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An Ice-Free Cretaceous? Results
from Climate Model Simulations

Eric J. Barron, Starley L. Thompson, Stephen H. Schneider

The contrast between the climate of
the Cretaceous period (65 million to 140
million years ago) and that of the pres-
ent epoch is the largest in the history
of the earth that has been fairly
well documented. A fundamental prob-
lem in paleoclimatology is how a global-
ly ice-free climate could be maintained.
We discuss here several mechanisms
that could explain such a climate and

1) Our results are constrained by the
limited capabilities of present models
whose simuilation ability can largely be
verified only against observations of
present-day climate.

2) There are insufficient detailed pa-
leoclimatic data to determine the relative
importance of a number of physical
mechanisms.

In other words, our ability to verify

Summary. We have quantitatively investigated the mechanisms that could explain
the warm, equable climate that is believed to have been typical of the mid-Cretaceous
{100 million years ago). By performing simulations with a climate model based on
zonal energy balance, we demonstrate that past changes in geography were
important in bringing about climatic change. However, the meridional distribution of
Cretaceous temperatures cannot be successfully simulated unless additional physical
“feedback mechanisms” are included in the model. These mechanisms may involve
cloud and meridional heat transport changes. We also conclude that paleoclimatolo-
gists should reexamine carefully both existing data and their interpretations with
tegard to récohstruction of Cretaceous tropical and polar surface temperatures.

examine these mechanisms quantitative-
ly by performing simulations with a cli-
mate model based on zonal energy bal-
ance.

This investigation has a dual focus.
Because the geography of the earth 100
million years ago can be well specified
(1), we can use the climate model to
examine the importance of changes in
paleogeography as a mechanism of cli-
matic change on long time scales. In
addition, we can use the paleoclimatic
data as observations against which to
compare model simulations for a number
of assumed physical processes.

Regardless of how well the model sim-
ulates the paleoclimatic. data, a conclu-
sive explanation of Cretaceous climate
cannot be given for two reasons:
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the model’s Cretaceous climate simula-
tion is limited by the assumptions that
must be made in any guantitative recon-
struction of the climate 100 million years
ago. This investigation can, however,
help to identify those processes that
might deserve further refined investiga-
tions; it might also suggest what im-
provements in accuracy or additions to
proxy paleoclimatic data might be need-
ed for future studijes.

The method of investigation we use is
to vary model parameters (such as land-
sea distribution, cloud amount or height)
one at a time. Thus, our goal is not a
reliable comprehensive simulation but
rather a series of sensitivity experiments
in which cause-and-effect relationships
can be quantified.

SCIENCE

Paleoclimatic Evidence and

Interpretation

The Cretaceous climate has been clas-
sically described as warm and equable
on the basis of ‘‘climate-sensitive’’ sedi-
mentary indicators, characteristics of
fossil floras and faunas, and oxygen iso-
tope data. Floras and faunas presently
indicative of warm climates extended
into polar latitudes, and the ‘‘tropical-
temperate’”’ boundary was displaced sig-
nificantly poleward (2, 3). The Creta-
ceous was the acme of exothermic
reptiles (4). As yet, unequivocal evi-
dence of permanent ice is unknown. On
the basis of plankton assemblages, the
early Arctic Ocean was not ice-covered
at the end of the Cretaceous (5), and the
first evidence of glacial erosion on Ant-
arctica was approximately 50 million
years ago (6). Although limited in extent,
oxygen isotope data suggest equatorial
temperatures were near 30°C and bottom
water temperatures were approximately
15°C. Mid-latitude temperatures were
apparently distinctively warmer [see
summaries (7, 8)].

Translation of all the Cretaceous pa-
leoclimatic data into an estimate of annu-
al mean surface air temperature with
respect to latitude is not straightforward.
However, without permanent polar ice
(or even if there were small ice sheets)
and with equatorial temperatures appar-
ently similar to (or possibly cooler than)
those of the present day, the meridional
surface temperature gradient must have
been considerably reduced. On the basis
of several different aspects of the paleo-
climatic data, Cretaceous polar tempera-
tures have been estimated by various
authors to be between 5° and 19°C (9).
The measured equatorial isotopic tem-
perature is about 30°C and, if modern
shallow water organisms are indicative,
faunal temperature tolerances were not
exceeded (10).

Because the paleoclimatic data are not
globally homogeneous and because
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many of the inferred temperatures are
based on proxy indicators, we have cho-

sen to bracket the paleoclimatic data

with “‘warmest” and ‘‘nominal™ esti-
mates of temperatures with respect to
latitude. In-the ‘“‘nominal™ estimate we
assume that the mean annual ‘tempera-
ture at the poles must have been near or
above freezing because there is no reli-
able evidence of significant permanent
ice. However, we cannot preclude sea-
sottal subfreezing temperatures as a pos-
sibility, particularly in the mid-Antarctic
continent. In addition, we assume that
equatorial temperatures were very simis
lar to those of today. The estimated
mean annual temperature profile (Fig. 1,
c¢urve A) assumes a smiooth, symmetri-
cal, equator-to-pole transition. The
“wdrmest’’ estimate of mid-Cretaceous
temperatures (Fig. 1, curve D) dssumes a
mean equatorial tcmpérature of 304 K
and a mean polar temperature of 288 K.
Other ‘intermediate temperature profiles
(Fig. 1, curves B and C) used in later
calculations, are also given.

. Although curve A (Fig. 1) can be con-
sidered as a nominally ice-free Creta-
ceous climate and is considerably cooler
than the warmest estimates based on
paleoclimatic data, the absence of any
glacial activity should not yet be accept-
ed as fact. The Cretaceous record on
Antarctica is not extensive and the Ant-
arctic polar ice cap prevents detailed
examination of the geologic history. An
alternative interpretation of the isotopic
data (/1) could allow for ice accumula-
tion earlier than previously considered

©). | :

The Climate Model

The model we use for our experiments
is a version of that developed by Thomp-
son and Schneider (/2), which is based
on a zonally averaged energy balance.
The energy balance of the vertically inte-
grated, zonally averaged, earth-atmo-
sphere system is described by:

3
Y [R(D)T(d,0)] = Q0[] — a(d,t)] —
Fr' (g,0) — div F(g,1) )

The variables are listed in Table 1. The
formulation of the energy balance com-
ponents in Eq. 1 constitutes the bulk of
the problem of low-resolution climate
modeling (/3). The formulation for plan-
etary albedo is taken directly from
Thompson and Barron (7). The outgoing
infrared radiation is assumed to be a
linear function of T,, with a correction
for cloud cover (/4).

The energy transported poleward by
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the atmosphere may be divided into two
components: sehsible plus potential en-
ergy and latent energy. Both compo-
nents are approximated as diffusion pro-
cesses. Sensiblc plus potential energy
transport is proportional to the meridio-
nal gradient of T, and latent heat trans-
port is proportional to the meridional
gradient of atrhospheric water vapor
concentration (15). Outside the tropics
the diffusion coefficients are assumed to
be proportional to the absolute value of
the temperature gradient, thus the diffu-
sion is norilinear. The transport of ener-
gy by the dceans is specified as the
present aninual mean values.(/6) since, to
our knowledge, there are no verified
means of calculating this component for
today’s conditions, let alone for a time of
substantially altered physical geography.

The thermal inertia, R, is a strong
determinant of the amplitude of the an-
nual cycle of temperature at a given
latitude; R is a weighted average of the
thermal inertias of land and ocean (/7).

With each term specified, Eq. 1 is
solved numerically for T by integrating
stepwise in time until an equilibrium
annual climatic cycle is achieved. For
the present-day the simulation is accu-
rate to within a few percent of the annual
amplitude of temperatures.

Table 1. Definitions of all variables.

Symbol Definition
Equation 1 ]

b Latitude

t Time

R Thermal inertia (heat capacity

) per unit area)

T, Surface air temperature

Q Incoming solar radiation

a Planetary albedo (earth-
atmosphere reflectivity)

Fir' Outgoing infrared radiation to
space

F Northward energy transport by

atmosphere and oceans
Parameterization of Fjr" (I4) and zonally
averaged, annually averaged parameters
specified in the model

fo Ocean fraction
Ja Sea ice fraction
fe Cloud fraction

T, — T. Surface temperature minus
cloud top temperature

AT Present-day T, — T, distribution
(26)
AT Hypothetical Cretaceous
T, — T. distribution (27)
A,B,C -248.1 W/m? 1.8 Wm~ K!
and —1.73 Wm2 K~' (/49)
ML Mixed layer depth (17, 22)

*“Transport-adjusted’’ simulations

AQ(d)  Net incremental energy input at
L each latitude

AQ Globally averaged AQ(d)

AQ(¢) Component of AQ(¢) resulting

solely from changes in the
meridional transport of energy

Cretaceous Simulations: Effects of

Prescribed Surface Changes

Numerous authors have presented evi-
dence that long time-scale variations in
climate (on the order of tens of millions
of years) are a function of past continen-
tal positions or tectonically related (cli-
mate-independent) eustatic sea-level
fluctuations (I8, 19).

Using zonally averaged land distribu-
tions derived from paleogeographic re-
constructions (/), Barron et al. (20) dem-
onstrated that paleogeography modifies
the planetary surface albedo in such a
way as to result in a global cooling during
the last 65 million years. In a more
rigorous model of the planetary albedo
for the mid-Cretaceous, Thompson and
Barron (7) calculated a 2.3 to 3.9 percent
increase in total absorbed solar radiation
during the Cretaceous compared to the
present, resulting from the combination
of geographic changes and assumptions
of warm polar temperatures (and hence
no snow or ice cover) and Cretaceous
cloud cover (21). This increase in ab-
sorbed solar energy alone could explain
a large fraction of the global temperatire
difference between the Cretaceous and
the present. Approximately 40 percent of
the increase results from the geographic
changes.

-An important question is whether the
increased solar heating due to geograph-
ic changes is sufficient, when combined
with jhtefnal climatic feedback mecha-
nisms, to account for a permanent ice-
free climate. Because these planetary
albedo calculations are only one compo-
nent of the planetary energy balance in
Eq. 1, the more comprehensive energy
balance climate model is used to deter-
mine if the change in absorbed solar
radiation resulting from paleogeography
might be of sufficient magritude to pro-
duce and maintain warm, equable tem-
perstures.

" Specified variables for the present-day
and Cretaceous are given in Table 2. The
fraction of the ocean covered by ice
during the Cretaceous is assumed to be
0.0 because there is no evidence for the
presence of any significant sea ice at that
time. Since the oceanic heat transports
at times of different ocean basin config-
uration are unknown, present values of
heat transport by the oceans are speci-
fied. The effects of this assumption will
be examined later. In the absence of
information on mixed-layer depths dur-
ing the Cretaceous, we specify a time
independent value of 100 meters at all
latitudes (22). These specifications can
be used to define a ‘‘base’’ Cretaceous
experiment that can be compared with
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the present-day control simulations and
with a series of other sensitivity experi-
ments with Cretaceous geography.

Compared to the control experiment,
the ““base’’ Cretaceous simulation shows
an increase in total absorbed solar ener-
gy of 1.2 percent (from 239.0 to 241.9
watts per square meter) and a global
temperature -increase. of 1.62 K. The
globally averaged temperature given by
our ‘‘nominal’’ temperature profile (Fig.
1) is 6°C larger than the present. The
“‘base’’ experiment (Fig. 2A) increase in
temperature is largest at high latitudes,
particularly in the Northern Hemisphere
where the temperature at 80°N increases
by 5°C. However, the polar tempera-
tures remain well below 273 K.

A sécond simulation (dashed line, Fig.
2A) is performed by specifying a land
surface albedo characteristic of lush
tropical vegetation or a ‘‘wet” surface
albedo [Table 2; see also (7)]. This de-
creases the land albedo equatorward of
45° relative to present values. The total
absorbed solar energy increases by 1.6
percent (to 242.9 W/m?) and the global
temperature increases 2.18°C over the
present-day -control experiment. The
temperature increase from the ‘‘wet”
land albedo case over the ‘‘base’” Creta-
ceous experrment is about 1°C and, be-
cause of the metidional transport formu-
lation, is uniformly distributed with re-
spect to latitude—even though the
change in land surface albedo is not at all
uniformly distributed. In all the remain-
ing experiments we use the ‘‘wet’’ sur-
face albedos.

The results in Fig. 2A clearly show
that these simulations do not reproduce
the temperature distribution of the

nommal” Cretaceous (solid line, Flg
24A). Thrs distrepancy between the mod-
el calculations and the nominal Creta-
ceous temperature profile may be the
result of three factors: (i) the structure of
the model or phys1ca1 processes incorpo-
rated in the model may be incomplete or
mcorrect (ii) the paleoclimatic data may
have been mrsmterpreted or (iii) other
external mechanisms of climatic change,
in addition to paleogeography, may have
been operating. As for (ii), simple ex-
trapolation of the model results in Fig.
2A indicates that if polar temperatures
are to be above 273 K (the ‘‘nominal”’
temperature estimate) then the simulated
equatorial temperatures would be exces-
sively high. However, either very high
equatorial terhperatures or polar tem-
peratures Wwell below 273 K do not ap-
pear to be a reasonable interpretation of
the paleoclimatic data. As for (iii), plate
tectonics is the only quantitatively well-
documented mechanism that is known to
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operate on the appropriate 10°- to 107-
year time scale. Other forcing mecha-
nisms are possible, but their potential
influence wotild "be more speculative.
For these reasons we assume, for the
time being, that the discrepancy in tem-
perature is due to incomplete or incor-
rect replication of major physical pro-
cesses in the model.

Effects of Prescribed Cloud Changes

In the preceding section we performed
experiments by changmg boundary.con-
ditions for which some geologic evidence
exists. Now we examine the effects of
some prescribed changes to internal con-
ditions for which there exist no direct
evidence of change, but which may nev-

300

Temperature (K)

260

240

Fig. 1. The present-day (solid
line) and hypothetical Creta-
ceous (dashed lines) distribu-
tions of annual mean surface
air temperature with respect to
latitude. (Curve A) The nomi-
nal. distribution of tempera-
tiures based on a mean annual
polar temperature of 273 K
and equatorial temperatures
similar to those of the present
day. (Curve D) The ‘“‘warm-
est’” - estimate of Cretaceous
temperatures based on paleo-
¢limatic data. (Curves B and
C) Intermediate hypothetical
distributions.

Temperature difference (K)

Latitude

Fig. 2. Temperature differences from
the present-day control simulation.
The temperature difference between
the present-day control simulation and
the hypothetical nominal Cretaceous
distribution (Fig. 1, curve A) is indicat-
ed in (A), (B), and (C) by a solid line.
The temperature difference between
the present-day control simulation and
various Cretaceous simuvlati‘onsi with
Cretaceous land-sea distribution are in-
dicated as follows: (dotted line), pre-
sent base larid albedos and present
cloud amount; (dashed lines), ‘‘wet”’

Latitude

base land albedos and present cIoud,
amount; (dots and dashes), ‘‘wet”
base land albedos and uniform 0.5

cloud amount. (A) Comparison of land albedo assumptrons (B) Comparison of present ahd
uniform 0.5 cloud amounts. (C) Comparison of present and uniform 0.5 cloud amounts with a
hypothetical Cretaceous distribution of T, — T (surface temperatire minus cloud top tempera-
ture) given in Table 2, The closer the dotted or dashed curves are to the solid curve, the

“better’’ the simulation.
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ertheless be plausible. We concentrate
on the internal variable cloudiness.
Clouds have two competing effects on
surface temperature (23). First, they re-
flect solar radiation, thus cooling the
surface. Second, clouds act to decrease
Fir' relative to a cloudless sky since
their tops usually radiate at a lower tem-
perature than the surface. To maintain
energy balance, T, must increase to com-
pensate for the decrease in Fig' due to
clouds. Our model gives a global mean
effect of changes in cloud amount on
albedo, A, that is larger than the effect
on Fir'. Observations suggest that this
is the case (24). Thus, uniformly decreas-

ing the amount of global cloud cover in
our model tends to increase global sur-
face temperature.

Table 2 shows that the present-day
fractional cloud cover, f., increases from
the subtropics poléward. This is largely
due to the storminess from atmospheric
circulation systems- associated with the
relatively large surface temperature gra-
dient at mid-to-high latitudes. Since the
temperatures and continental distribu-
tion during the Cretaceous were appar-
ently much more uniform in latitude than
they are now, it is plausible that f. was
also more uniform. In addition, some
recent studies (25) have indicated that

40
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Fig. 3. Temperature differ-
ences from the present-day
control experiment for three
transport-adjusted Cretaceous
simulations. The temperature
difference between the pres-
ent-day experiment and the
nominal Cretaceous tempera-
ture distribution is indicated as
a solid line (same as in Fig. 2).
Temperature differences be-
tween the present-day experi-
ment and the Cretaceous sim-
ulations (Cretaceous land-sea
distribution and ‘‘wet’’ base
land albedos) are indicated as
follows: (dashed line), present
cloud cover and present
T, — T.; (dots and dashes),
uniform 0.5 cloud amount and
present T, — T.; and (dotted

line), uniform 0.5 cloud
amount and a hypothetical

Cretaceous T, — T, given in
Table 2.

Table 2. Present-day and Cretaceous averaged values for a fraction of a zone covered by ocean,
a fraction of ocean covered by sea ice (annual mean), and present-day fraction of a zone

covered by clouds (annual mean) (7).

Ocean fraction Pres-

(fo) ent Pres- Creta- I, - T,
-_ sea ent ceous S —
. ; cloud base

Latitude Pres- Creta- f:«;i_ frac- land Pre§~ Creta-
A tion albedo en ceous
ent ceous t(x;:ir; ) @, (AT
85°-75°N 0.81 0.67 0.90 0.64 0.16 14.0 19.8
75°-65°N 0.45 0.58 0.50 0.66 0.16 16.4 21.6
65°-55°N 0.38 0.55 0.14 0.69 0.16 19.5 24.0
55°45°N 0.42 0.55 0.00 0.67 0.16 21.6 25.8
45°-35°N 0.54 0.62 0.00 0.60 0.12 24.6 28.0
35°-25°N 0.59 0.79 0.00 0.52 0.12 27.4 28.8
25°-15°N 0.68 0.90 0.00 0.41 0.12 29.4 29.4
15°-5°N 0.76 0.89 0.00 0.47 0.12 30.0 30.0
5°N--5°S 0.77 0.81 0.00 0.49 0.12 30.0 30.0
5°-15°S 0.78 0.78 0.00 0.48 0.12 29.6 30.0
15°-25°S 0.76 0.81 0.00 0.46 0.12 28.8 29.4
25°-35°S 0.81 0.83 0.00 0.49 0.12 27.2 28.8
35°-45°8 0.95 0.80 0.00 0.58 0.12 25.0 28.0
45°-55°S 0.98 0.82 0.00 0.73 0.16 222 25.8
55°-65°S 1.00 0.83* . 0.26 0.81 0.16 19.5 24.0
65°-75°S 0.62 0.56* 0.69 0.67 0.16 13.2 21.6
75°-85°S 0.07 0.17* 1.00 0.47 0.16 4.8 19.8
Global 0.71 0.76 0.07 0.55 0.13 25.3 27.6

*Assumes present-day land area for Antarctica (/).

global cloud cover tends to decrease, at
least in mid-latitudes, as temperature in-
creases. Although this is not proof that
there was less cloud cover during the
Cretaceous, we can at least decrease f,
in order to test the sensitivity of the
model to such a plausible change. The
present-day globally averaged cloud cov-
er from Table 2 is 0.55. By setting f. to
0.50 at all latitudes, we both decrease the
global average of f slightly and simulta-
neously make its distribution uniform
with latitude.

Figure 2B shows the result of changing
from the present-day f; to a uniform 0.5
f.. Note that the mid-to-high latitudes
warm by about 2°C while the tropics
show very little change. This distribution
of change occurs because the present-
day cloud cover is already about 0.5 or
less in the tropics. The increased extra-
tropical warming improves the agree-
ment with the nominal Cretaceous tem-
perature distribution, although the high
latitudes are still much too cold, and the
tropics too warm.

The outgoing infrared radiation to
space depends not only on cloud
amount, but on the temperature differ-
ence T, — T. between the cloud tops
and the surface (/4). (For example, if T,
were the same as the surface tempera-
ture, the presence of clouds would have
minimal effect on Fig'.) Table 2 gives
estimates of the mean annual effective
T — T, referred to as A,T, for the pres-
ent day (26). (These values have been
used in all the previously discussed ex-
periments.)

Since Cretaceous temperatures were
more globally uniform than at present,
one can speculate that the Cretaceous
distribution of T, — T. was also more
uniform than at present. We have there-
fore performed experiments using a hy-
pothetical Cretaceous distribution of
T, — T, (referred to as A.T) shown in
Table 2 (27). Note that the differences
between AT andA,T are the largest in
extratropical latitudes. Results of experi-
ments using uniform and present-day
cloud cover distributions are shown in
Fig. 2C, which is the same as Fig. 2B
except we replace A,T by A.T. The
change in T, — T.leads to anincrease in
surface temperature of 1° to 4°C at extra-
tropical latitudes compared to the results
in Fig. 2B.

From Fig. 2 we see that there still
remains a large difference between our
experiments and the nominal Cretaceous
temperature distribution. Yet, we can
say the prescribed cloud changes, if they
occurred, would have contributed signif-
icantly to the creation of a Cretaceous-
like temperature distribution.

Another principal internal mechanism



is dynamical interactions between lati-
tudes. In the absence of other external
forcing mechanisms, these must have
played a large role in maintaining the
equable Cretaceous temperatures. We
next discuss what would be required of
heat transports to bring the model-simu-
lated temperatures into better agreement
with our hypothetical ‘‘nominal’’ distri-
bution.

Effects of Prescribed Meridional
Heat Transport Changes

Although factors such as land albedo,
fraction of ocean, or cloud parameters
have been modified nonuniformly with
latitude in the Cretaceous experiments,
the diffusive heat transport formulation
tends to smooth out temperature differ-
ences between latitudes. The diffusive
meridional heat transport thus acts as a
strong negative feedback mechanism for
regional temperature changes. Although
the latent heat transport increases in the
Cretaceous simulations because it is pro-
portional to the increase in water vapor
concentration in the atmosphere (which
is itself a function of absolute tempera-
ture), latent heat transport does not fully
compensate for the decrease in sensible
and potential energy transport. We con-
clude that the distribution of tempera-
tures, estimated from the paleoclimatic
data, would be difficult to explain using
the diffusive heat transport formulation
now in the model [see (15)].

Another aspect of the problem is that
oceanic heat transport has been fixed in

our simulations at present-day values
(16). On the basis of correlations of con-
tinental paleopositions and glaciations,
oceanic heat transport to high latitudes
has been postulated as a major factor in
explaining ice-free climates (28). During
the Cretaceous there were larger areas of
ocean near the poles, although the paleo-
geography of Antarctica is not well
known (/).

Rather than attempting to justify spe-
cific modifications to the heat transport
formulation (itself a major area of re-
search), we determine empirically the
total heat transport required to achieve
several hypothetical specified Creta-
ceous temperature distributions (Fig. 1).
We can then consider in more detail
whether the required heat transport
seems reasonable in terms of known
paleogeography and physical processes
of oceanic and atmospheric circulations.

Starting from the Cretaceous experi-
ments in Fig. 2, we determine the incre-
mental net energy input (in watts per
square meter) at each latitude that will
result in a meridional temperature distri-
bution closely matching a hypothetical
Cretaceous distribution selected from
Fig. 1. This incremental energy input is
determined through an iterative proce-
dure which ends when the model tem-
peratures match the desired Cretaceous
temperatures to within some small toler-
ance. We call the derived incremental
energy input at each latitude AQ(d).
AQ(d) may be conveniently divided into
two additive quantities. First, AQ(d)
may be globally averaged to give AQ. AQ
represents, to a close approximation, the

change in globally averaged energy in-
put, in excess of that already resulting
from changes in geography or clouds,
required to reach the global average of
the desired temperature distribution.
Second, AQ may be subtracted from
AQ(db) to give the component of AQ(d)
that arises solely from changes in the
meridional transport of energy, AQ«(d).
AQ cannot be due to a meridional trans-
port of energy since the meridional trans-
port term is required to be zero when
integrated over a closed surface, such as
the earth. The importance of AQ is that it
is a quantitative estimate of the addition-
al global heating required to achieve a
specific Cretaceous global temperature
estimate, and it may be interpreted as
being a consequence of several possible
factors: (i) a change in net energy input
(from changes in cloudiness, carbon di-
oxide, or solar constant, for example) in
addition to those already considered, (ii)
an incorrect model temperature sensitiv-
ity to a change in energy input, thus
creating the need for a spurious energy
input to reach the desired global tem-
perature, or (iii) inaccurately specified
Cretaceous temperatures, to the extent
that a spurious energy input is required
to achieve them, even though the model
sensitivity is accurate.

We may add both AQ and AQ(d) to
the model simulations, in which case the
desired temperature distribution is al-
most exactly reproduced. Alternatively,
we may add only AQ(4) to the model, in
which case the model temperatures will
be nearly uniformly above or below the
desired distribution by an amount that is

Table 3. A comparison of total and atmospheric heat transport convergences (watts per square meter) for a present-day control simulation with
Cretaceous simulations with indicated cloud parameters, where f; is the cloud fraction and A, T and A.T are, respectively, the present-day and
Cretaceous temperature differences between the cloud top and the surface. Columns A are the model experiments with the oceanic heat transport
fixed at present-day values, and columns B are the transport-adjusted experiments including the latitude distribution of incremental energy input
AQ\($) required to minimize the difference between the model-generated temperatures and the nominal Cretaceous temperature distribution (see

text).
Control Present f, AT 0.5 f., AT
. A B A B
La(;n- Total A;mq- A A A A
tude spheric tmo- tmo- i tmo- tmo-
Total spheric Total spheric Total spheric Total spheric
80°N 137.26 126.56 103.15 92.35 116.90 69.26 101.31 90.61 107.95 71.75
70°N 67.12 69.37 74.74 70.99 86.77 53.72 71.36 67.61 77.52 55.68
60°N 52.93 46.18 51.31 44,56 60.90 26.96 46.36 39.61 50.31 27.08
S50°N 46.01 11.02 47.68 12.68 59.40 0.91 41.10 6.10 45.81 -1.03
40°N 6.19 —17.31 7.61 —15.88 14.40 -29.77 4,71 —18.78 7.13 —30.49
30°N —-8.60 —21.58 —-8.18 =21.17 —4.09 -9.96 -6.77 - 19.76 —7.98 -10.14
20°N -29.14 —18.37 —30.56 -19.78 -32.16 -1.91 -23.21 ~12.44 -29.19 0.87
10°N —56.26 -17.42 —55.76 -16.93 -60.89 - 8.69 —52.52 ~13.69 -51.26 -9.30
0 —68.44 —25.70 —66.54 —23.80 —69.47 =935 —63.94 -21.20 - 6591 -10.79
10°S —27.51 —5.81 —27.30 —5.60 -29.16 -1.23 —~24.85 -3.15 —24.28 -2.12
20°S —28.63 —29.83 —28.17 -29.37 —25.81 —14.67 —23.40 —24.60 ~30.93 —13.36
30°S —16.06 -17.36 —14.11 —-15.41 -7.98 —4.76 10.30 —11.60 -21.18 -2.70
40°S 4,55 -12.19 4.43 —-12.31 12.98 —20.48 3.54 -13.19 6.40 -19.77
50°S 36,72 10.83 42.83 16.93 55.40 15.98 34.53 8.63 41.16 13.17
60°S 70.90 46.15 69.49 44.75 85.60 39.00 59.96 35.22 69.10 36.68
70°S 92.78 63.84 87.14 58.20 112.72 23.73 81.75 52.81 99.10 25.18
80°S 111.23 111.23 99.82 99.82 126.80 10.60 94.42 94,42 114.34 10.38




proportional to the magnitude of AQ. In
either case we will refer to the resulting
experiments as transport-adjusted, since
AQ (&) can be interpreted as the result of
an adjustment in net meridional energy
transports.

Transport-adjusted experiments have
been performed for each of the cloud
parameter sensitivity experiments in Fig.
2 with each of the temperature distribu-
tions from Fig. 1. First, we examine
experiments using the ‘‘nominal’’ Creta-
ceous temperatures.

The temperature differences from the
present-day control experiment are plot-
ted in Fig. 3 for three transport-adjusted
simulations using AQ(®) only. Shown
are experiments in which we used (i)
present f. and T, — T, = AT, (i)
fo=05and T, — T. = AT, and (iii)
f.=05and T, — T, = A.T. Also plot-
ted (solid lines) in Fig. 3 is the tempera-
ture difference required to achieve the
nominal Cretaceous temperatures. The
values of AQ, which were not included in
the experiments shown in Fig. 3 are,
respectively, 5.2, 3.0, and 1.0 W/m?2 In
Table 3, both the total and atmospheric-
only meridional heat transport conver-
gences for the present-day control simu-
lation are compared with those for the
Cretaceous experiments (i) and (iii)
above. The table includes results for
both the unadjusted model experiments
(columns A) and for transport-adjusted
experiments (columns B).

Table 3 shows that the atmospheric
heat transport convergences for the un-
adjusted Cretaceous model experiments
usually decrease slightly from the pres-
ent-day control case. This can be ex-
plained by noting the small decreases in
meridional temperature gradient for
these cases, as illustrated in Fig. 2, A
and C. However, if the much reduced
“nominal”’ Cretaceous meridional tem-
perature gradient is forced in a transport-
adjusted experiment, the atmospheric
heat transport convergences decrease
dramatically in magnitude. In columns B
of Table 3, the large differences between
the estimated required total heat trans-
port convergence and the internally cal-
culated (from the diffusive heat transport
formulation) atmospheric heat transport
convergence illustrate the extent to
which nondiffusive heat transport must
play a role in explaining the distribution
of Cretaceous temperatures. Of course,
such a transport could reside in the
oceans as well as the atmosphere.

Another interesting point is that the

total heat transport convergence in the

transport-adjusted experiment in which
fe=05and T, — T, = A.T (which has
AQ of only 1.0 W/m?) is very similar to
the present-day total control heat trans-

port convergence (Fig. 4). This empiri-
cally derived result suggests that if the
present-day values of heat transport can
somehow be maintained, despite the de-
crease in Cretaceous meridional tem-
perature gradient, then the nominal Cre-
taceous temperatures can be achieved
with an energy balance climate model.
Table 4 shows the model-derived glob-
al mean increases in absorbed solar radi-
ation for various Cretaceous simulations
(with specified cloud parameters). This
table also shows the additional change,
AQ, required in transport-adjusted simu-
lations to achieve each of the global
mean Cretaceous temperatures from the
profiles in Fig. 1. A comparison of these
results gives an indication of how the
global heating increase due to the pres-
ently included (non-transport-adjusted)
processes compares with the remaining
increases required to reach the Creta-
ceous temperatures. Although in some
cases the additional AQ is small (for
example, A.T, 0.5 f), in other cases (for
example, for the ‘“warmest’’ estimate of
Cretaceous temperatures) the additional
AQ required exceeds that generated in-
ternally in the model from the prescribed
surface and cloud changes. The larger
the AQ, the larger the unexplained influ-
ence of either internal or external mecha-
nisms would have to be to achieve a
satisfactory simulation of the hypothe-
sized Cretaceous temperature profile.

Discussion, Speculations, and Perspective

The results of the Cretaceous climate
simulations illustrate two major prob-
lems. First, if Cretaceous temperatures
were warmer than the ‘‘nominal’ esti-
mate (Fig. 1) or if cloud changes are not
included in the model, then the model is
incapable of simulating the hypothesized
Cretaceous  planetary  temperature.
Some additional net global heating, AJ
(Table 4), would be required as well as
that resulting from a change in geogra-
phy. Second, the total heat transport
must be maintained at close to present-
day values despite the fact that the me-
ridional temperature gradient was appar-
ently considerably reduced.

From Eq. 1, the additional net heating
required to explain Cretaceous tempera-
tures may be evaluated in terms of one of
three variables: incoming solar energy,
the planetary albedo, or the amount of
outgoing infrared radiation. Whereas we
are fairly confident that a range of possi-
ble variations in planetary albedo have
been extensively examined (7), we note
that the relation between temperature
and the radiatively active atmospheric
constituents, such as CO, and water

vapor, is a major factor in estimating
climate sensitivity. An increase in atmo-
spheric CO, may be related to warmer
oceanic temperatures and hence de-
creased CO, solubility. A state-of-the-art
estimate of the sensitivity of climate to a
CO, doubling is a 2° to 3°C surface
temperature increase (29, 30). In specu-
lating about this hypothesis, a major
drawback is the requirement that a sub-
stantially higher atmospheric CO; con-
centration must be maintained over mil-
lions of years, whereas the relation be-
tween volcanic input, weathering, and
deposition of sediments and the cycle of
photosynthesis, respiration, and decay
and storage of organic matter are likely
to buffer the CO, system sufficiently to
make long time-scale changes of this
type speculative. For the case of warmer
oceans this conclusion may depend on
the ability of the biosphere to act as a
buffer (31).

A second factor that may contribute to
the additional net heating required to
explain Cretaceous temperatures is solar
variability. This possibility cannot be
eliminated because the past behavior of
the sun is not well known. However, it
should be noted that most solar models
indicate that the past solar input should
be less than, rather than more than, the
present value (32).

Although the value of additional net
heating required to achieve the ‘‘warm-
est’” estimate of Cretaceous tempera-
tures (~ 12 W/m?) appears excessive, on
the basis of present knowledge of climate
sensitivity and external forcings even
this requirement may not be eliminated
as impossible. Estimates of present glob-
al temperature sensitivity to a change in
surface-tropospheric heating lie in the
range of 0.5° to 1.0°C per watt per square
meter (33). For the Cretaceous, with
unknown additional feedbacks, the range
must necessarily be more uncertain (23).
Thus the requirement of an additional
surface-tropospheric heating of 12 W/m?
may be reduced to 9 W/m?> or even less.
A change in heating of +12 W/m? is
approximately equivalent to a 5 percent
increase in solar constant or a 700 per-
cent increase in atmospheric CO,, based
on typical model sensitivity estimates.

Even if the increased surface heating
was sufficient to explain the hypothe-
sized Cretaceous global mean tempera-
ture, the distribution of temperature with
respect to latitude remains problematic.
The total poleward heat transport must
be maintained at close to modern values
in order to prevent excessively high trop-
ical temperatures or cold poles despite
the fact that the meridional temperature
gradient was considerably reduced. This
result suggests that a large nondiffusive



heat transport component must have
been operating in order to explain the
hypothesized Cretaceous temperatures.

There are several possible mecha-
nisms of heat transport that may help
maintain the poleward heat transport de-
spite the decreased meridional tempera-
ture gradient. It may be expected that a
warm atmosphere will transport a great-
er amount of latent heat than a cool
atmosphere, because of the strong de-
pendence of saturation vapor pressure
over water on temperature. This idea is
supported by experiments with atmo-
spheric general circulation models by
Manabe and Wetherald (29) showing an
increased poleward transport of latent
heat in middle to high latitudes when
atmospheric temperatures increase. Us-
ing a highly idealized ocean-continent
configuration, Manabe and Wetherald
(29) have speculated that a warmer atmo-
sphere, due either to a CO, increase or a
change in solar input, may transport suf-
ficient latent heat to compensate for the
decreased meridional temperature gradi-
ents. These workers (29) further specu-
late that this enhanced heat transport
may be important during the Cretaceous
period. But, with the much reduced me-
ridional temperature gradient in Fig. 1, it
is questionable whether this enhanced
heat transport will be large enough to
counterbalance the hypothesized de-
creases in internal and potential energy
transports.

A possible factor in maintaining atmo-
spheric heat transports despite the re-
duced temperature gradient is the exis-
tence of quasi-stationary waves in the
atmospheric circulation associated with
much of the observed eddy transport of
heat (34). These planetary waves are

induced both by orography and by re- .

gional variations in atmospheric heating
(35). We may speculate that the radical-
ly different geography 100 million years
ago led to an enhancement of the pole-
ward heat transport by quasi-stationary
waves. However, a reliable atmospheric
general circulation model with realistic
geography is required to test such specu-
lation.

The amount of oceanic heat transport
to high latitudes during the Cretaceous is
unknown. The distribution of landmass-
es and the latitudinal extent of coast-
lines, forming western ocean boundaries
such as that of Australia and Antarctica,
may be important for high-latitude pene-
tration of western boundary currents.
Deepwater connections to polar regions
may result in high-latitude upwelling
zones, particularly where polar easter-
lies and mid-latitude westerlies con-
verge. It is interesting that north polar
upwelling has been hypothesized from

Table 4. Global heating experiments. (Case 1) Model-generated increases in absorbed solar
‘energy (expressed as watts per square meter) for Cretaceous simulations with indicated cloud
parameters with oceanic heat transport fixed. (Case 2) Required additional global heating. AQ.
for each model simulation to achieve a specified Cretaceous distribution of temperatures
(curves A to D in Fig. 1). A,T and A.T are, respectively, the present-day and Cretaceous
temperature differences between the cloud top and the surface (see Table 2); £ is the fraction of
cloud cover, either present-day (Table 2) or uniform 0.5.
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late Cretaceous plankton assemblages
(5). Unfortunately, the extent or exis-
tence of deepwater connections is one of
the more speculative aspects of paleo-
geographic reconstructions.

Extensive shallow seas and restricted
early ocean basins (for example, the for-
mation of the South Atlantic) in the
subtropics may prove to have been ma-
jor sources of warm, highly saline deep
water, which potentially could have re-
sulted in a salt-driven abyssal circulation
rather than the essentially thermally
driven circulation of the present. This
hypothesis, - originally suggested by

Chamberlin (36), is a distinct possibility -

(37). Kraus et al. (38) suggest that high-
latitude upwelling of deep water
(~ 10°C) associated with the mid-lati-
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Fig. 4. A comparison of the convergence of
total transported energy (in watts per square
meter) for the present-day control simulation
and the empirically derived convergence of
total transported energy (transport-adjusted)
required to match the ‘‘nominal’” Cretaceous
temperature distribution (Fig. 1, curve A) for
the Cretaceous simulation with uniform 0.5
cloud amount and the hypothetical Creta-
ceous Ty — T, given in Table 2.

tude production of warm, salty bottom
waters could have kept polar oceans ice-
free.

Whether the veracity of any of the
above speculations is required to explain
the Cretaceous climate depends on the
interpretation of paleoclimatic data.

The oxygen isotopic record for the
Cretaceous (which is classically inter-
preted as a temperature signal) is limited,
because Foraminifera collected from
deep-sea drilling are typically recrystal-
lized or absent (39). The isotopic data are
also subject to reinterpretation. For in-
stance, if considerable salinity contrast
existed in Cretaceous oceans, then the
geographic distribution of oxygen iso-
tope values might be a product of non-
uniform evaporation and precipitation as
well as temperature. It is conceivable
that high-latitude waters, diluted by a
freshwater component, give values of
isotopic temperature that are too warm.
Matthews and Poore (/1) have noted that
the assumption of no ice volume for past
climates results in cooler equatorial sea
surface isotopic temperatures than pres-
ent. Similar equatorial temperatures
(rather than cooler) may be a plausible
assumption, and therefore significant ice
volume could have existed during the
Tertiary and possibly during the Creta-
ceous.

Perhaps some of the most important
paleoclimatic data are the distribution of
vegetation and coal deposits extending
into latitudes above 70°N on continental
reconstructions (3, 7, 8). If much of this
record is coastal then it is conceivable
that the distribution of ‘“‘tropical” and
‘‘temperate’’ vegetation is the product of
a more local maritime climate reinforced
by local warm oceanic currents. The
western margin of South Island, New
Zealand, in which a coastal rain-forest
vegetation is adjacent to the glaciers of
the Southern Alps, is a modern example
illustrating the potential for overinterpre-
tation of a limited record.

The geologic record on Antarctica is



sufficiently obscured that conclusions
concerning the absence of ice may not
yet be warranted. Even if a polar ice cap
was not present, mean annual tempera-
tures below freezing in the Antarctic
interior may have occurred. However, a
large body of data supports a very warm,
equable temperature. Even our ‘‘nomi-
nal’’ estimates of Cretaceous tempera-
tures, with winter temperatures well be-
low freezing, are already considerably
cooler than *‘classical’’ estimates of Cre-
taceous temperatures.

We require either other external cli-
matic forcing factors or major departures
in internal factors from present, such as
cloud cover, to explain even the nominal
Cretaceous temperature distribution.
The situation is considerably more prob-
lematic for the “‘warmest’ Cretaceous
temperatures. In particular it is difficult
to further reduce the equator to pole
temperature gradient with known mech-
anisms of plausible magnitude. From a
state-of-the-art climatic modeling point
of view it is much easier to explain a
Cretaceous with warmer tropics and
cooler poles.

In our Cretaceous simulations the
changes in geography are an important
external mechanism of climate change
but, by themselves, these changes do not
alter the net energy balance of the earth
sufficiently to allow an ice-free Creta-
ceous climate. We require much better
models to investigate and verify mecha-
nisms that may have operated during
situations very different than at present.

We also conclude that paleoclimatolo-
gists should reexamine carefully both
data and inferences with regard to recon-
structions of past climates. More specifi-
cally, we believe particular attention
should be focused on the commonly held
belief that (i) equatorial ocean surface
temperatures were cooler than at pres-
ent, (ii) polar temperatures were above
freezing, and (iii) no significant ice vol-
ume existed on the earth in Cretaceous
times.
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