heat is trans- 
ported poleward, affects the magnitude but 
not the period of the oscillation. Changes in 
the feedback parameters hl and h2 effect 
bifurcations that corresoond to discontinu- 
ous changes in the period of the oscillation. 

The results oresented here demonstrate 
that it is in principle possible for links be- 
tween the extratronics and the trooics- 
rapid and poleward in the atmosphere, slow 
and eauatorward in the ocean-to cause 
continual interdecadal climate fluctuations. 
Further studies, observational ones such as 
the analysis by Zhang et al. (13) and theo- 
retical ones, are needed to determine the 
detailed structure of these fluctuations and 
of the processes, such as oceanic subduc- 
tion, on which they depend. 
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Numerical Simulation of the Cretaceous Tethys 
Circumglobal Current 

Andrew B. G. Bush 

Certain paleobiogeographical reconstructions of ocean currents during the Cretaceous 
(about 144 to 65 million years ago) suggest that a circumglobal tropical current flowed 
westward through the continental configuration of that time. Although some numerical 
climate models failed in initial attempts to simulate this current, simulations with a 
coupled atmosphere-ocean model with relatively high spatial resolution and a late 
Cretaceous continental distribution show that a circumglobal current is a robust feature 
even though local surface currents in the Tethys Seaway reverse during the south 
Eurasian monsoon months. 

T h e  continuously changing shapes and po- 
sitions of continents significantly influence 
the evolution and migration of life on the 
planet. One of the most important mammal 
migrations occurred during the early to 
mid-Miocene [-23.2 to 11.8 million years 
ago (Ma)] when collision of the Arabian 
and Turkish plates formed a land bridge 
between Africa and Eurasia ( I ) .  This colli- 
sion also effectively closed the Mediterra- 
nean-Indonesian seaway, thereby blocking 
from that time until the present a circum- 
global pathway in which flowed, it is hy- 
pothesized, a warm, saline current (2-4). 

This westward-flowing Tethys circum- 
global current (TCC) is believed to have 
contributed to tropical climates from 30°S 
to 30°N from the Triassic through the Cre- 
taceous (-245 to 65 Ma) (5). Its demise in 
the Miocene was associated with a substan- 
tial climate change to the coastal regions of 
the southern Tethys Ocean, including 
northwest Africa, northern South America, 
southern North America, and western Eur- 
asia (2). This climate change had a funda- 
mental impact on the flora and fauna of 
these regions: For example, vegetation in 

Atmospherc and Oceanc Scences Program, Prnceton 
Un~vers~ty. Post Off~ce Box CN710, Sayre Hall, Prnceton, 
NJ 08544-0710. USA. 

North America transformed from that of a 
tropical rain forest in the Eocene (-55 to 
34 Ma) to that of a savanna in the Miocene 
(6). 

The failure of a recent numerical simu- 
lation of the mid-Cretaceous ocean to re- 
produce such a circumglobal, westward- 
flowing, equatorial current led to increased 
scrutiny of the geological evidence and to a 
controversy concerning the very existence 
of the TCC 17). In the simulations. the ~, 

Tethys Ocean has prominent eastward cur- 
rents-part of the wind-driven gyre circu- 
lation-but no westward retilrn flow indic- 
ative of a TCC alone the continental mar- " 
gins of southern Eurasia, Africa, or South 
America (8, 9). This discrepancy between 
biogeographic evidence and modeling ef- 
forts was attributed to the absence of a 
poleward shift of the mid-latitude westerly 
winds in the simulation, a shift which had 
previously been an assumed feature of an 
ice-free planet in the reconstructions (8, 
10). - - 

This report describes a numerical simu- 
lation that has the TCC as a robust feature 
of the late Cretaceous ocean circulation. 
We used an atmospheric general circulation 
model (GCM) (1 1 ) that is dynamically and 
thermodynamically coupled to an oceanic 
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GCM (12). In a slightly different configu- 
ration, this coupled model has been used to 
describe the atmosphere-ocean response to, 
for example, C02 variations (13) and 
anomalous freshwater fluxes in the North 
Atlantic (14). In the atmospheric model, 
we quadrupled the present-day value for the 
mixing ratio of atmospheric C02  to be in- 
dicative of proposed C02 levels during the 
Cretaceous ( 15). We adopted a paleogeo- 
graphical reconstruction for the Maestrich- 
tian Stage of the late Cretaceous ( 1  6). The 
atmospheric model used a spectral represen- 
tation of variables with a wave number 
truncation that delivers an equivalent 
Gaussian resolution of 3.75" in longitude 
and 2.25" in latitude; the ocean model was 
formulated by finite-difference methods 

and has a spatial grid of 3.62" in longitude 
and 2" in latitude, along with 15 unevenly 
spaced levels in the vertical. We imposed 
seasonally varying solar radiative forcing 
with orbital parameters equivalent to those 
of the present day. 

Coupling between the two models pro- 
ceeded in intervals of 1 day. The atmo- 
spheric model delivered surface boundary 
conditions for the ocean model in the form 
of zonal and meridional wind stress, heat 
flux, freshwater flux, and net shortwave 
radiation. In turn. the ocean model deliv- 
ered to the atmospheric model surface cur- 
rent velocities and sea surface temperature 
(SST). Because the model's climatology is 
reasonable for the decadal time scales of the 
wind-driven circulation, we did not apply 

any flux correction during the integration. 
We integrated the equations for a model 

duration of 32 years starting from an ocean 
that was initially at rest with a thermal (and 
saline) structure that was a prescribed func- 
tion of latitude and depth. Because the 
incoming solar radiation was equal to that 
of today and because in the absence of 
dynamics it is the radiative forcing that 
determines the meridional structure of the 
ocean's temperature, this filnction was tak- 
en to be a zonal average of the present-day 
ocean temperatures. (Direct radiative forc- 
ing from increased atmospheric C02 will 
not affect the meridional structure of an 
ocean at rest because this forcing is globally 
uniform.) Salinity was initialized in an 
equivalent ma~<ner. Because this was a 
high-resolution coupled model and there- 
fore coinputationally demanding, we fo- 

egratlon period allowed suffl- 

- 6 Y J 1 J level of C02 and f o ~  the establlshinent of a 
wlnd-drlven oceanlc circulation (whlch 
takes 011 the order of 1 to 10 years to 
establish) but not for the equlllbratlon of 
benthlc ocean temperatures. We averaged 
quantltles over the last 6 years of the slm- 

1 .  ulatlon; this procedure elllnlnated tran- 
e scale shorter than 6 years 
e robust features of the gen- 

. . . .  

SVSJ - . s e = .  0 ,  

o 60°E 120°E 180" 1 2 0 " ~  60°W I delivereb from the atmospheric model (Fig. 
Longitude - 1) is si~nilar to that of the present day with 

1.25 lnodifications as a result of the modified 

Fig. 1. Annual mean wind stress vectors (in dynes per square centmeter) for the late Cretaceous. continental geometry (for example, LveSter- 
Arrows are scaled as displayed in the bottom rght. For clarty, vectors are plotted at every third grid ly wind stress is reduced over the Indian 
pont. Ocean as a result of the weaker monsoon). 

Longitude Longitude + 7 

Fig. 2. (A) Global annual mean temperature ("C) and (B) ocean currents and the velocity vectors are scaled in centmeters per second, as shown in 
between 20"s and 25"N at a depth of 104 m (shoi~n at this depth to remove the figure. 
the surface Ekman component). The contour interval for temperature IS 2"C, 
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Winds are easterly in the tropics from 30"s 
to 30°N and westerly from 35" to 55"N and 
from 40' to 70°S within the mid-latitude 
tropospheric jets. In agreement with an ear- 
lier atmosphere-only integration for the 
mid-Cretaceous (1 7), there is no poleward 
shift of the mid-latitude westerlies in re- 
sponse to an ice-free planet. A June-July- 
August monsoon occurs in our Cretaceous 
simulation, with maximum westerly wind 
speeds of -10 mls over the south Eurasian 
coast. These winds, as is the case for the 
present-day monsoon, result in anomalously 
high rates of precipitation in the model (on 
the order of 1.2 cmlday) over the Creta- 
ceous Indonesian ~eninsula. 

The winds drive gyre circulations in the 
laree ocean basins that are auite similar to " 
those of today's oceans. Cretaceous analogs 
of the Gulf Stream and Kuroshio close the 
circulations in the Tethys and north Pacific 
basins, respectively (Fig. 2). The easterly 
wind stress that dominates in latitudes be- 
low 30°, in conjunction with the open 
ocean gateways between the Indian, Te- 
thys, and Pacific ocean basins, drives a cir- 
cumglobal, westward-flowing current whose 
flow path is similar to that proposed in 
paleobiogeographical reconstructions (4). 
The current flows along the equator in the 
Pacific Ocean. around the southern end of 
the Indonesian peninsula, into the Tethys 
Seaway between Africa and Eurasia, into 
the southeastern Tethys Ocean where it is 
driven southwestward by the local wind 
stress along the northwestern coasts of Af- 
rica and South America, and finally back 
into the Pacific Ocean through the oceanic 
gateway between North and South Ameri- 
ca. We will refer to this current as the TCC. 
In the southwestern Tethys Ocean, the 
western Pacific, and the western Indian 
Ocean, fractions of the TCC diverge to the 
Gulf Stream, the Kuroshio, and the Agul- 
has western boundary currents, respectively. 
Conversely, mass in the simulated TCC is 
gained by inflow from the broad but weak 
eastern boundary currents off the west 
coasts of North and South America and 
Eurasia. 

Our results indicate that the presence of 
the TCC is not dependent on a poleward 
shift of the westerly trade winds during the 
Cretaceous. The current is possible even if 
the winds at that time were similar to the 
winds of today. The absence of a TCC in 
the model of Barron and Peterson ( 9 )  
should be attributed not to incorrect wind's 
in their model but to the relatively low 
resolution of their ocean model and possibly 
to the mid-Cretaceous continental config- 
uration. Higher resolution in an ocean 
GCM permits simulation of less viscous 
flow, especially in currents that are relative- 
ly narrow compared to the grid spacing in 

the model (such as equatorial, coastal, and 
western boundary currents). In addition, 
the continental geometry, in conjunction 
with the predicted pattern of wind stress, 
dictates the direction of the current's flow. 
A somewhat different continental configu- 
ration, such as that for the mid-cretaceous 
used by Barron and Peterson, may change 
the structure of the TCC if the model res- 
olution is sufficient to capture the current 
in narrow seaways. 

The path of our simulated TCC makes 
its most radical and arguably its most bio- 
logically important subtropical excursion 

alone the northern coast of Africa. as it u 

flows through the narrow Tethys Seaway 
between Africa and Eurasia, bringing warm, 
tropical water northward. As a result, sea- 
sonal temDeratures in western Eurasia 
should no; have dropped below freezing 
west of 75"E. In the model, evaporation 
rates in excess of precipitation rates over 
the Tethys Seaway induced values of sea 
surface salinity as high as 37 parts per thou- 
sand in the region bordering southwestern 
Eurasia and north Africa. If real, such high 
values of salinity in the warm current would 
have limited the habitability of nearby 

0 5 13 15 20 -10 -5 0 5 10 

Latitude Latitude 

Fig. 3. Depth-latitude plots of the annual mean TCC at various sites around the globe: (A) 50°E, (B) OOE, 
(C) 50°W, and (D) 1 80°W. Zonal velocity (shaded) indicates the direction-of the current, with lighter colors 
indicating westward flow. The upper scale bar is for (A) through (C). Contours are of horizontal velocity 
magnitude, with a contour interval of 3 cm/s for (A) through (C) and 6 cm/s for (D). 
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coastal regions. The simulated current, 
upon entering the subtropical Tethys 
Ocean, is driven back into the tropics and 
into the Pacific Ocean by strong northeast- 
erly wind stress (see Fig. 1). 

In the model, the mean depth of the 
TCC varies substantially, depending on the 
width of the channel in which it flows (Fig. 
3). In the narrow Tethys Seaway, the TCC 
attained its maximum vertical extent of 
-350 m, whereas in the broad Pacific basin, 
its vertical scale was less than 100 m (basin 
depths would therefore need to be of order 
100 m for such a surface current to be 
seriously affected by bathymetry in a strat- 
ified ocean). The half-width of the TCC 
had its smallest value of 440 km in the 
Tethys Seaway and in the equatorial Pacific 
basin: its lareest value of 1540 km was in 
the sduthernYTethys Ocean off the northern 
coast of South America. The predicted core 
velocity of the TCC ranged from -43 cm/s 
in the Pacific to -11 cmls in the Tethys 
Seaway and Ocean. These parameters de- 
liver a mass flux of 17 sverdrup in the 
Tethys Seaway, 29 sverdrup in the southern 
Tethys Ocean, and 13 sverdrup in the Pa- 
cific basin. 

In such a relatively narrow channel as 
the Tethys Seaway, however, the surface 
currents might be strongly influenced by 
the seasonal south Eurasian monsoon. 
which in the present-day climate induces 
surface current reversals (from westward to 
eastward) off the northeast coast of Africa 
during the Northern Hemisphere summer. 
The simulated currents in the Tethys Sea- 
way during June, July, and August (Fig. 4) 
do indeed display a reversed, eastward-flow- 

Latitude 

Fig. 4. Depth-latitude plots of the annual mean 
TCC at 50°E, as in Fig. 3A, but averaged over the 
Northem Hemisphere monsoon months of June, 
July, and August. The horizontal-velocity contour 
interval is 2 cm/s. 

ing monsoon current near the surface. How- Arabian Sea and Coastal Pakistan, B. U. Haq and J. 
D. Milliman, Eds. (Van Nostrand Reinhold, New ever, this current reversal occurs along the 1984,. DD, 201-231, . - . . 

south Eurasian coast and does not counter- 5, S. M.  tank.'^. Paleonto/. 69.999 11995): A. Hal- 
check the westward flow of the TCC. The 
TCC is 5 cm/s weaker than the annual 
mean durine these monsoon months but - 
remains a robust feature of the simulation. 
However. an increase of mixine and eddv - 
kinetic energy through shear instability be- 
tween the westward TCC and the eastward 
monsoon current should occur during the 
northern summer, as well as coastal up- 
welling along the south Eurasian coast, 
which may account for the geological evi- 
dence of coastal upwelling in the region (7). 
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Structure of DNA-Cationic Liposome Complexes: 
DNA Intercalation in Multilamellar Membranes in 

Distinct Interhelical Packing Regimes 
Joachim 0. Radler,* llya Koltover, Tim Salditt, 

Cyrus R. Safinyat 

Cationic liposomes complexed with DNA (CL-DNA) are promising synthetically based 
nonviral carriers of DNA vectors for gene therapy. The solution structure of CL-DNA 
complexes was probed on length scales from subnanometer to micrometer by syn- 
chrotron x-ray diffraction and optical microscopy. The addition of either linear A-phage 
or plasmid DNA to CLs resulted in an unexpected topological transition from liposomes 
to optically birefringent liquid-crystalline condensed globules. X-ray diffraction of the 
globules revealed a novel multilamellar structure with alternating lipid bilayer and DNA 
monolayers. The A-DNA chains form a one-dimensional lattice with distinct interhelical 
packing regimes. Remarkably, in the isoelectric point regime, the A-DNA interaxial 
spacing expands between 24.5 and 57.1 angstroms upon lipid dilution and is indicative 
of a long-range electrostatic-induced repulsion that is possibly enhanced by chain 
undulations. 

Somatic gene therapy depends on the suc- 
cessful transfer and expression of extracel- 
lular DNA to the nucleus of eucaryotic 
cells, with the aim of replacing a defective 
or adding a missing gene ( I  ). Viral-based 
carriers of DNA are presently the most 
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common method of gene delivery, but there 
has been a tremendous activitv in deve10~- 
ing synthetic nonviral vectors (2). In par- 
ticular, cationic liposomes (CL)  (3), in 
which the overall positive charge of the 
cationic liposome-DNA (CL-DNA) com- 
plex enhances transfection by attaching to 
anionic animal cells, have shown gene ex- 
pression in vivo in targeted organs (4) ,  and 
human clinical protocols are ongoing (5). 
Cationic liposome transfer vectors exhibit 
low toxicity, nonimmunogenicity, and ease 
of production, but their mechanism of ac- 
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