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Abstract. Results are presented for the climate of the late Cretaceous period 
(•75-65 Ma) as simulated by a global climate model that is interactively coupled 
to a primitive equation global ocean model. Increased values of atmospheric CO2 
and altered land surface Mbedos are invoked to produce the warm Cretaceous 
temperatures that have been proposed from biogeographic reconstructions. For 
comparison, a control simulation of the present climate is performed. The globally 
averaged atmospheric temperature in the Cretaceous simulation stabilizes after 20 
years of integration at a value that is 4øC greater than that of the present day. 
The lower troposphere in high latitudes contributes a majority of the globally 
averaged warming as a result of the elimination of the Antarctic and Greenland ice 
sheets. Nevertheless, equatorial surface temperatures are raised by •5øC above 
those of the control simulation and offset somewhat the reduction in near-surface 

baroclinicity caused by the absence of the high-latitude ice sheets. In the Cretaceous 
simulation, global precipitation is approximately 10% greater than in the present 
day, with the only region of reduced precipitation occurring beneath the south 
Eurasian monsoon. Additionally, the amplitude of the seasonal cycle in near-surface 
temperatures is smaller in the Cretaceous and, in conjunction with increased mean 
annual temperatures, precludes the presence of any year-round snow or ice in the 
simulation. In high latitudes, however, there are regions that seasonally drop below 
freezing. The temperatures in these regions are warmer than have been previously 
observed in atmosphere-only simulations as a result of poleward heat transport by 
the ocean's surface currents. 

1. Introduction 

The mean annual temperature of the Cretaceous pe- 
riod was significantly warmer than that of the present 
day climate and was characterized by a 5ø--15 ø poleward 
extension of tropical temperatures [e.g., Smiley, 1967; 
Habicht, 1979; Savin, 1977]. Evidence suggests that an 
increased level of CO2, perhaps the result of increased 
tectonic activity, is the primary cause of the warm Cre- 
taceous climate [Sandberg, 1983; Berner, 1991; Cerling, 
1991]. Estimates of CO2 amounts during the Creta- 
ceous period range from as little as 3 times to as much 
as 10 times the present value [Rau et al., 1989; Lasaga 
et al., 1985]. It has consequently been proposed that 
no seasonal snow or ice existed in high latitudes dur- 
ing the Cretaceous. Atmospheric temperatures deliv- 
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ered from increased CO2 experiments with general cir. 
culation models (GCMs) configured for the CretaceoUs 
period, however, do not support the concept of a year- 
round snow- and ice-free planet [Barron and Washing- 
ton, 1982, 1984, 1985; Sloan and Barron, 1990]. In fact, 
recent results indicate rapid fluctuations of sea level 
in response to Cretaceous glaciation [Stoll and Schrag, 
1996]. The issue of freezing temperatures in high lati- 
tudes of the Cretaceous therefore remains an intriguing 
question in light of the discovery of Cretaceous flora and 
fauna in latitudes much higher than would be possible 
in today's climate [e.g., Smiley, 1967; Brouwers et al., 
1987] and one which should be investigated in a GCM 
which explicitly accounts for ocean dynamics. 

Fluctuations in tropical temperatures of 3ø-5øC 
around the present interglacial value have occurred 
throughout the planet's history [Barron, 1995]. Vari- 
ations in the carbon cycle throughout the Phanero- 
zoic [e.g., Berner, 1991], in conjunction with modeled 
CO2-induced tropical temperature changes [e.g., Man- 
abe and Bryan, 1985], support this link between tropi- 
cal temperatures and atmospheric carbon dioxide. An 
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estimate of the mean Cretaceous temperature exceeds 
that of the present day by •0 3ø-5øC near the equa- 
tor and by •013ø-30øC near the poles [Barron, 1983]. 
These numbers may at first suggest the existence of 
a so-called "equable" climate, one with little pole-to- 
equator temperature gradient and one which exhibits 
little seasonality. To date, however, general circulation 
models have had difficulty in delivering year-round po- 
lar warmth, particularly when large landmasses such as 
Eurasia, Pangaea, or Gondwanaland are located in high 
latitudes [respectively, Sloan and Barron, 1990; Crow- 
ley et al., 1989; Crowley et al., 1987]. Since near-surface 
temperature places an important constraint on the de- 
velopment and migration of life on the planet and can 
be dramatically altered by the presence of surface ocean 
currents, it is of general interest to explore the seasonal 
cycle of surface temperature in a model that can predict 
the impact of such currents. Additionally, what does an 
equable climate really mean for the atmosphere? Is the 
entire vertical structure of the atmosphere equable or 
can such a climate state exist only near the surface? 

Our goal in the present study is to simulate the cli- 
mate of the late Cretaceous through integration of a rel- 
atively high resolution coupled atmosphere-ocean gen- 
eral circulation model and to explore the seasonal be- 
havior of the climate. (Of course, the verisimilitude 
of the model results depends both on the quality of 
the model itself and the accuracy of the proxy data 
with which the experiment has been designed; as will 
be demonstrated, the model results compare quite fa- 
vorably with the available proxy data.) We also ex- 
amine the tropical ocean currents and the wind-driven 
circulation which are forced by, and feed back on, such 
atmospheric conditions. Previous studies [Barron and 
Peterson, 1989, 1990; Barron et al., 1981] have ex- 
plored the mid-Cretaceous atmosphere and the mid- 
Cretaceous ocean individually in separate integrations. 
The dynamical variables delivered from such isolated in- 
tegrations, however, will not be quite compatible with 
each other because atmosphere-ocean interaction is not 
included. Experiments with an atmospheric GCM cou- 
pled to a thermodynamic mixed layer ocean model have 
been performed to determine the impact of specified 
ocean heat transport on mid-Cretaceous climate [Bar- 
ron et al., 1993]. Representing the next evolutionary 
step in climate modeling, coupled atmosphere-ocean 
models are becoming increasingly useful for studies of 
both the present-day climate [e.g., Philander et al., 
1995] and paleoclimate [Manabe and Stouffer, 1995]. 

A paleobiogeographic reconstruction of the continen- 
tal configuration of the late Cretaceous [after Ziegler 
et al., 1984] is employed to construct the continental 
grid that is imposed in the numerical model (Figure 1). 
The salient features are (1) the Tethys Ocean (bounded 
by the continents of North and South America, Eura- 
sia, and Africa), (2) the separation of North and South 

Longitude 

Figure 1. The continental configuration employed in 
the Cretaceous experiment. 

America which provides an oceanic gateway between 
the Tethys Ocean and the Pacific, (3) the separation of 
Africa and Asia (with the Tethys Seaway running be- 
tween them), (4) the Indian subcontinent is an island 
in the southern subtropics, and (5) the Australian con- 
tinent is attached to Antarctica. We will demonstrate 

that all of these features have important climatic con- 
sequences on the atmosphere-ocean system. 

This paper begins with descriptions of the atmo- 
spheric and oceanic models and the coupling strategy 
(section 2). Presentation of the results (section 3)is fol- 
lowed by a discussion (section 4) and conclusions (sec- 
tion 5). 

2. Description of the Models and the 
Coupling Scheme 

The atmospheric component of the coupled model 
is GFDL's (Geophysical Fluid Dynamics Laboratory) 
spectral climate model [Gordoa and Stern, 1982]. To 
the spherical harmonic decomposition of the state vari- 
ables we apply rhomboidal truncation at wavenumber 
30. The equivalent Gaussian grid has a resolution of 
2.25 ø in latitude and 3.75 ø in longitude. There are 14 
unevenly spaced (r-levels in the vertical (where •r, a nor- 
malized pressure coordinate, is defined by •r - P/P* 
with P* equal to the spatially varying surface pres- 
sure). The (r-levels are given by •r- 0.015, 0.05, 0.101, 
0.171, 0.257, 0.355, 0.46, 0.568, 0.676, 0.777, 0.866, 
0.935, 0.979, and 0.997. In many of the results to be 
shown, quantities are shown on the lowest model level 
(•r = 0.997) and are referred to as "near-surface" quan- 
tities. For a standard atmosphere this level corresponds 
to approximately 30 m above ground. 

Distribution of the continents is specified in the model 
as shown in Figure 1. During the integration, surface 
land temperatures are calculated under the restriction 
of no surface heat storage after taking into account the 
value of the surface albedo, the net flux of solar and 
terrestrial radiation, and the fluxes of sensible and la- 
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tent heat. Spatially varying surface albedos are initially 
specified at each (equivalent) grid point but may sub- 
sequently be modified over land during the integration 
if snow cover is present. Ocean albedos on the equator 
are given a value of 0.06; in higher latitudes this value is 
modified by the calculated solar zenith angle. Present- 
day values of surface albedo are imposed over the land in 
the tropics and in midlatitudes. In high latitudes above 
60øN and below 60øS, land albedos are assigned a snow- 
free value of 0.2, a value that is typical in upper mid- 
latitudes in the present-day and was chosen to reflect 
the fact that in the Cretaceous, vegetation had spread 
into the northern regions that are presently ice-covered 
[e.g., Brenchley, 1984]. Soil moisture is calculated by 
the conceptually simple bucket scheme with a capacity 
of 15 cm. A moist convective adjustment scheme [Stone 
and Manabe, 1968] is employed to predict precipitation. 
As the locations of coastal river outlets in the late Cre- 

taceous are unknown to us, we neglect the contribution 
of continental runoff to the freshwater flux entering the 
ocean in this initial study. Such runoff would impact 
regional surface salinity near the mouths of the major 
Cretaceous rivers. Clouds are predicted according to 
the scheme detailed by Wetheraid and Manabe [1988]. 
The solar constant has not been changed in this experi- 
ment and has a value of 1356 W/m 2 [Kondratyev, 1969]. 
Insolation is seasonally (and not diurnally) varying, and 
present-day orbital parameters are imposed. 

The spatially uniform mixing ratio of CO2 in the 
atmosphere is increased (at the outset of the integra- 
tion) by quadrupling its present value of 300 ppm. 
This value for the late Cretaceous CO2 mixing ratio 
remains on the lower end of the hypothesized values 
(see the Introduction), since the late Cretaceous, al- 
though much warmer than present, was cooler than 
the mid-Cretaceous [Wolfe and Upchurch, 1987; Par- 
rish and Spicer, 1988]. The distribution of ozone varies 
with latitude, height, and season, and for lack of ozone 
data during the Cretaceous, we do not change its distri- 
bution from that of the present climate. Although high 
topographic features such as the Himalayas, the Alps, 
and much of the Rockies were formed after the Creta- 

ceous period, other topographic features were present. 
For lack of specific topographic height data, however, 
we make the simplification of imposing fiat continents 
(and therefore gravity wave drag is also set to zero). 
High Cretaceous topography, however, would alter the 
regional circulation and precipitation patterns; we dis- 
cuss this caveat to our results when appropriate. 

The oceanic component of the model is GFDL's mod- 
ular ocean model, a three-dimensional primitive equa- 
tion general circulation model whose origins may be 
traced to Bryan [1969] and whose details are given 
by Pacanowski et al. [1991]. The model employs 
a finite difference representation of variables with a 
X74 horizontal diffusion operator and, since the model 

domain is global, additional smoothing is required in 
high latitudes where grid boxes converge. Vertical mix- 
ing is based on a Richardson number scheme developed 
by Pacanowski and Philander [1981]. A horizontal res- 
olution of 2 ø in latitude and 3.62 ø in longitude is chosen 
so as to be nearly equal to the equivalent spatial grid 
of the spectral atmospheric model. Fifteen unevenly 
spaced levels in the vertical are specified with the grid 
box centers located at depths of 15, 52, 104, 180, 289, 
441,648, 924, 1279, 1724, 2264, 2898, 3620, 4416, and 
5265 m. Note that higher vertical resolution is realized 
in the upper 500 m in order to more accurately capture 
the wind-driven circulation. Coastlines are imposed ac- 
cording to the late Cretaceous geometry shown in Fig- 
ure 1. As a simplification, bathymetry is neglected and 
a uniform ocean depth of 5700 m is imposed (in both 
the Cretaceous and control simulations). A further sim- 
plification in this study is that we do not incorporate 
any shallow epicontinental seas, which were at a rela- 
tively low areal extent in the late Cretaceous [Brass et 
al., 1982]. We discuss this caveat in section 4. 

The atmosphere and ocean models are dynamically 
and thermodynamically coupled and are time-integrated 
asynchronously with a 1-day integration interval. Bound- 
ary condition data from one model are spatially inter- 
polated for input onto the grid of the second model 
(although the grid spacings are nearly equal in the two 
models). Variables which are input as boundary con- 
ditions for the atmospheric model are sea surface tem- 
perature and surface current velocities. Boundary con- 
ditions delivered from the atmospheric model for input 
into the ocean model are vector components of wind 
stress, net heat flux, net freshwater flux, and net short- 
wave radiation. 

The initial condition of the ocean is specified to be 
one of rest with temperature and salinity profiles that 
vary in the vertical and meridional directions. In the 
absence of dynamics it is the incoming radiative forc- 
ing which determines the meridional structure of the 
ocean's surface temperature. When dynamics are intro- 
duced, this zonally invariant state will be perturbed by 
the meridional flows induced by the presence of conti- 
nental barriers. Since we impose present-day insolation, 
the meridional structure of the ocean that is consistent 

with such radiative forcing is taken to be the zonal mean 
of present-day temperature and salinity as determined 
from Levitus [1982]. Although such an approach is con- 
sistent for the present-day orbital parameters that we 
have imposed, it is possible that these parameters in the 
Cretaceous may have been quite different from today; 
we discuss this caveat in section 4. 

Given existing computational constraints which pre- 
clude a spin-up of the deep ocean currents, our primary 
interest in the present study is therefore to establish 
seasonal climatologies for the atmosphere, the equato- 
rial ocean, and the extratropical upper ocean. Since the 
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wind-driven ocean circulation takes of order 10 ø- 101 

years to spin up, the coupled model is integrated for a 
duration of 32 years, during which no flux correction is 
applied. These simulations are of sufficient duration for 
the achievement of thermal equilibration of sea surface 
temperature to the increased radiative forcing and for 
the genesis of major ocean currents such as equatorial 
jets and gyre circulations with their heat-transporting 
western boundary currents. In the remaining figures in 
this paper, monthly mean quantities have been aver- 
aged over the last 6 years of the integration, a period 
over which the global mean temperature is relatively 
stable (see Figure 2). 

The coupled model employed for the control simula- 
tion of the present-day climate is identical to that de- 
scribed above for the Cretaceous with the following ex- 
ceptions. We specify the current continental positions, 
albedos, and continental topographic heights (which 
have been spectrally smoothed to be consistent with 
the spectral truncation employed in the model). Grav- 
ity wave drag is included over the higher topographical 
features and a CO2 mixing ratio of 300 ppm is speci- 
fied. We will hereafter refer to quantities delivered by 
the control run as "present-day" quantities. 
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Figure 2. Annual mean temperature as a function of 
time (in years) for the Cretaceous simulation. (a) global 
average, (b) tropospheric average, and (c) stratospheric 
average (where the mean tropopause is taken as the 
(r - 0.257 surface). 
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Figure 3. Annual and zonal mean near-surface tem- 
perature (in kelvins) for the Cretaceous (open circles) 
and present day (solid circles) as a function of latitude. 

3. Climate of the Late Cretaceous 

This section presents a side-by-side comparison of the 
results from the late Cretaceous simulation and from 

the present-day simulation. For convenience, this sec- 
tion is divided into subsections according to the relevant 
diagnostic quantity. 

3.1. Atmospheric Temperature 

The time evolution of global atmospheric temper- 
ature (Figure 2a) indicates the response time of the 
model atmosphere (with respect to its isothermal ini- 
tial conditions) to the Cretaceous forcing parameters 
which we impose. The response of the model atmo- 
sphere to quadrupled CO2 is rapid over the first 10 
years of the integration (as also seen in the increased 
CO2 experiments of Washington and Meehl [1984]). A 
less rapid thermal response is evident over the next 10 
years as the high-latitude wind-driven circulation begins 
to equilibrate. After 20 years the global temperature re- 
mains fairly uniform, indicating that at the end of the 
integration period the atmosphere is in a state of quasi- 
equilibrium with the underlying ocean (whose sea sur- 
face temperature (SST) provides the dominant atmo- 
spheric forcing). The global mean temperature at the 
end of the integration is •4øK greater than that of the 
present day. Decomposition into tropospheric (Figure 
2b) and stratospheric (Figure 2c) components reveals 
that the dominant thermal response occurs in the tro- 
posphere, where mean temperatures increase 5øK above 
the isothermal initial condition temperature. 

Comparison of the near-surface zonal mean temper- 
ature as a function of latitude in the two simulations 

(Figure 3) indicates that the largest amount of sur- 
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face warming in the Cretaceous occurs in the high lat- 
itudes of both hemispheres. In the high northern lati- 
tudes, a warming of 18ø-20øK occurs, whereas in the 
high southern latitudes an even more drastic warming 
of 30ø-35øK is indicated. These warm high-latitude 
Cretaceous temperatures are a result of the absence of 
the permanent Greenland and Antarctic ice sheets and 

their concomitant ice-albedo feedback. Cretaceous sur- 

face temperature at the equator has a value of 302øK 
(•5øK greater than in the present-day simulation)with 
a smaller warming in midlatitudes (•2ø-3øK). 

The spatial distribution of annual mean surface tem- 
perature in the Cretaceous (Figure 4a) reveals that the 
highest temperatures are found over the northern re- 
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Figure 4. Annual mean near-surface (•r - 0.997) temperature as a function of longitude and 
latitude for (a) the Cretaceous, (b) the present day, and (c) their difference (Cretaceous minus 
present day). The contour intervals are 3øK in Figures 4a and 4b and 2øK in Figure 4c. 
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gions of the African continent, with typical values reach- 
ing 307øK (Figure 4a). There is a poleward expansion 
of 10ø-15 ø of tropical temperatures (compare the 297øK 
isotherm in Figures 4a and 4b), and the annual mean 
temperature is above freezing everywhere but near the 
south pole. Annual mean temperatures of a few de- 
grees below freezing in southern Australia during the 
Cretaceous have been suggested by Rich et al., [1988] 
and agree well with the results presented here. Fossil 
records from the North Slope of Alaska indicate that di- 
nosaurs roamed the high paleolatitudes of North Amer- 
ica [Brouwers et al., 1987], indicating that at least in the 
annual mean the surface temperature should be above 
zero. In this simulation the annual mean temperature 
in this region is approximately 6øC (Figure 4a). 

Despite the warm annual mean temperatures, how- 
ever, there is still a seasonal cycle with which the flora 
and fauna of the time would have had to contend. The 

seasonal cycle can plunge certain regions below freezing, 
thereby precluding the year-round existence of species 
intolerant to freezing temperatures. (This does not, 
however, preclude the possibility of seasonal migration.) 
The annual mean near-surface temperature is shown by 
contours in Figure 5. In the grey scale is given the 
amplitude of the seasonal cycle in temperature; that 
is, for the northern hemisphere, the actual July tem- 
perature at a given location is the sum of the annual 
mean (contour) plus the amplitude of the seasonal cy- 
cle (shaded), and in January the temperature is the an- 
nual mean minus the amplitude of the seasonal cycle. 
The bold contour denotes the freezing line poleward of 
which temperatures seasonally drop below freezing. It 
is evident from the figure that the amplitude of the sea- 
sonal cycle in the Cretaceous is much smaller than in 
the present day. Through their feedback on albedo, sea- 
sonal snow and ice induce large variations in seasonal 
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temperature. The reduced areal extent of snowfall in 
the Cretaceous leads to a weaker seasonal cycle in the 
continental interiors. The freezing line has shifted pole- 
ward by roughly 10 ø , and freezing temperatures are ab- 
sent over a very large portion of western Eurasia. These 
warm western European temperatures are due in part 
to the subtropical diversion around the northern rim of 
Africa of a westward circumglobal tropical current (see 
section 3.6). 

The vertical structure of the annual and zonal mean 

temperature and zonal velocity fields (Figure 6) demon- 
strates that the absence of the Greenland and Antarctic 

ice sheets causes a reduction in the equator-to-pole tem- 
perature gradient in the lower troposphere (although 
this is somewhat offset by the rise in equatorial temper- 
atures). Middle to upper tropospheric temperature gra- 
dients, however, are comparable to those of the present 
day. Hence there is little reduction in strength of the 
upper tropospheric geostrophic winds in midlatitudes. 

In fact, the core jet speeds in the Cretaceous simulation 
are stronger than those in the control simulation (this 
was also observed in the atmosphere-only simulation of 
Barron and Washington [1982]). There are three fac- 
tors contributing to the increased jet strength in the 
Cretaceous simulation. In the northern hemisphere the 
zonal surface winds are stronger (as a result of no to- 
pographical barriers) and the midlatitude baroclinicity 
above the boundary layer is comparable to that of the 
control run. Through geostrophy this results in stronger 
upper tropospheric winds. Another factor affecting the 
strength of the jets is topographic gravity wave drag, 
which reduces jet speeds in the control simulation but is 
absent in the Cretaceous experiment since there are no 
mountains in this experiment. A third factor affecting 
the large-scale winds is the increased moisture content 
and latent heat release in the Cretaceous atmosphere, 
factors that will be explored in more detail (sections 3.3 
and 3.4). 

0.:5 '":':--". •---.-"•-•: •• .... .-•z•:•.,:• ?•. •.•z••.•.. • .•••.• ... • •••i! •;•i:... i. ....•.•.•.......•.....••,:••:.••••••• '::•?:d:*"•": '•"•:. •.• ?•.•½•25 '• • :' •,,'• "• ':•-" -20 •: •. •. "'•"•' 

0.8 

0.9 ................... :::•:'::•'"S ......... 30'S .......................... ••Q '" 30 N ..... '•:::•:•::::• ...................................................... 
0.3 •..//::•:•:..:;,i• '••• •'--••',:•:••••••••:. •-g:•:'---------------•••••••:••:_..................••• 

60S 30S EQ 30N 60N 

28O 

26O 

24O 

220 

200 

Latitude 
Figure 6. Vertical profile of annual mean temperature (shaded) and zonal velocity (contours) 
as a function of latitude for (a) the Cretaceous and (b) the present day. Contour intervals are 
20øK for temperature and 5 m/s for zonal velocity. 
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Evident from Figure 6, and also from the atmospheric 
simulation of Barron and Washington [1982], is the fact 
that the midlatitude jets in an ice-free environment 
are not displaced poleward, as was hypothesized by 
Luyendyk et al. [1972] when performing biogeograph- 
ical reconstructions. Figure 6 also demonstrates that 
the equatorial upper tropospheric westerlies and surface 
easterlies are stronger. These features are signatures of 
a stronger Pacific Walker circulation which will be di- 
agnosed explicitly in the following section. The spatial 
pattern of the surface winds has important implications 
for the wind stress that drives the surface currents of 

the oceans (see section 3.6)[Bush, 1997]. 

3.2. Hadley and Walker Circulations 

Since large-scale atmospheric circulations play a fun- 
damental role in the spatial deposition of observables 
such as coal and evaporites, we diagnose in this sec- 
tion the mean meridional and mean zonal flows as de- 

scribed by the Hadley and Walker circulations, respec- 
tively. The Hadley circulation (I) is computed from the 
zonally averaged meridional velocity V according to 

0q• _ 27rR cos •b V, (1) 
Op g 

where R is the Earth's radius, g is gravitational accel- 
eration, •b is latitude, and p is pressure. We assume 
that (I) - 0 at the top of the model atmosphere and 
integrate 3.1 in the vertical to determine (I). Note that 
this method is equivalent to solving the (more correct) 
Poisson equation V2q) - • (where • is the x component 
of vorticity) if the mean divergence of the zonally aver- 
aged flow is zero, a constraint that is quite well satisfied 
in the model. 

The annual mean Hadley circulation for the Creta- 
ceous and for the present day (Figures 7a and 7b, re- 
spectively) indicate a general reduction in strength of 
the southern hemisphere cells in the Cretaceous, with 
the south equatorial Hadley cell weakening by 20%. 
(The sign convention is such that a negative value indi- 
cates counterclockwise motion in the diagram.) Subsi- 
dence in the high southern latitudes decreases dramat- 
ically in the Cretaceous in response to the elimination 
of the Antarctic ice sheet, which in the present climate 
induces strong subsidence poleward of 75øS. In conse- 
quence, the strengths of the middle and high-latitude 
cells decrease. The north equatorial Hadley cell, on the 
other hand, is -•20% stronger. The general pattern is 
one of weakening of the southern hemisphere cells and 
strengthening of the northern hemisphere cells. 

The largest change, however, is in the annual mean 
position of the intertropical convergence zone (ITCZ), 
which is evident in Figure 7 as the region of surface 
convergence between the two strong equatorial cells. 
In the present-day simulation, the annual mean ITCZ 

is located in the northern hemisphere at -• 7øN over 
the warm waters associated with the North Equato- 
rial Countercurrent (NECC). The NECC, however, is 
absent in our Cretaceous simulation as a result of the 

open continental geometry of the western Pacific. In 
addition, separation of the North and South American 
continents allows stronger northeasterly trades to flow 
from the Tethys basin into the Pacific basin, whereas 
the strength of the southeasterly winds off the west- 
ern coast of South America remain approximately the 
same. The ITCZ between these two air masses is conse- 

quently displaced southward in the Cretaceous. There 
is a concomitant equatorward shift from 36øN to 30øN 
of the northern subtropical high (the region of surface 
divergence between the north equatorial cell and the 
northern midlatitude cell of Figure 7). From evaporite 
deposits Gordon [1975] has noted such an equatorward 
shift of the subtropical high during the Mesozoic. 

The Walker circulation q• is diagnosed in a similar 
fashion to the Hadley circulation after meridionally av- 
eraging the zonal velocity component U between 30øS 
to 30øN. We assume ß - 0 at the surface and vertically 
integrate 

0q• 27rR -- 
= V, (2) 

Op g 

where the constants are defined as in (1). (Note from 
Figure 7 that between 30øS and 30øN the mean diver- 
gence of flow in the x-z plane averages nearly to zero so 
that this method is a good approximation to solving the 
Poisson equation V2• -r/, where r/is the y component 
of vorticity.) 

The annual mean Walker circulation for the Creta- 

ceous and for the present day (Figures 8a and 8b, re- 
spectively) indicate a striking ,•15% increase in strength 
of the Pacific Walker cell in the Cretaceous. (The sign 
convention in Figure 8 is such that a positive value along 
a closed contour indicates clockwise motion in the di- 

agram.) In addition, the Cretaceous Pacific cell has 
a greater zonal extent as a result of the wider Pacific 
basin. The increased strength of the cell is caused in 
part by an increase in latent heat release during tropi- 
cal convection over the very warm western Pacific SST 
(see section 3.6). The increased heat release, which 
may be attributed to the increased moisture content 
of the atmosphere in the warmer Cretaceous climate, 
fuels stronger convection with concomitant increases in 
upper level divergence and lower level convergence. The 
enhanced Pacific Walker circulation results in stronger 
upper tropospheric westerlies and stronger lower tropo- 
spheric easterlies over the tropical Pacific (see Figure 

3.3. Precipitation 

Variations in the position and strength of zones of 
convergence and divergence, as reflected in a mean sense 
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Figure 7. Annual mean Hadley circulation (x10 TM kg/s) for (a) the Cretaceous and (b) the 
present day. Contour interval is 101ø kg/s, and the sign convention is such that a negative value 
indicates counterclockwise flow in the plane of the diagram. 

by variations in the Hadley and Walker circulations, 
will directly impact the patterns of precipitation and 
buoyancy forcing of the oceans. Annual mean precip- 
itation rates for the Cretaceous and for the present 
day (Figures 9a and 9b, respectively) reveal a broad 
increase in annual mean precipitation in both the trop- 
ics and midlatitudes in the Cretaceous. Globally aver- 
aged values of annual mean precipitation for the Cre- 
taceous and for the present-day simulations are 0.97 
m/yr and 0.88 m/yr, respectively, indicating a 10% in- 
crease in the warmer climate. Rainfall rates under the 

northern midlatitude jet are substantially higher over 
Cretaceous North America than in the present, with 
values exceeding 0.35 cm/d over much of the conti- 
nent from 40ø-55øN. Broccoli and Manabe [1992] have 

demonstrated that increased precipitation over conti- 
nental interiors is consistent with the absence of to- 

pography (for the modern configuration of topography); 
the simulated increase in continental precipitation may 
therefore not be as large if approximate Cretaceous to- 
pography were included. Annual mean precipitation is 
enhanced over northern and eastern Africa in the Cre- 

taceous (especially over the region that is currently the 
Sahara Desert), an enhancement that reflects both the 
geographical positioning of this region underneath the 
ITCZ and weaker subsidence from the Walker circula- 

tion (see Figure 8a). 
During the northern summer months of June-July- 

August (JJA), precipitation in the present-day simula- 
tion is dominated by the south Asian monsoon (Fig- 
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ure 9d), with simulated precipitation rates regionally 
exceeding 2.2 cm/d. In the south Eurasian region of 
the Cretaceous, there is a fairly uniform -,1 cm/d rate 
of precipitation (Figure 9c). This reduced rate of pre- 
cipitation is the result of a weaker monsoon circula- 
tion in the Cretaceous (see section 3.5). As a result 
of increased surface temperatures and convection dur- 
ing the southern summer months of December-January- 
February (DJF), mean precipitation over South Amer- 
ica during the Cretaceous exceeds its present value by 
66% in some regions. During these months the maxi- 
mum rainfall can exceed 2.1 cm/d. In the Cretaceous, 
DJF rainfall rates over southeastern Africa and JJA 

rates over northwestern coastal Africa can both exceed 

1.5 cm/d, a value that is competitive with the simulated 
precipitation rates in the present-day monsoon. 

Zonal mean rates of precipitation as a function of lati- 
tude for the Cretaceous (Figure 10a) and for the present 
day (Figure 10b) reveal that the equatorial peak in an- 
nual mean precipitation (indicative of the mean location 
of the ITCZ) is nearer to the equator in the Cretaceous. 
In general, there is a 0.05-0.1 cm/d increase in mean 
Cretaceous precipitation in both the tropics and mid- 
latitudes. One exception, however, is the JJA equato- 
rial peak, which is smaller in the Cretaceous by -,0.06 
cm/d as a result of a weaker south Eurasian monsoon 
(see Figure 9c). The increased midlatitude precipita- 
tion in the Cretaceous simulation implies an increase in 
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Figure 9. Spatial distribution of the annual mean precipitation (in centimeters per day) for 
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the midlatitude flux of latent heat, as demonstrated in 
the enhanced CO2 experiments of Manabe and Bryan 
[1985]; this impacts the heat transport, as will be shown 
in the next section. 

3.4. Mean Winds and Heat Transport 

Section 3.2 demonstrated that there are significant 
differences in the large-scale atmospheric circulation of 
the Cretaceous atmosphere compared with that of the 
present day. An elongated and strengthened Pacific 
Walker cell dominates the zonal equatorial circulation, 
whereas weaker southern and stronger northern Hadley 
cells dominate the mean meridional circulation. These 

differences are consequences of the adjustment of the 
large-scale flow to the altered boundary forcing pro- 
vided by the Cretaceous environment. Annual mean 

zonal and meridional velocities in the lowest model level 

(• = 0.997) for the Cretaceous (Figures 114 and 1lb, 
respectively) and for the present day (Figures 11c and 
11d, respectively) reveal that the south Eurasian mon- 
soon westerlies are not as strong in the Cretaceous and 
do not dominate the easterly trades in the annual mean 
as they do in the present day. Local regions of wester- 
lies exist on the equator on the western coasts of Africa 
and South America in both simulations; these wester- 
lies are induced by the semiannual cycle of equatorial 
land heating by solar radiation. 

Low-level westerlies in the northern midlatitudes of 

the Cretaceous are stronger by ,•2 m/s as a result of the 
absence of topographical barriers and the eddies that 
such barriers can induce. Low-level easterlies over the 

tropical Pacific Ocean are ,•2 m/s stronger and reflect 
the stronger Pacific Walker cell. A salient feature of 
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Figure 10. Zonal mean precipitation rate (in centimeters per day) for (a) the Cretaceous and 
(b) the present day. In each panel are shown the annual mean (solid circle), the JJA rneau (open 
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Figure 11a is that the easterly trade winds have a much 
larger magnitude over the eastern Pacific in the Creta- 
ceous as a result of the separation of North and South 
America. These winds are not moderated by Central 
American heating and surface drag as they are in the 
present day (Figures 11b and 11d) and have a suffi- 
ciently strong northerly component to prevent north- 
ward displacement of the ITCZ by the southeasterly 
winds off the western coast of South America (Figure 
11c). 

The upper tropospheric (•--0.355) wind components 
for both simulations (Figure 12) show that at this level 
the midlatitude jets have comparable maximum core 
speeds, although the geographical locations of these 
maxima are not the same. These differences result from 

variations in the topographic and continental forcing of 
stationary planetary waves. For example, in the north- 
ern hemisphere jet the maximum speed in the Creta- 
ceous is over North America, whereas in the present 

day the Rockies induce downstream eddy activity which 
weakens the mean zonal flow of the jet and increases the 
mean meridional flow (Figures 12b and 12d). The inten- 
sified Pacific Walker circulation of the Cretaceous is evi- 
dent as stronger equatorial westerlies (compare Figures 
12a and 12b). The mean meridional velocities of the 
Cretaceous (Figure 12c) reflect the symmetry around 
the equator of the Hadley circulation (especially over 
the western Pacific) as well as the lack of topograph- 
ically induced eddies over North America and central 
Eurasia. 

The net poleward heat transport of the atmosphere 
may be described by V/T / (where an overbar indicates 
a time average (which we take to be the annual mean) 
and a prime indicates a deviation from that average; 
see Peixoto and Oort [1992]). The annual mean, verti- 
cally and zonally averaged V'T / as a function of latitude 
(Figure 13) reveals large equatorward heat fluxes at 
10øS and 13øN which are produced by strong equator- 



BUSH AND PHILANDER: LATE CRETACEOUS SIMULATION 507 

._1 

30S, 

60S 

SON 

30N 

30S* 

60S' 

60E 1201;: 180 120W 60W 0 0 60œ 120E 180 120W 60W 0 

, 

: 
EQ 

60S 

(• 6•)E 12•)E 1•0 12•)W 6(•W 0 

Longitude Longitude 

Figure 11. Annual mean rr - 0.997 components of horizontal velocity. Zonal and meridional 
velocities (in meters per second) for the Cretaceous are given in Figures 11a and 11c, respectively, 
and for the present day in Figures lib and lid, respectively. Contour intervals are 2 m/s for 
zonal velocity and 1 m/s for meridional velocity. 

._1 

3os 

6os 

_1 

3os 

6os 

30S 

60S 

60E 120E 180 120W 60W 0 

...... ..-,_ , . 

• 120E 180 120W •W 0 

Longitude 

0 60E 120œ 180 120W 60W 0 

60S, 

, / ,, C: 5.. • , ,-2.. 

'i::'.•' •!' • ......... •'" • '"•':':•{'• . ' 1.: .-,::- • • ,:•::;.:• ,- 2 .:•:;_•.._., .... , %':.-- ,,,i:•(.,.'.:;:,.,,;,;,• •.:'•v . 

. . 

60E 120E 180 120W 60W 0 

Longitude 

Figure 12. Same as Figure 11 but for the rr - 0.355 surface (upper troposphere). Contour 
intervals are 5 m/s for zonal velocity and 1 m/s for meridional velocity. 



$08 BUSH AND PHILANDER: LATE CRETACEOUS SIMULATION 

25- 

20- 

15- 

-15 

-2O 

Cr•e[aceous • : 

..... Pres-ent-. D'ay .... 0 .......... ' 
: 

: 

ß . 

90S 6•S • E'Q 5(•N 60N 90N 

Lotitude 

Figure 13. Annual mean, zonally and vertically aver- 
aged atmospheric poleward heat flux V'T' (as defined 
in text) for the Cretaceous (solid circles) and for the 
present day (open circles) simulations. Units are kelvins 
per meter per second (for units of 1015 W multiply by 
2•rRcos qS, where R is the Earth's radius and q5 is lati- 
tude). 

ward winds over the western coasts of the warm South 

American and African continents (compare Figures 13c 
and 13d). The signature of midlatitude baroclinic eddy 
activity is evident as two strong maxima in poleward 
heat transport at 45øN and 45øS. The southern midlat- 
itude transport in the Cretaceous is roughly the same 
as in the present day, whereas the northern midlatitude 
heat transport in the Cretaceous is reduced by approx- 
imately 3øK m/s. The lack of high topographical fea- 
tures in the Cretaceous northern hemisphere results in 
decreased eddy activity (as evident in the mean upper 
tropospheric meridional velocities of Figure 12c) and a 
reduced net heat flux, although within an individual 
baroclinic eddy the flux of latent heat will be greater 
in the Cretaceous as indicated by the increased mid- 
latitude precipitation. In southern midlatitudes, where 
topographically induced eddies may only be triggered 
by the tail of the Andes in the present day, the net heat 
fluxes in the two simulations are comparable. 

3.5. South Eurasian Monsoon 

Despite the fact that the continental geometry and 
topography in the region bordering the north Indian 
Ocean are significantly different from those of today, a 

northern summer (JJA) monsoon flow develops along 
the southern edge of Cretaceous Eurasia (Figure 14). 
Since the monsoon winds are to first order a geostrophic 
phenomenon in balance with the spatial pattern of high 
and low pressures induced by the land-sea temperature 
differential, the main differences in the structure of the 
monsoon winds may be explained by differences in con- 
tinental geometry. For example, in the present day the 
heat of the Indian subcontinent during the northern 
summer months induces cyclonic curvature to the flow 
over the Bay of Bengal (Figure 14b). In the Cretaceous 
the Indian subcontinent is an island in the southern sub- 

tropics and hence the cyclonic flow is absent. Addition- 
ally, strong southerly flow in the present-day monsoon 
results from the temperature-induced pressure differen- 
tial between northeast Africa and the Arabian Sea (near 
10øN; Figure 14b). In the Cretaceous the relatively cool 
water in the Tethys Seaway moderates the zonal pres- 
sure gradient in this region, and the southerly winds are 
thereby substantially weakened (Figure 14a). 

The monsoon winds in the Cretaceous nevertheless 

bring large amounts of precipitation (• 1.2 cm/d) to 
the Indonesian peninsula (Figure 15a). In the present 
climate, orographic uplift at the foothills of the Hi- 
malayan mountains induces a much larger amount of 
regional precipitation (Figure 15b), but those regions 
not as strongly affected by orography sustain rainfall 
rates similar to those in the Cretaceous simulation. 

3.6. Upper Ocean 

In response to the fourfold increase in atmospheric 
CO2, Cretaceous mean SST increases rapidly over the 
first 20 years of the integration, stabilizing at a value 
that is-,•5øC greater than that of the present day. The 
extratropical oceans poleward of 30 ø, which warm by 
-,•5.2øC in the mean, contribute a majority of the warm- 
ing and do not drop below freezing in the winter months: 
The minimum SST in the Arctic Ocean in January is 
5.5øC and in the Antarctic Ocean in July it is 4.4øC . 
Equatorial SST increases by • 3.5øC and has a much 
shorter timescale of adjustment (-,• 10 years). There is 
a 10ø-15 ø poleward expansion of tropical SST (Figure 
16), in agreement with the poleward shift in Cretaceous 
coral deposits [Habicht, 1979]. 

In a warm climate the high values of salinity that are 
required to initiate saline deep water formation are de- 
termined by net evaporative loss of fresh water to the 
atmosphere. The spatial locations of such regions are 
determined by the continental geometry and by the at- 
mospheric temperature, wind speed, and precipitation. 
The annual mean surface salinity for the late Cretaceous 
(Figure 17a) indicates two regions of extremely high 
salinity (> 38): the Gulf of Mexico and in the narrow 
strait between South America and Africa, where salin- 
ity reaches 38.5. Extensive salt deposits off the western 



BUSH AND PHILANDER: LATE CRETACEOUS SIMULATION 509 

35N 

3ON 

25N 

20N 

15N 

(D 1ON 
"0 5N 

-• EO 

o 5s 
ß • lOS 

15S 

20S 

25S 

30S 

35S 
0 

Figure 14. JJA horizontal winds in the south Asian monsoon region on the rr - 0.866 surface 
for (a) the Cretaceous and (b) the present day. Velocity vectors are scaled in both panels in 
meters per second as indicated in the bottom right. 

coast of Africa and off the eastern coast of South Amer- 

ica from the Cretaceous period [e.g., Haq, 1984] support 
the notion that the water between these continents was 

highly susceptible to salinification. 
Increased zonal wind stress over the northern Pacific 

and Tethys Ocean basins increases the strength of the 
respective gyre circulations and of their western bound- 
ary currents by --•20%. The strengthened Pacific Walker 
cell increases the westward wind stress over the equa- 
torial Pacific, thereby strengthening the Ekman diver- 
gence and its concomitant upwelling. Cretaceous ana- 
logues of the South Equatorial Current, the Equatorial 
Undercurrent, the Gulf Stream, the Kuroshio, and the 
Antarctic Circumpolar Current (ACC) all exist in the 
simulation (Figure 17b). It has been proposed that the 
development of the ACC requires two criteria to be sat- 
isfied: that the Drake Passage be open and that the 

Australian continent be separate from Antarctica [e.g., 
Crowley and North, 1991]. The existence of an ACC 
in our simulation demonstrates that a circumpolar cur- 
rent is possible even when the northernmost end of the 
Australian continent extends to 40øS, as is the case in 
this experiment. 

The most unique feature of the wind-driven circu- 
lation is a westward circumglobal current, the Tethys 
Circumglobal Current (TCC), which exists at the sur- 
face with a depth that varies from --•350 m in the Tethys 
Seaway to --•100 m in the Pacific basin. The simulated 
TCC is not interrupted seasonally by the surface current 
reversals in the Tethys Seaway induced by the south 
Eurasian monsoon [Bush, 1997]. Nevertheless, the east- 
ward monsoon current induces seasonal upwelling along 
the northern Tethys region and may account for the up- 
welling inferred from siliceous deposits [Blueford, 1988]. 
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Figure 15. JJA precipitation in the south Asian monsoon region for (a) the Cretaceous and 
(b) the present day. The contour interval is 0.2 cm/d in both panels. 

Southwestward flow of the TCC along the northwest- 
ern coast of Africa induces local coastal upwelling and 
cold SST in the simulation (compare Figure 16). Evi- 
dence for such upwelling along the Moroccan coast has 
been presented by Haq [1984]. The presence of shallow, 
epicontinental seas, however, would affect the structure 
of the TCC, particularly over north Africa. Recircula- 
tion gyres in the shallow sea would be likely. However, 
there is substantial westward mass transport into the re- 
gion from the Indian Ocean, a transport that is driven 
by the easterly trade winds whose direction would not 
be different if a shallow sea were included. We would 

therefore expect, by continuity, a large transport out 
of the Tethys Seaway into the Tethys Ocean, although 
the structure of the current system in the seaway itself 
might be quite complex. 

4. Discussion 

It has been demonstrated by Hansen et al. [1984] 
that altered continental geography and differing land 
vegetation (hence albedo) play a secondary role to CO2 
in terms of global temperature modification. Hence we 
may hold the fourfold increase in atmospheric CO2 re- 
sponsible for the majority of the increase in temperature 
and moisture of the simulated Cretaceous climate. As 
the SST is predicted in the coupled model according 
to both thermodynamics and hydrodynamics, the dom- 
inant surface boundary forcing of the atmosphere by 
the ocean is consistent with the predicted climate. The 
Cretaceous atmospheric temperature exhibits a global 
increase of •04øK over that of the present day, with a 
majority of the increase occurring in the lower tropo- 
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Figure 16. Spatial distribution of annual mean SST (øC) for (a) the Cretaceous and (b) the 
present day. Contours are in degrees centigrade. 

sphere in high latitudes. Although tropical tempera- 
tures increase by •05øK , they are not sufficiently high 
to maintain the present linear equator-to-pole surface 
temperature gradient given the high-latitude warming. 
The zonally averaged surface temperature profile that 
emerges from the simulation is in good agreement with 
profiles derived from proxy data and presented by Bar- 
ron [1983] as bounds on the surface temperature during 
the Cretaceous. The spatial distribution of surface tem- 
perature is quite similar to that arising from simulations 
of the mid-Cretaceous which included both topography 
and reduced land area [Barron and Washington, 1984]. 
A simulated 10 ø- 15 ø poleward expansion of tropical 
sea.surface temperatures is also in good agreement with 

the latitudinal shift in coral deposits from this period 
[Habicht, 1979]. 

The linear equator-to-pole temperature gradient in 
the Cretaceous is therefore indicative of an "equable" 
climate near the surface, despite the fact that the mid- 
latitude temperature gradient is similar to that of the 
present day. This suggests that the spatial location of 
proxy data points is a crucial factor if mean global tem- 
perature gradients are to be inferred. 

Nevertheless, the reduced surface meridional temper- 
ature gradient in the atmosphere does not persist in 
the vertical. Middle to upper troposphere baroclinicity 
remains approximately the same as the present day's 
(compare Figure 6). The simulated Cretaceous midlat- 
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itude jets are therefore comparable in size and strength 
to those of the present day and are quite similar to 
those that arise in atmosphere-only integrations with 
present-day ocean heat transport imposed [Barron et 
al., 1993]. These results suggest that while equable 
conditions may exist in surface temperature (and would 
hence be reflected in the proxy data), they do not nec- 
essarily exist at middle-upper tropospheric height. This 
point has been noted previously by Barron and Wash- 
ington [1982] in atmospheric GCM calculations which 
incorporated a mixed-layer ocean model. It is of special 
interest in the present study because it implies that the 

winds, which drive the ocean's surface currents through 
mechanical forcing and which produce the convergent 
and divergent zones which regulate buoyancy forcing, 
are not reduced, and hence the wind-driven ocean cir- 
culation is as vigorous as it is in the present day. In fact, 
the slightly stronger surface atmospheric winds in this 
Cretaceous simulation drive an even stronger ocean cir- 
culation despite the fact that the surface temperature is 
more equable in a linear sense. Nevertheless, it is pos- 
sible that different orbital parameters might affect the 
vertical structure of the meridional temperature gradi- 
ent through, for example, increased seasonality. 
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The increased temperatures of the Cretaceous imply 
an increase in the saturation vapor pressure of the atmo- 
sphere. The magnitude of convergence of surface winds 
in, for example, the ITCZ remains approximately the 
same as today (although the location is more equator- 
ward; Figures 7, 11c, and 11d). Increased atmospheric 
moisture content therefore implies an increase in pre- 
cipitation and latent heat release in the tropical conver- 
gence zones and in midlatitude baroclinic eddies. The 
warm temperatures and increased precipitation simu- 
lated in the midlatitudes are consistent with the sub- 

stantial coal deposits that were formed in these regions 
during the Cretaceous period [Parrish et al., 1982]. The 
equatorward shift of the northern hemisphere Hadley 
cells is also reflected in the geological record's distribu- 
tion of Mesozoic evaporites [Gordon, 1975; Parrish et 
al., 1982]. This mean shift is attributed to the equator- 
ward displacement of the ITCZ over the Pacific Ocean, 
particularly in the eastern Pacific where strong north- 
easterly winds flow between the separated North and 
South American continents (compare Figure 11). We 
note an •20% increase in strength of the north equa- 
torial Hadley cell and an •20% decrease in strength of 
the south equatorial Hadley cell. In comparison with 
the global increase in strength of the Hadley circulation 
observed by Manabe and Bryan [1985] for an increased 
CO2 experiment for present-day geography, we conclude 
that continental boundary forcing (e.g., glacial ice, con- 
tinental repositioning, topography, and the resulting 
changes in number and strength of midlatitude baro- 
clinic eddies) plays a fundamental role in the strength 
of this circulation and can dominate changes induced 
by a quadrupling of CO2. 

The Walker circulation of the Cretaceous simulation, 
which exhibits a stronger and zonally broader Pacific 
Walker cell, suggests that the equatorial easterlies were 
stronger than in the present day. These easterlies in- 
duce poleward Ekman divergence in the upper ocean 
and concomitant equatorial upwelling. Siliceous de- 
posits from the Cretaceous equatorial Pacific [Drewry et 
al., 1974] do indeed indicate the presence of upwelling in 
this region (although we cannot determine its relative 
strength). 

A south Eurasian monsoon circulation exists in the 

late Cretaceous simulation, but it is quite different from 
that of today's climate. The main differences are at- 
tributed to the altered continental geometry of the late 
Cretaceous period. First, the absence in the region 
of the Indian subcontinent itself makes the Cretaceous 
monsoon more zonal over the eastern Indian Ocean. 

Second, the presence of the ocean-filled Tethys Seaway 
between Africa and Eurasia moderates the zonal pres- 
sure gradient in the region and weakens the southerly 
monsoon winds off the east African coast. In the present 
day these southerly winds form the strong Somali jet 

which is the source of much of the monsoona moisture. 
A reduction of these winds in the Cretaceous decreases 

the availabe moisture and precipitation in the monsoon 
(compare Figure 10). However, regional topography 
would obviously have an impact on the Eurasian mon- 
soon. Growth of the Himalayan mountain chain was 
initiated when India collided with Eurasia •50 Ma, was 
most rapid in the mid-Eocene to early Miocene, and fi- 
nally attained present elevations at •8 Ma in the late 
Miocene [e.g., Windley, 1995]. Such high mountains in- 
crease the inland penetration of the monsoon jet and 
increase regional precipitation [e.g., Hahn and Manabe, 
1975]. Although these mountains were absent during 
the Cretaceous, other topographical features in the re- 
gion may have been high enough to impact the strength 
of this monsoon and its related oceanic current. This 

question will be explored in a future sensitivity study. 
The reduced amount of seasonal snow and ice in the 

Cretaceous simulation implies a decrease in ice-albedo 
feedback in high latitudes. The amplitude of the sea- 
sonal cycle in temperature is decreased by approxi- 
mately 10% over eastern Eurasia and by nearly 30% 
over North America. The freezing line in the northern 
hemisphere (i.e., the latitude poleward of which sea- 
sonal temperatures drop below freezing) shifts poleward 
by anywhere from 5 ø in coastal areas to 45 ø over western 
Eurasia. The latter shift is due in part to the regional 
warming induced by the subtropical diversion of the 
warm, saline TCC as well as to the increased strength 
of the Cretaceous Gulf Stream. These results indicate 

that as in the present climate, wind-driven ocean fea- 
tures such as western boundary currents and equato- 
rial currents play a significant role in determining the 
surface temperature distribution. This point was also 
noted by Barron et al. [1993] in their GCM calculations 
with specified ocean heat transport. Nevertheless, if 
the definition of equable is taken to mean an absence of 
even seasonal freezing temperatures in the continental 
interiors then an equable climate is not realized in this 
simulation and, as first proposed by Sloan and Barron 
[1990], the concept of an equable Cretaceous climate 
needs serious reconsideration. 

In fact, recent evidence for eustatic sea level fluctu- 
ations in the Cretaceous which are linked to glaciation 
[Stoll and Schrag, 1996] suggest that cold high-latitude 
temperatures may be quite realisitic in simulations of 
the Cretaceous climate. While the annual mean tem- 

perature over Antarctica is below zero in our simulation 
(compare Figure 4), no year-round freezing tempera- 
tures are present and therefore no glaciation would be 
possible. However, given a simulated maximum Jan- 
uary temperature of 8øC near the south pole (com- 
pare Figure 5a) and a dry adiabatic lapse rate of 
•10øK/km, temperatures are below freezing year-round 
at an altitude of only 800 m. If topography of this height 
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were included over Antarctica, however, the freezing 
level would rise in response to surface heating from the 
imposed topography itself. It remains at present un- 
clear just how high topography should be in this region 
to permit glaciation. Additionally, recent GCM sensi- 
tivity studies have demonstrated a higher sensitivity of 
summer snow cover to a 3% decrease in solar luminosity 
than to variations in topographic height [Otto-Bliesner, 
1996]. While we have kept the solar constant at its 
present value in the Cretaceous simulation, evolution of 
solar luminosity [Endal and Sofia, 1981] suggests that 
for 65 Ma the solar constant may have been smaller by 
upward of 1% which produces, according to energy bal- 
ance models, an ~IøC reduction in global temperature 
[e.g., Crowley and North, 1991]. 

Such intriguing questions lead us to list some caveats 
concerning interpretation of these results. As with all 
atmosphere and ocean GCMs currently in existence, 
coupled climate models do not exactly reproduce every 
feature of the present climate. However, the robust fea- 
tures of the general circulation such as the trade winds, 
the monsoons, the ITCZ, and the wind-driven ocean 
currents are quite well simulated for the present-day. 
An attempt has therefore been made in this study to 
compare our model results for the Cretaceous to the 
present-day simulation and, when possible, to avail- 
able proxy data. In general, the model does well in 
simulating the enhanced midlatitude precipitation, the 
equatorward shift of the northern subtropical high, the 
poleward expansion of tropical SST, and the easterly 
equatorial trade winds that have been inferred from 
the geological record. Nevertheless, our exclusion of 
Cretaceous topography most likely overestimates the 
amount of precipitation over those continental interi- 
ors that were bordered by steep mountains and may 
underestimate the strength of the south Eurasian mon- 
soon. Shallow inland seas may have moderated the am- 
plitude of the seasonal cycle even further than has been 
simulated here (compare Figure 5), and they may have 
been large enough to affect global temperature through 
reduction of the planetary albedo. The CO2 levels im- 
posed in this experiment do not significantly alter the 
dynamical structure of the tropospheric circulation (see 
Figure 6) although they do increase global temperature. 
Higher values of CO2 would produce an even warmer, 
wetter climate, and lower values would produce a cooler, 
drier climate. Imposition of present-day orbital param- 
eters prescribes the latitudinal distribution of incoming 
radiative forcing and gives us a first guess at the ocean's 
meridional SST structure. It is probable that the mean 
meridional gradients that we observe in the atmosphere 
and the ocean would be different if a variation in the or- 

bital parameters were to be made. Nevertheless, further 
sensitivity studies with the coupled model are required 
in order to assess the impact of changing orbital param- 
eters on the coupled system. 

5. Conclusions 

We have presented results for the climate of the late 
Cretaceous as delivered from integration of a coupled 
atmosphere-ocean GCM and have compared them with 
those of a present-day control simulation and to avail- 
able proxy data. Forcing parameters of the atmosphere- 
ocean system that have been altered in the Cretaceous 
simulation are atmospheric CO2 (which we quadruple), 
continental geometry (which is taken from late Creta- 
ceous paleobiogeographic reconstructions), and surface 
albedo. 

Higher levels of atmospheric CO2 result in a global 
temperature increase of 4øK (the majority of which oc- 
curs in the lower troposphere at high latitudes) and a 
10ø-15 ø poleward shift of the atmospheric and oceanic 
tropical zones. The increase in SST is most prominent 
in high latitudes, where the magnitude of the increase 
is such that the minimum winter SST is ~4ø-5øC. The 

global warming precludes existence of the permanent 
Antarctic and Greenland ice sheets of the present cli- 
mate if no topographic height is included, as is the case 
for this experiment. The warming increases the atmo- 
spheric saturation vapor pressure, increasing latent heat 
release and global precipitation by 10%. Elimination of 
the ice sheets reduces the near-surface equator-to-pole 
temperature gradient but does not reduce the middle to 
upper tropospheric baroclinicity. Hence the midlatitude 
jets and the mechanical forcing of the ocean circulation 
are not reduced, and an ~20% increase in strength of 
the gyre circulations is realized. The conjecture of a 
weaker ocean circulation in a climate which exhibits a 

weaker linear pole-to-equator surface temperature gra- 
dient is therefore not supported by this simulation. 

The amplitude of the seasonal cycle in temperature 
is decreased as a result of the elimination of year-round 
snow and ice with their concomitant albedo feedback. 

Nevertheless, there are continental regions in the Cre- 
taceous that seasonally drop below freezing. If the def- 
inition of equable is taken to mean a complete absence 
of freezing temperatures then we conclude that even 
with ocean dynamics explicitly calculated, an equable 
climate by that definition does not exist in the param- 
eter range that we have investigated. 

Changes in the large-scale Hadley circulation induced 
by the altered boundary forcing of the Cretaceous en- 
vironment result in weaker southern hemisphere and 
stronger northern hemisphere cells. With an ~6 ø equa- 
torward shift of the northern hemisphere cells, the mean 
meridional circulation becomes much more symmetric 
about the equator. A substantial increase in the Pa- 
cific Walker circulation in the late Cretaceous can be 

linked to the increased strength of convection over the 
western Pacific and to the separation of the North and 
South American continents. The zonal extent of the 
Pacific Walker cell increases in the Cretaceous as a re- 
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sult of the increased width of the Pacific basin. These 

large-scale winds drive a vigorous wind-driven ocean cir- 
culation which exhibits Cretaceous analogues of all the 
major modern currents in addition to the unique TCC. 
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