
as a general guide to amphiphile monolayer 
assembly. In addition to improving our ba- 
sic knowledge of molecular self-assembly, 
these results may be useful in guiding efforts 
to grow more highly ordered films and self- 
assembled supramolecular architectures. 
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Dynamic Ocean-Atmosphere Coupling: 
A Thermostat for the Tropics 

De-Zheng Sun* and Zhengyu Liu 

The ocean currents connecting the western tropical Pacific Ocean with the eastern 
tropical Pacific Ocean are driven by surface winds. The surface winds are in turn driven 
by the sea-surface temperature (SST) differences between these two regions. This dy- 
namic coupling between the atmosphere and ocean may limit the SST in the tropical 
Pacific Ocean to below 305 kelvin even in the absence of cloud feedbacks. 

Records of past climates and observations 
of the interannual fluctuations about the 
present climate suggest that the maximum 
tropical SST is somehow limited to below 
305 K (1 ,  2). Ramanathan and Collins (3) 
hypothesized that the tropical Pacific SST 
is mainly regulated by a negative feedback 
from cirrus clouds, a controversial (4, 5) 
proposal they referred to as the "thermostat 
hypothesis." In this report, we propose an 
alternative thermostat for the SST in the 
tropical Pacific Ocean: the dynamic cou- 
pling between the atmosphere and ocean. 
The ocean currents that connect the west- 
e m  Pacific Ocean with the eastern Pacific - - 

Ocean are driven by surface winds. Surface 
winds are in turn driven bv the SST differ- 
ences between these two regions (6). This 
dynamic coupling plays a central role in the 
El Nif idouthern  Oscillation phenomena 
(2, 7), but its importance for the mean 
tropical climate has been less clear. 

To  illustrate the mechanism by which 
the dynamic ocean-atmosphere coupling 
regulates the tropical SST, we consider a 
three-box model for the tro~ical Pacific 
Ocean coupled with a simple atmosphere 
(Fig. 1). The surface Pacific Ocean over the . - .  
equatorial region is represented by two box- 
es with temperatures T1 and T2. The two 
boxes are assumed to have the same vol- 
ume. The subsurface ocean is represented by 
another box with temperature T,. The 
ocean currents are driven by surface winds. 
Using T, to represent the radiative-convec- 
tive equilibrium temperature, the tempera- 
ture that the surface ocean would attain in 
the absence of the ocean currents, and c to 
represent the reciprocal of the time scale for 
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the radiative-convective processes, we can 
write the heat budget of the two surface 
boxes over time t as 

with q given by 

q = "(TI - Tz) (3) 

where a is a constant related to the eddy- 
damping time scale in the atmospheric 
boundary layer and in the mixed layer of 
the ocean. The first term on the right side 
of Eqs. 1 and 2 is the local heat exchange 
with the atmosphere, and the second term 
is the advection of heat by the ocean 
currents. In deriving Eq. 3, we have as- 
sumed that the strength of the ocean cur- 

~~~~~~~h~~ + - Sutface winds 

-Surface ocean ocean currents 
r--1 Subsutface ) ) Local heating 

ocean 

Fig. 1. A schematic diagram for the coupled 
model. The east-west surface current is the fric- 
tional flow driven by the east-west surface winds, 
and the return flow may be largely considered as 
the equatorial undercurrent. The east-west sur- 
face winds also drive a meridional cell that con- 
nects the equatorial subsurface ocean to the ex- 
tratropical ocean (7 7). 

SCIENCE VOL. 272 24 MAY 1996 



rents is proportional to the  strength of the  
surface \$rinds, and that  the  s t re~lgth  of the  
surface winds is nroportio~lal to the  east- 
\vest SST gradients ( 6 ) .  Because the  s l n -  
ple coupled system does not  contain ally 
physics that  distinguishes the  east fro111 
the  \vest, we have also assumed y 2 0 .  I n  
ad~l i t ion,  TL is assumed to have a fixed 
value (8).  

T h e  behav~or  of the si~nple coupled sys- 
tem constituted hv ELIS. 1 through 3 is c o n -  , 
pletely determ~ned hy a single nondimen- 
sional parameter a::' = (a /c)(T? - Tc) ,  
which measures the s t r e n ~ t h  of dvnamic cou- 
piing relative to the  therlnodyna~nic forc- 
ing. For a fixed strength of Llylla~n~c cou- 
pling, a" measures the  capacity of the  radi- 
ative feedhacks to trap heat. T h e  values of 
Te and c are given by 

[vhere H, is the net heatmg of the coupled 
ocean-atmosphere evaluated at a reference 
temperature T,, E IS the surface emissiotl, 
G ~ ,  is the clear-sky greenhouse effect, C, is 
the greenhouse effect of clouds, Ch is the  
cloud shortaa\-e forcing, and T = SST. 
Therefore, dG,li~T, d ~ , / i i T ,  and iiC,/iiT are 
the radiat1r.e feedbacks of water vapor and 
clouds (3). In  Eq. 5 ,  p is the density of mater, 
C,, is the specific heat, and h is the Jepth  of 
the surface ocean. W e  obtained Eu. 4 bv 
linearizing the net heat i~lg  of the coupled 
ocean-atmosphere 111 a radiative-convective 
equilibrium. In der~vltlg Eq. 5, we assumed 
that the atnlosphere is always in thermal 
euuil~brium x i t h  the unclerlvin~ ocean. , c> 

Ecluatiotls 4 and 5 sholv that the more pos- 
itive the radiative feedbacks of water vanor 
and clouds, the larger the Te and the snlaller 
the 2,  both o t  which lead to a larger a:':. 

T h e  coupled systenl cotltaitls two equi- 
librium states (Fig. 2 ) .  For a:+ < 1, the  
eouilibrium is the radiative conrrective 
equ~librium, a warm stable state that has no 
ocean currents. For a'!: > 1, the radiative 
convective eilullibrium becotnes unstable, 
and a new state with ocean currents is 
switched on. T h e  n e a  state has a finite 
tetnnerature differetlce betxveen the east 
and'the west and is colder than the r ad~a-  
tive-convective euuilihrium. Thus, Fie. 2 - 
shomrs that in the  presence of large positive 
feedbacks from water vapor or clouils, the 
coupled system is able to drift automatically 
from a state without ocean currents to a 
state with ocean currents. T h e  ocean cur- 
rents transport heat from the  surface ocean 
to the subsurface ocean, counteracting the 
~ o s i t l v e  feedbacks from the atmosnhere 
that tend to warm the  surface ocean. 

Figure 2 further sholvs that once the 
system is in the cold state mith ocean cur- 
rents, the  larger the Te, the larger the  dif- 
ference bet~veen T? alld T I .  This relation 
leads to an  effective regulation o n  the t e n -  
nerature of the surface ocean. This regula- 
tory effect may limit the temperature of the 
surface ocean to helow 305 K even in the 
ahsence of cloud feedbacks (Fig. 3 ) .  

T h e  replacenlent of the  three-hox ocean 
model rvith a n  ocean general circulation 
Inoilel ( G C M )  leads to si~lnilar results (9) .  
Para~neterizi~lg the heat exchange with the  
atmosnhere the  same vvav as 111 the  box 
model and coupling the east-west surface 
stress mith the east-west SST differences. 
\ve again founJ that the  ocean in the    nod el 
has t\vo ecl~~i l i l~r ium states: a warm state 
that has n o  nind-drlven currents and a cold 

state that has lvind-driven currents. T h e  
warm state became unstable \vhen the  cou- 
pling hetlveen the  ~v ind  stress and the  east- 
west SST differences was sufficiently strong 
(or equivalently \v l~en the  net radiative 
feedback from water vapor and cloucls \$,as 
sufficiently positive): T h e  ocean GCM ex- 
hihits the same feature as the  three-box 
ocean ~noclel (Fig. 4) .  

T h e  ecluation that deter~nines the sensi- 
tivltv of the  SST In the \vestern Pacific 
Ocean lnay be written as 

[vhere S T  is the  SST deviation fro111 a 
reference temperature T,, Hn is the  net  
heating of the  coupled ocean-atmosphere 
co1um11 over the  [vestern Pacific region, 
a11d H,,(T,) is Hn evaluated a t  To. W e  
obtained Ecl. 6 by linearizing H,, ahout Tz. 
T h e  parameters F,, a11d F,, are, respective- 
ly, the  heat  transports by ocean currents 
and atmospheric circulations; F<,, is the  

A0 
Fig. 2. Equil~brium solutions for the coupled mod- 
el. (A) Strength for the ocean current. Plotted IS f = Fig. 4. The equilibrium SST In the western and 
q ~ c .  fie two equlibrlum solutions are f = 0 and f eastern tropical Pac~fic oceans a s  afunction of the 
= \ a' - 1 .  The latter solution exsts onvwhen coupling strength X,3. The temperatures Ti and T, 
> 1 . (6) Surface ocean temperatures. iotted are are area-averaged SSTs for the western and east- 

, = , - I - T,) and T; = (T;-- T,)/(T, - ern tropical Pacifc, respectively, and X, measures 
T ~ ) .  Forf = 0,  T; = T; = 0. Forf = \ - 1 ,  T; = the sensitivity of wind stress to changes in SST 

? - 
-1 - (212 ax)  - ( l iaT),  and T; = -1 + ( I / \  2). gradients; X, is proporiiona to a in Eq. 3,  and 
Tile dashed line ndcates that the solution exists vaVlng XO 1s equvalent to varying a". See (15) for 
but IS unstable. details. 

Fig. 3. The temperatures Ti and T, as a function of T, for G 340v------, - 
c = I . 5 ~ 1 0 - % - ' , c u = I . 0 x 1 0 - ~ K - ~ s - ~ . a n d T ~ =  
18°C. The value of c corresponds to a zero cloud feed- $ 3301 
back and was obtained from Eq. 5 with the use of the g Te 

water vapor feedback from Sun and Oort (72) and h = 50 5 320- 
\ 

m. The obselved annual mean values for the strength of .; 
the equatorla surface ocean current and SST gradients 310- 
were used to estmate a. (A drect esti~nate of cu may be 8 305; x!--- 

obta~ned with use of the standard eddy-dampng time E SO~~/- /---  
scale in the atmospher~c and oceanic boundary layer, 2 L-;--------- 
which gives a sm~lar value.) Although T, and T2 ncrease 290 -- A - y m  , T2 

w~th T,, the rate of increase IS so small that they are 300 310 320 330 340 

practcally independent of T,. As long as T, does not T, (K) 

exceed 329 K, T, will be effectively limited to less than 305 K. In the absence of cloud feedbacks. the 
maxlmum T, IS only about 324 K (14). The maxmum T, and the corresponding T, and T, are marked In 
the figure (X) .  The maximum values for T, and T2 are not sens~tive to the strength of water vapor 
feedback. The value of c may become larger (smaller) for a weaker (stronger) water vapor feedback, but 
T, will become smaller (larger) (Eqs. 4 and 5). 



heating due to  the  net  moisture conver- 
gence. Equation 6 shoxvs that  it is the  
derivative of the  oceanic transport with 
respect to SST, not the  magnitude of the  
oceanic transport, that  determines the  
sensitivity of the  tropical SST. This  fact 
lvas overlooked by R a t n a ~ ~ a t h a ~ l  and Collins 
(IC). T h e  equation also shows that the ef- 
fectiveness of the feedhack from ocean cur- 
rents depends crucially o n  the nature of 
other feedbacks. Over the xvarm pool region, 
ilE/ilT is largely canceled by ilG<,/dT, and 
r?C,/dT is largely balanced by i/F~,,/r?T (3). 
There may be further cancellations hetween 
ilC,/ilT and -ilF~,,/ilT because increased 
cloudiness over the warm pool region is 
likely accolnoanied hv enhanced moisture 
convergence (4). T h e  larger cancellat~on 
alnolle at~nosnheric feedbacks makes the 

u 

feedback from ocean currents crucially im- 
portant. Moreover, all of the feedback terms 
in Eq. 6 depend strongly o n  the Walker 
c i rc~~lat ion (4 ,  5) and therefore Inore funda- 
mentally o n  the dynamic coupling between 
the atrnosohere and ocean. It is the dynamic 
coupling that gives rise to the east-west SST 
gradients and the accompanying Walker cir- 
culation. 
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Fossil Evidence for a Late Cretaceous 
Origin of "Hoofed" Mammals 

J. David Archibald 

Seventeen of eighteen orders of living placental mammals are not known before 65 million 
years ago. The monophyly of each order is well established, but interrelations have been 
less certain. A superordinal grouping of up to seven extant orders plus a variety of extinct 
orders, all included within Ungulata ("hoofed" mammals), can be linked to Late Cretaceous 
mammals from the 85-million-year-old Bissekty Formation, Uzbekistan (and, less cer- 
tainly, North America and Europe), thus pushing the origin of this major clade back by 20 
million years. Ungulatomorphs are not closely related to primates, rodents, or rabbits. 

W h e t h e r  they 1nc1~1Je one (aardvarks) or 
1750 (rodents) extant species, orders are 
the  most ~nclusive groupings for ~vh ich  
there is certainty of monophyly within 
Mammalla. T h e  monophyly of superordinal 
tasa such as Ungulata has been 1n~lc11 less 
certain ( 1 ) .  T h e  mammalian division UII- ~, 

gulata is usually argued to ~nclude archaic 
ungulates ("Condylarthra") ( 2 ) ,  South 
American native ungulates ( 3 ) ,  Desmo- 
stylia, and Embr~thopoda, and the extant 
Artiodactyla, Cetacea, Hyracoidea, Perlsso- 
dactyla, Proboscidea, Sirenia, and cluestion- 
ably T~~bul ldet l ta ta ,  but ~t escludes the e s -  
tinct Pantodonta, Tillodontia, and Dinoc- 
erata (4 ) .  None of these orders had been 
kno\v~l  from hefore the earliest Tertiary [65 
lnillion years ago (Ma)]  except for question- 
able Late Cretaceous occurrences in North  
and South America (5). Fossils recovered 
from the  85-million-year-oId Bissekty For- 
mation, Urhekistan ( 6 ) ,  however, appear to 
have ungulate affinities (7 ,  8)  o n  the  hasis 
of dental tnorphology that seems to mark 
the  beginni~lgs of herhil~ory in placental 
mammals. These fossils, p l ~ ~ s  possibly others 
from North America and Europe, ci~tnprise 

Depa-iment of Bloogy, San Diego State University, San 
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the family "Zhelestidae" (9). A reviexv of 
the biostratigraphy of the Bissekty Forma- 
tloll (10) corroborates the -85-tnillion- 
year age estimate and also suggests that 
v a r i o ~ ~ s  of its n a ~ n e d  and ~ l n ~ l a ~ n e d  mamma- 
lian species are hest referred to "Zhelesti- 
dae." In this report, I present the results of 
a species-lelrel phylogenetic atlalysis o t  het- 
ter ktlo\vtl, Late Cretaceous placental tnam- 
mals, including the ":helestids," plus Ungu- 
lata. Trends in ~ncreased herbi\,ory among 
"rhelestids" co~nvared to other Late Creta- 
ceous placental manl~llals are also discussed. 

T h e  phylogetletic analysis (Fig. 1 )  of all 
species of better k ~ l o w ~ l  Late Cretaceous 
placental lnarnn~als (Table 1)  shows that 
"rhelest~ds" are monooh\~letic relative to 

L ,  

other Late Cretaceous eutherians. T h e  LILT- 

per and lower dentitions o t  the mid-sired 
Asian "zhelest~cls" cannot at this time he 
matched; thus, the study was limited to the 
hetter k11ovv11 unoer dentition. As sho\vn in 
Fig. 1, the analysis includes Tertiary Ungu- 
lata represented hy Protunguhtum (or 0 x 7 ~ -  
rimus) as a n  exemplar. Because some 
"rhelestids" 11al.e a more recent colnlllon 
ancestry with Ungulata. than with other 
"zhelestids," "Zhelestidae" is paraphyletic 
(and thus the quotation marks). With  Un-  
gulata, ho\vel,er, "Zhelestidae" forms a clade 
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