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 (I, 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-
ern Pacific Ocean with the eastern Pacific
Ocean are driven by surface winds. Surface
winds are in turn driven by the SST differ-
ences between these two regions (6). This
dynamic coupling plays a central role in the
El Nifio-Southern 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 tropical 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 T; and T,. 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 ¢ 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

dT,
7 —Te=T) +q(T = T)) (1)

dT,
e (T —Ty)) +q(T.—T,) (2)
with q given by

q=ao(T, — Ty) (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 Egs. 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-

-4~ == Surface winds

S Atmosphere

[ )Surface ocean =¥ Ocean currents

] Sggggrr‘lace ¥ t Local heating
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 (77).



rents is proportional to the strength of the
surface winds, and that the strength of the
surface winds is proportional to the east-
west SST gradients (6). Because the sim-
ple coupled system does not contain any
physics that distinguishes the east from
the west, we have also assumed g = 0. In
addition, T_ is assumed to have a fixed
value (8).

The behavior of the simple coupled sys-
tem constituted by Egs. 1 through 3 is com-
pletely determined by a single nondimen-
sional parameter a* = (af/c)(T. — T.),
which measures the strength of dynamic cou-
pling relative to the thermodynamic forc-
ing. For a fixed strength of dynamic cou-
pling, a* measures the capacity of the radi-
ative feedbacks to trap heat. The values of
T. and c are given by

0E  0G, aC, 9C.\~

<

(4)
1 (aE G, aC, acs) 5)

C,ph

where H, is the net heating of the coupled
ocean-atmosphere evaluated at a reference
temperature T, E is the surface emission,
G, is the clear-sky greenhouse effect, C, is
the greenhouse effect of clouds, C, is the
cloud shortwave forcing, and T = SST.
Therefore, dG,/dT, 9C/dT, and 9C_[dT are
the radiative feedbacks of water vapor and
clouds (3). In Eq. 5, p is the density of water,
C, is the specific heat, and h is the depth of
the surface ocean. We obtained Eq. 4 by
linearizing the net heating of the coupled
ocean-atmosphere in a radiative-convective
equilibrium. In deriving Eq. 5, we assumed
that the atmosphere is always in thermal
equilibrium with the underlying ocean.
Equations 4 and 5 show that the more pos-
itive the radiative feedbacks of water vapor
and clouds, the larger the T, and the smaller
the ¢, both of which lead to a larger a*.

The coupled system contains two equi-
librium states (Fig. 2). For a* < 1, the
equilibrium is the radiative convective
equilibrium, a warm stable state that has no
ocean currents. For o > 1, the radiative
convective equilibrium becomes unstable,
and a new state with ocean currents is
switched on. The new state has a finite
temperature difference between the east
and the west and is colder than the radia-
tive-convective equilibrium. Thus, Fig. 2
shows that in the presence of large positive
feedbacks from water vapor or clouds, the
coupled system is able to drift automatically
from a state without ocean currents to a
state with ocean currents. The ocean cur-
rents transport heat from the surface ocean
to the subsurface ocean, counteracting the
positive feedbacks from the atmosphere
that tend to warm the surface ocean.

oT  oT oT oT

Figure 2 further shows that once the
system is in the cold state with ocean cur-
rents, the larger the T, the larger the dif-
ference between T, and T,. This relation
leads to an effective regulation on the tem-
perature of the surface ocean. This regula-
tory effect may limit the temperature of the
surface ocean to below 305 K even in the
absence of cloud feedbacks (Fig. 3).

The replacement of the three-box ocean
model with an ocean general circulation
model (GCM) leads to similar results (9).
Parameterizing the heat exchange with the
atmosphere the same way as in the box
model and coupling the east-west surface
stress with the east-west SST differences,
we again found that the ocean in the model
has two equilibrium states: a warm state
that has no wind-driven currents and a cold

-0.5

o
= N2 N T
theos

T -06

" o8 ”

-1.0!
012 3 456 7 8 910
*

o

Fig. 2. Equilibrium solutions for the coupled mod-
el. (A) Strength for the ocean current. Plotted is f =
g/c. The two equilibrium solutions are f = 0 and f
=Va* — 1. The latter solution exists only when «*
> 1. (B) Surface ocean temperatures. Plotted are
T3 =Ty = THTo = Tand T3 = (T, = THT, -
T).Forf=0,T;=T;=0.Forf= Vot —1,Ti =
=1+ @V ~ (1/a*), and Ty = =1 + (1/Va).
The dashed line indicates that the solution exists
but is unstable.

Fig. 3. The temperatures T, and T, as a function of T for
c=16x10"8s""a=10X 108K "s ", and T, =
18°C. The value of ¢ corresponds to a zero cloud feed-
back and was obtained from Eq. 5 with the use of the
water vapor feedback from Sun and Oort (72) and h = 50
m. The observed annual mean values for the strength of
the equatorial surface ocean current and SST gradients
were used to estimate «. (A direct estimate of « may be
obtained with use of the standard eddy-damping time
scale in the atmospheric and oceanic boundary layer,
which gives a similar value.) Although T, and T, increase
with T, the rate of increase is so small that they are
practically independent of T,. As long as T, does not
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state that has wind-driven currents. The
warm state became unstable when the cou-
pling between the wind stress and the east-
west SST differences was sufficiently strong
(or equivalently when the net radiative
feedback from water vapor and clouds was
sufficiently positive): The ocean GCM ex-
hibits the same feature as the three-box
ocean model (Fig. 4).

The equation that determines the sensi-
tivity of the SST in the western Pacific
Ocean may be written as

ST = HAT. oF, oE 0G,
=T Gt grar
9F, 9C; oF, oC, |
o R

oT oT oT 9T

where 8T is the SST deviation from a
reference temperature Ty, H, is the net
heating of the coupled ocean-atmosphere
column over the western Pacific region,
and H (T,) is H, evaluated at T, We
obtained Eq. 6 by linearizing H , about T,.
The parameters F_ and F__ are, respective-
ly, the heat transports by ocean currents
and atmospheric circulations; F,, is the
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Fig. 4. The equilibrium SST in the western and
eastern tropical Pacific oceans as a function of the
coupling strength \,. The temperatures T, and T,
are area-averaged SSTs for the western and east-
ern tropical Pacific, respectively, and A, measures
the sensitivity of wind stress to changes in SST
gradients; A, is proportional to « in Eq. 3, and
varying \, is equivalent to varying «*. See (75) for
details.
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exceed 329 K, T, will be effectively limited to less than 305 K. In the absence of cloud feedbacks, the
maximum T, is only about 324 K (74). The maximum T, and the corresponding T, and T, are marked in
the figure (X). The maximum values for T, and T, are not sensitive to the strength of water vapor
feedback. The value of ¢ may become larger (smaller) for a weaker (stronger) water vapor feedback, but

T, will become smaller (larger) (Egs. 4 and 5).
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heating due to the net moisture conver-
gence. Equation 6 shows 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
was overlooked by Ramanathan and Collins
(10). The equation also shows that the ef-
fectiveness of the feedback from ocean cur-
rents depends crucially on the nature of
other feedbacks. Over the warm pool region,
9E[OT is largely canceled by G, /9T, and
dC/dT is largely balanced by oF, /0T (3).
There may be further cancellations between
dC,/oT and —0F /0T because increased
cloudiness over the warm pool region is
likely accompanied by enhanced moisture
convergence (4). The larger cancellation
among atmospheric feedbacks makes the
feedback from ocean currents crucially im-
portant. Moreover, all of the feedback terms
in Eq. 6 depend strongly on the Walker
circulation (4, 5) and therefore more funda-
mentally on the dynamic coupling between
the atmosphere 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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The heat exchange between the atmosphere and
ocean had the same form as in the box model, with
T, varying with latitude following a cosine profile from
319 K at the equator to 263 K at 50°N. The thermal
relaxation time scale 1/c was chosen as 200 days.
The salinity field was held constant. The spin-up was
to allow the thermohaline circulation to set up a basic
temperature structure for the ocean. Except near the
western boundary, distributions of SST in such a
state were essentially zonally symmetric. A perturba-
tion to the upper ocean was introduced by imposing
a weak wind stress for a year. The surface wind was
then coupled to the east-west SST differences in a
way similar to that for the box model: 7, = Xomy)I(T
— T,), where 7, is the east-west wind stress, A, is the
coupling strength, and m(y) is a specified function of
latitude y that gives easterly wind in the tropics and
westerly wind in the extratropics. The domains over
which T, and T, were obtained spanned latitudes of
0° to 10°N and longitudes of, respectively, 0° to 15°
and 25° to 40° of our 40° region. Thirteen experi-
ments with different A, were conducted. For small
\o, NO significant east-west SST gradients were de-
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veloped, and the ocean returned to the basic state
without wind. When N\, was sufficiently large, how-
ever, the ocean drifted quickly to a new state with
significant east-west SST differences. No significant
changes were found after the first two decades of
integration, indicating that the heat transfer is mainly
a balance between the radiative convective process-
es and the wind-driven circulations. In the GCM ex-
periments, heat was gained in the tropics and lost in
the extratropics, as in the observations. Plotted in
Fig. 4 are values of T, and T, at the end of 50 years
of integration. (A few experiments were extended to
1000 years of integration, and no significant differ-
ences from the corresponding 50 years of integra-
tion were found.)
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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.

Whether they include one (aardvarks) or
1750 (rodents) extant species, orders are
the most inclusive groupings for which
there is certainty of monophyly within
Mammalia. The monophyly of superordinal
taxa such as Ungulata has been much less
certain (I). The mammalian division Un-
gulata is usually argued to include archaic
ungulates  (“Condylarthra”) (2), South
American native ungulates (3), Desmo-
stylia, and Embrithopoda, and the extant
Artiodactyla, Cetacea, Hyracoidea, Perisso-
dactyla, Proboscidea, Sirenia, and question-
ably Tubulidentata, but it excludes the ex-
tinct Pantodonta, Tillodontia, and Dinoc-
erata (4). None of these orders had been
known from before the earliest Tertiary [65
million years ago (Ma)] except for question-
able Late Cretaceous occurrences in North
and South America (5). Fossils recovered
from the 85-million-year-old Bissekty For-
mation, Uzbekistan (6), however, appear to
have ungulate affinities (7, 8) on the basis
of dental morphology that seems to mark
the beginnings of herbivory in placental
mammals. These fossils, plus possibly others
from North America and Europe, comprise
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the family “Zhelestidae” (9). A review of
the biostratigraphy of the Bissekty Forma-
tion (10) corroborates the ~85-million-
year age estimate and also suggests that
various of its named and unnamed mamma-
lian species are best referred to “Zhelesti-
dae.” In this report, [ present the results of
a species-level phylogenetic analysis of bet-
ter known, Late Cretaceous placental mam-
mals, including the “zhelestids,” plus Ungu-
lata. Trends in increased herbivory among
“zhelestids” compared to other Late Creta-
ceous placental mammals are also discussed.

The phylogenetic analysis (Fig. 1) of all
species of better known Late Cretaceous
placental mammals (Table 1) shows that
“zhelestids” are monophyletic relative to
other Late Cretaceous eutherians. The up-
per and lower dentitions of the mid-sized
Asian “zhelestids” cannot at this time be
matched; thus, the study was limited to the
better known upper dentition. As shown in
Fig. 1, the analysis includes Tertiary Ungu-
lata represented by Protungulatum (or Oxyp-
rimus) as an exemplar. Because some
“zhelestids” have a more recent common
ancestry with Ungulata than with other
“zhelestids,” “Zhelestidae” is paraphyletic
(and thus the quotation marks). With Un-
gulata, however, “Zhelestidae” forms a clade





