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Abstract

Simulations of the Early Cretaceous (120,000,000 years before the present day: 120 Ma) and the Last Creta-
ceous (65 Ma) have been performed using an atmospheric general circulation model (AGCM) coupled with a
1.5-layer reduced-gravity ocean model. After the initial spin-up period, both the runs are integrated for approxi-
mately 70 years. The simulation results confirm the occurrence of first-order changes in tropical atmospheric cir-
culation in response to changes in the land/sea distribution. The simulation results show that the continental drift
during the Cretaceous strongly affects the Walker and Hadley circulations. The birth of the Atlantic resulting
from the breakup of the Gondwana continent causes splitting of a Walker circulation cell into two, and this in
turn reduces the zonal gradient of the equatorial SST over the Pacific. The resultant SST warming in the equato-
rial Pacific enhances the Hadley circulation. The northward drift of the Indian continent causes significant SST
warming in the Indian Ocean and intensifies the monsoon precipitation over Asia. It is also shown that the sea-
sonal variations in the Asian monsoon are much stronger in the 65-Ma run than in the 120-Ma run. Interestingly,
continental breakups cause the mega-monsoon system to split into distinct monsoon systems such as the Indian,

South American, and African monsoon systems.

1. Introduction

The history of Earth’s climate is largely based on
the evidence from climate proxy data. These palaeo-
climatic data indicate that the Cretaceous was one
of the warmest periods in the Phanerozoic. The
global annual mean surface temperatures were sig-
nificantly higher than the present-day temperature
(e.g., Barron 1983); this difference was attributed
to the elevated atmospheric CO; levels in the Creta-
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ceous (e.g., Berner 1990). It has also been estab-
lished that the global sea levels for much of the Cre-
taceous were markedly higher than the present-day
levels (e.g., Haq et al. 1987).

Recently, the atmospheric general circulation
model (AGCM), the ocean general circulation
model (OGCM), and the air-sea coupled general
circulation model (CGCM) have been used to
understand the Cretaceous climate. Numerical
studies involving the use of these climate models
have been performed to understand the Cretaceous
climate and to demonstrate the importance of the
geographical/continental distribution (Barron et al.
1993, 1995; Bush 1997; Otto-Bliesner and Up-
church 1997; Poulsen et al. 1999; Rees et al. 2000;
Poulsen et al. 2001, 2003; Otto-Bliesner et al. 2002;
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Donnadieu et al. 2006; Sellwood and Valdes 2006;
Fluteau et al. 2007). In these studies, a combination
of three major variables—continental distribution,
atmospheric CO; level and oceanic heat flux—was
used to determine the distribution of Cretaceous
temperatures; among these variables, the latter two
were considered the most important. Recent air-sea
coupled model simulations of the Cretaceous also
showed that the high atmospheric CO, levels in
this period were responsible for the warmer climate
and for the thermohaline circulation that was simi-
lar to the present-day case (Otto-Bliesner et al.
2002). Using the OGCM and CGCM, Poulsen
et al. (1999, 2001, 2003) showed that palaeogeo-
graphic changes alter the oceanic circulation, lead-
ing to strong meridional overturning in the Atlantic
Ocean and a subsequent reduction in the tempera-
ture gradient between the equator and the pole.

Numerous climate simulations have been carried
out for the warm Cretaceous period, and climate
models have been used for this purpose. Earth’s
surface has undergone considerable changes be-
cause of successive episodes of formation of conti-
nental landmasses via Wilson cycles, which resulted
in the formation of supercontinents such as Pangea
in the Phanerozoic (Wilson 1966). By using oceanic
magnetic anomalies and palacomagnetic data, we
could reconstruct the paleo continental distribution
until the Late Jurassic. The continental drift could
explain the global and local climate changes. The
latitudinal drift was found to have a notable effect
on temperature because of the change in the incom-
ing solar radiation level. Actually, the dispersal and
formation of megacontinents such as Pangea dur-
ing the Late Palaeozoic strongly affected the atmo-
spheric circulation and climate (e.g., Kutzbach and
Gallimore 1989). Hence, the mean global climate
system was confirmed to be sensitive to plate mo-
tions, even if only the continental distribution
underwent a change.

The previous studies mentioned above mainly fo-
cused on the response of the global climate to tec-
tonic changes and to CO, caused by the global
meridional atmospheric (e.g., Donnadieu et al.
2006) and oceanic (e.g., Poulsen et al. 2003) circula-
tions and biogeochemical cycles (Misumi et al.
2009). In most of the previous experiments, the
impact of major plate reorganization on the
continental- and basin-scale climate that character-
izes the Cretaceous, i.e., the break up of Gondwana
and the northward shift of the Indian continent,
was not accounted for. The influence of plate mo-
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tions on the climate varies with the continental con-
figuration. While knowledge of the location of a
given continent is not sufficient for explaining
global warm epochs, the role of the land/sea distri-
bution becomes more significant in continental- and
basin-scale atmospheric circulation.

The aim of this study is to gain a better under-
standing of how the paleo continental configuration
in the Cretaceous affects the atmospheric circula-
tion, especially over the tropics. The results of this
study demonstrate that the changes occurring in
the global atmospheric circulation in response to
tectonic forcing are of the first-order. Although the
model does not take into account biological or
geochemical changes, it can simulate large-scale
changes in the global atmospheric circulation,
which may or may not be consistent with the prox-
ies. The goal of our study is not to perform a realis-
tic simulation of the climate evolutions during the
Cretaceous by taking into account topographic
boundary forcing (mountain height) and green-
house gas effects but to perform different experi-
ments by making changes to the continental config-
uration study, so that the effect of tectonic forcing
on the tropical climate system during the Creta-
ceous becomes clear. In this study, the sensitivity
of the tropical climate to changes in the major tec-
tonic factors during the Cretaceous is examined to
understand how atmospheric circulations respond
to these environmental changes. Therefore, we at-
tempt to simulate large-scale tropical circulations
such as the Hadley, Walker, and monsoon circula-
tions, which are the strongest driving forces of
the general circulation at low latitudes. Two time
slices, the Aptian (120 Ma) and the Maastrichtian
(65 Ma), are analyzed because they have suffi-
ciently different and interesting boundary condi-
tions. The rest of this paper is organized as follows.
Section 2 presents a brief description of the model
used. Section 3 presents the simulated Cretaceous
climate in the tropics. Section 4 presents the conclu-
sions of the study.

2. Model

The present study focuses on the impact of plate
motions on the climate in the Early and Late Creta-
ceous periods. The AGCM coupled with a 1.5-layer
reduced-gravity ocean model is used for the experi-
ments. The obtained results are expected to be rela-
tively similar to those for fully coupled model simu-
lations of the tropics. Two geological periods in the
Cretaceous are selected: the Aptian (120 Ma) and
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the Maastrichtian (65 Ma). These periods are char-
acterized by the breakup of the Gondwana and the
northward shift of the Indian continent.

We use the atmospheric component of the air-sea
coupled model developed at the Meteorological
Research Institute, Japan (MRI-CGCM2.3; Yuki-
moto et al. 2001; Yukimoto et al. 2006), for climate
forecasting and paleo climate simulations (Kitoh
et al. 2001; Kitoh and Murakami 2002). We em-
ploy a version with triangular truncation at zonal
wave number 42 (T42) and a 30-layer hybrid
sigma-pressure coordinate system. The nonlinear
terms and parameterized physical processes are cal-
culated using a 128 x 64 Gaussian grid with a hori-
zontal resolution of about 2.8° x 2.8°. For further
details of the model, readers are requested to refer
to Shibata et al. (1999).

A 1.5-layer reduced-gravity linear ocean model
(Zebiak and Cane 1987) is coupled with the atmo-
spheric model in order to calculate the sea surface
temperature (SST) at the surface boundary of the
AGCM. This linear ocean model can be used for a
crude representation of the seasonal heat capacity
of the ocean mixed layer. The model grid has a hor-
izontal resolution of 1° longitude x 0.5° latitude.
The SST is expressed as the mixed-layer tempera-
ture and is estimated on the basis of the balance be-
tween the surface heat fluxes, horizontal advection
due to imposed winds, horizontal diffusion, and en-
trainment from below the slab mixed layer. In this
model, the seawater temperature anomaly below
the mixed layer (hereafter referred to as the subsur-
face temperature) is estimated on the basis of the
thermocline depth anomaly. The slab mixed layer
depth employed is 50 m, and the thermocline depth
is 150 m.

The solar luminosity and Earth’s orbital parame-
ters are set to the present-day values; further, the
concentrations of atmospheric trace gases, includ-
ing methane and nitrous oxide, are also set to the
present-day values. This experimental set up is sim-
ilar to that reported by Ramstein et al. (1997). In
the absence of global data for the Cretaceous, the
major type of the vegetation is considered to be
grasslands. All simulations are commenced from
the zonal mean state. The initial atmospheric and
oceanic temperatures are uniform in space.

The two different Cretaceous climates for the
120-Ma and 65-Ma runs are simulated on the basis
of the impact of land-sea distributions. For a simple
and fair estimation of the effect of continental drift,
the land elevation is set to 840 m, which is derived
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from the mean altitude of the present-day land. The
CO; concentration for both periods is assumed to
be 1260 ppm. The two experiments are integrated
for 70 model years. The following results are de-
rived from the monthly mean conditions in the
model years 40 to 70.

The hybrid coupled GCM has been widely used
for the simulation of the tropical air-sea coupled
system, especially for the study of idealized conti-
nents (e.g., Xie and Saito 2001; Okajima et al.
2003) and global warming (e.g., Eichler et al.
2006). It should be noted that the model has certain
limitations, because of which it cannot be used for
accurate climate simulation. First, nonlinear advec-
tion terms cannot be considered in the linear ocean
model. Second, the slab-mixed/thermocline depth
and the values of the other parameters considered
in the ocean model are estimated on the basis of
the current climate conditions. Third, the hybrid
coupled GCM reproduces a relatively weak equato-
rial cold tongue in the eastern Pacific. Fourth, this
model cannot simulate changes in the global oce-
anic circulation that can affect the interactions be-
tween the tropical latitudes and the mid-latitudes
through the meridional oceanic circulation. Fifth,
the CO; levels considered in the experiments is the
same for both periods and is lower than that esti-
mated from the proxy data. Our study mainly
focuses on the effect of the continental drift, and
therefore the other potential forcing factors such as
vegetation and CO; level should be neglected in the
experiments.

Figure 1 shows the latitudinal distribution of the
continental mass. The paleoshorelines are repre-
sented by bold solid lines, as shown in Figs. 1b, c.
The total continental mass in the 65-Ma (dashed
line) run is slightly higher than that in the 120-Ma
(solid line) run. The increases (decreases) in the
continental masses along the latitudinal band of
20°S (60°S) is mainly attributed to the northward
shift of the Indian continent. The Tethys Ocean
(around 0°N-30°N, 60°W-60°E in the 120-Ma
run) closure caused by the proximity of the African
and Eurasian continents is also seen at around
20°N.

3. Cretaceous climate

3.1 Effect of tectonic forcing on the annual mean
climate
While the Eurasian and North American con-
tinents did not experience major drifts during
the Cretaceous, the Gondwana continent began
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Fig. 1. (a) Latitudinal distribution of the

percentage of continental mass along each
longitudinal band in the 120-Ma run (solid
line) and 65-Ma run (dash line). Land-sea
distribution used in the AGCM for the (b)
120-Ma and (c) 65-Ma runs.

rifting apart since the Late Jurassic (Besse and
Courtillot 1988). During the Aptian (125-112 Ma),
the Gondwana continent was divided into three
plates: Australia-Antarctica-India-Madagascar,
South America, and Africa. This break up first be-
gan in the Australia-Antarctica-India-Madagascar
continents, followed by the opening of the South
Atlantic Ocean (around 30°W of the Southern
Hemisphere, as shown in Fig. 1b). The Tethys Sea
existed between the Gondwana continent (around
10°N-60°S, 60°W—40°E in the 120-Ma run) and
the Laurasia continent (around 10-70°N, 70°W-
130°E in the 120-Ma run) before the opening of
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Fig. 2. Annual mean surface temperatures
in the (a) 120-Ma and (b) 65-Ma runs.
Light shaded areas indicate positive values
greater than 25°C. (c) Difference in the
abovementioned parameter between the
65-Ma and 120-Ma runs. The light (dark)
shaded areas indicate positive (negative)
values greater (lesser) than 2 (—2)°C. The
area enclosed by the bold solid line (dash
line) in (c) indicates a change from sea
(land) to land (sea) via the continental
drifts between 65 Ma and 120 Ma.

the Atlantic Ocean. Its present remnants are the
Black, Aral, and Caspian Seas. Because of the
counterclockwise rotation of Africa and the west-
ward drift of South America, maritime connection
between the North and South Atlantic Ocean was
well established by 65 Ma (around 70°S—40°N,
50°W-0°, as shown in Fig. 1¢). The middle-to-late
stages of the Cretaceous (90-65 Ma) were marked
by the onset of rifting between Australia, India-
Madagascar, and Antarctica. Finally, the Indian
continent (around 20°S, 60°E, as shown in Fig. 1c)
drifted away from Madagascar and began its rapid
northward motion.

Figure 2 shows the annual mean distributions of
the simulated surface temperature at the tropics in
the 120-Ma run and 65-Ma run and the difference
between the distributions in these runs. The simu-
lated temperature distributions are relatively simi-
lar to those reported in a number of recent studies
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(e.g., Otto-Bliesner et al. 2002; Sellwood and
Valdes 2006; Donnadieu et al. 2006; Fluteau et al.
2007). The warmest temperature in the 120-Ma
run is observed over the subtropics of the Gond-
wana continent at around 20°N/S (Fig. 2a). In the
low-latitude areas, the annual temperature is rela-
tively high, i.e., >25°C. Surface air temperatures
of less than 20°C are observed over Siberia (around
30-40°N, 90°E) and southern Gondwana (around
30-40°S, 5°W-5°E). The continental regions be-
tween 20°N and 20°S are generally warm through-
out the year and have sustained highs into the
30°C.

Comparison of the 120-Ma and 65-Ma runs
clearly indicates that the continental break-up into
South Atlantic, Africa, India, and Antarctica—
Australia leads to fragmentation of the warmest
areas into small regions (Fig. 2¢). High surface tem-
peratures of more than 30°C are found over the
subtropics of the West Asian (around 20°N, 50°E),
African (around 10°S, 0°), and South American
continents (around 20°S, 60°W) (Fig. 2b). The
birth of the Atlantic Ocean because of the plate
movements of the continental areas across the
Gondwana continent is a significant feature of the
Late Cretaceous Earth. In response to the westward
shift of the South American continent, the peak of
the warm surface temperatures over the western
Gondwana shifts from 40°W to 60°W at around
20°S. Moreover, warming of western Africa in rela-
tion to an enhanced subsidence and stability over
the western coast of the continent (e.g., Shinoda
and Kawamura 1996), which correspond to cooling
of the surface temperature, are observed at 20°W.
It is noted here that the Tethys Sea closure (around
10-20°N, 30°E, as shown in Fig. 2¢) results in the
formation of a warming region at around 10—
30°N, 10-30°E. Because of the nature of our exper-
imental setup, we assume that these environmental
changes are mainly attributed to the changes in the
in situ land/sea distributions (i.e., birth of the
Atlantic Ocean).

Figures 3, 4 show the annual mean distributions
of the SST, precipitation, and surface wind in the
120-Ma and 65-Ma runs, respectively. The simu-
lated SST patterns for both periods well represent
the general features that have already been ob-
served in previous model studies (e.g., Bush 1997;
Poulsen et al. 2001; Otto-Bliesner et al. 2002). The
SST peak, which is recognized as a warm pool,
exists in the tropical Indian Ocean (around 15°S-—
15°N, 30-120°E) in the 120-Ma run (Fig. 3a). The
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warm pool region experiences strong precipitation,
and simultaneously, a strong equatorial easterly is
observed over the tropical Pacific.” (around 20°S-
20°N, 120°E—60°W; Figs. 3b, c). The easterly trade
wind is predominant over the tropical oceans
except the northern Indian Ocean (40-80°E, eq-
15°N) and causes a decrease in the SST through en-
hanced coastal upwelling and evaporative cooling.
The equatorial easterly over the Pacific dominates
the cool SST in the eastern part of the equatorial
region, which is known as the cold tongue in the
present-day climate. The simulated zonal gradient
of the SST over the equatorial Pacific is consistent
with that in Bush (1997), while the gradient is
slightly stronger (by approximately 1°C).

The overall features of the SST pattern in the
65-Ma run are relatively similar to those of the
present-day climate, although the simulated zonal
gradient of the SST (2°C) in the equatorial Pacific
is slightly weaker (Fig. 4a). The simulated SST of
the tropical Indian Ocean as well as that of the
tropical western-central Pacific (120-170°E) are
also well above 30°C. The simulated tropical Pa-
cific resembles the present-day El Nifio/Southern
Oscillation (ENSO)-like system, while the inter-
annual variations are beyond the scope of this
study.

The strong annual mean precipitations (>4 mm/
day) are collocated with the high-SST region (i.c.,
region where the SST is greater than 28°C). Much
of the tropical rainfall is recognizable over the
oceans, with the main rainfall zone migrating north
and south through the year in response to the
movement of the intertropical convergence zone
(ITCZ). Large precipitations are found over the
equatorial Indian Ocean (40—-80°E, 10°S—10°N), to
the east of the equatorial Gondwana and off-
equatorial Pacific in the 120-Ma run (Fig. 3b). The
western tracts of Gondwana between 20°S and 40°S
are simulated to receive very little rainfall. The
tropical lands surrounding the eastern and central
Tethys and the North Atlantic are also simulated
to receive relatively little rainfall.

The birth of the Atlantic Ocean (30-40°W)
causes significant changes in the world’s rainfall
patterns (Figs. 3, 4). Enhanced precipitation over
the Amazonian watershed is seen in the northern
part of South America (around 50°W, 10°S) in the
65-Ma run (Fig. 4b). The ITCZ, which stretches
southeastward from the equator toward the south-
ern Atlantic Ocean, is relatively similar to our
well-known climate. The northward shift of the
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Indian continent, which is recognized to be an
additional important continental change, weakens
the strong precipitation (exceeding 8 mm/day) at the
tropical Indian Ocean (60—120°E) in the 120-Ma
run. The continental drift can also contribute to a
distinct amplitude and phase modulation of the
Cretaceous-Asian monsoon activity. The change in
the annual mean precipitation can be attributed to
the changes in the monsoon rainfall. This aspect
will be discussed in the next sub section.

The most recent studies (e.g., Puceat et al. 2007),
in which the oxygen isotope content of fossil fish
teeth was used, show that the low-to-mid-latitude
SST gradients in the Cretaceous are very similar to
the present-day gradients. The results obtained by
Amiot et al. (2004) are very similar to those re-
ported by Puceat et al. (2007), although the recon-
structed temperatures in the study conducte by
Amiot et al. are the mean air temperatures in
coastal lowlands. The results obtained by Amiot
et al. (2004) and Puceat et al. (2007) indicate that
the Cretaceous climate can be explained even if
there are no drastic changes in the meridional oce-
anic heat transport. The meridional SST gradient in
our model experiments is as strong as that in the
present-day climate (Figs. 3a, 4a), similar to the
case of previous model studies (e.g., Bush 1997;
Poulsen et al. 2001; Otto-Bliesner et al. 2002).

The meridional atmospheric circulation in the
tropics, known as the Hadley circulation, efficiently
carries heat poleward and smoothes out horizontal
temperature gradients. The equatorward motion
near the surface is deflected westward, thus generat-
ing trade winds. Subsidence in the subtropics results
in the formation of warm and dry desert regions
through adiabatic descent air (Rodwell and Hos-
kins 1996). Many of the desert regions around the
globe coincide with the sinking branch of the Had-
ley circulation. The Hadley and Walker circulations
are determined to illustrate the difference between
the wind fields in the tropics and the subtropics. In
Figs. 5, 6, we show the mean meridional and zonal
circulation. The definition of the Hadley and Walk-
er circulation is same as that used by Kitoh and
Murakami (2002). The Hadley circulation is deter-
mined by integrating the zonal mean meridional
wind from the top of the atmosphere to the Earth
surface. Similarly, the Walker circulation is deter-
mined by integrating the zonal wind between 30°S
and 30°N.

Figure 5 shows the annual mean Hadley circula-
tion for the 120-Ma and 65-Ma runs. The tropical
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Fig. 5. Annual mean Hadley circulation for

the (a) 120-Ma and (b) 65-Ma runs. The
contour interval is 10'" kg/s. A positive
value indicates a clockwise circulation in
the diagram. Light (dark) shaded areas in-
dicate positive (negative) values greater
(lesser) than 1 (—1) x 1010 kg/s.

Hadley cells in the 65-Ma run are slightly stronger
than those in the 120-Ma run. In the early summer,
the strength of the Southern Hemisphere tropical
Hadley cell in the 65-Ma run is slightly stronger
(about 30%) than that in the 120-Ma run (not
shown). This result can be attributed to the in-
creased continental masses at low latitudes or to
the warmer conditions in the equatorial Eastern
Pacific.

The Walker circulation is the zonal circulation
over the tropical Pacific. Warm moist air embedded
in the trade winds moves westward from the west-
ern coast of South America. The features of the
tropical circulation in the 120-Ma run are related
to those of a Walker circulation cell (Fig. 6a). In
the annual mean, the strong Walker circulation
over the Pacific results in the generation of equato-
rial upwelling Kelvin waves, which in turn can re-
sult in the shallowing of the thermocline in the east-
ern Pacific (not shown) and subsequent cooling
(Fig. 3a). The annual mean Walker circulation in
the 65-Ma run (Fig. 6b) is significantly different
from that in the 120-Ma run. After the continental
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Fig. 6. Annual mean Walker circulation be-
tween 30°S and 30°N for the (a) 120-Ma
and (b) 65-Ma runs. The contour interval
is 10 x 10'% kg/s. A positive value indi-
cates a clockwise circulation. The white-
outlined arrows represent the Walker circu-
lation cells.

drift, the Walker circulation cell splits into two, as
is evident from the surface wind (Fig. 4c). A slight
weakening of the Walker cell is also evident over
the central-eastern Pacific.

The results presented here correspond to the
enhanced precipitation over the equatorial eastern
Pacific and are consistent with the enhancement
of the Hadley circulation in the 65-Ma run. The
Walker circulation shows a strong annual cycle in
the 120-Ma run but not in the 65-Ma run. Owing to
the continental break up, which results in a more
complex land/sea distribution, the global monsoon
system is divided into distinct monsoon systems.
The reduced amplitude of the annual cycle in the
65-Ma run may be attributed to changes in the
global monsoon distribution. The analysis presented
in the next section is focused on the seasonality of
the precipitation, which affects global circulation.

3.2 Effect of tectonic forcing on the monsoon
rainfall
Herein, we focus on the global monsoon, which
is the dominant mode of annual variation in global
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Fig. 7. Difference in the simulated precipita-
tion between JJA and DJF. Shaded areas
indicate absolute values of annual differ-
ence that are greater than 4 mm/day.

precipitation and circulation in response to changes
in the annual insolation. The term ‘“monsoon” is
generally defined by the annual reversal of wind di-
rection between winter and summer. However, ex-
amination of a time series of 850-hPa winds reveals
that wind direction is not always a proper indicator
of climate signals. Murakami and Matsumoto
(1994) showed that for the definition of “mon-
soon,” distinct alternation of wet and dry seasons
must be considered. Therefore, we identify the
global monsoon region on the basis of the simu-
lated seasonal mean precipitation. The definition
of global monsoon in the present study calls for
the occurrence of a well-defined wet climate during
summer. Figure 7 shows the paleo global monsoon
region defined by the difference in the precipitation
between JJA (June, July, and August) and DJF
(December, January, and February), which exceeds
4 mm/day. According to the aforementioned crite-
rion, in the simulated 120-Ma, monsoonal climate
is observed over the southern part of Eurasia and
the eastern part of the Gondwana continent (Fig.
7a). The distribution of the monsoon regions
changes significantly with the continental drift. In
the early-to-late Cretaceous, the birth of the South-
ern Atlantic (around eq-40°S, 30°W) introduces a
new South American monsoon around the present-
day Rio Amazonas (eq-30°S, 30-60°W in Fig. 7b).
The northward drift of the Indian continent also
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causes the center of the monsoon region to shift
eastward from the eastern Gondwana to the Indian
continent, suggesting that the Indian summer
monsoon has already been established in the 65-
Ma run.

Monsoon is driven by the thermal contrast be-
tween a relatively cool ocean and a warmer conti-
nent. While there are no mountains in the model, a
thermal land/sea contrast does exist. The land/sea
distributions play an essential role in monsoon evo-
lution as well as in global climate changes. The ad-
vection of wet air masses by the low-pressure cell
over the flat continent in summer has an important
effect: release of latent heat due to moisture con-
densation and heavy precipitation over the south-
ern or eastern edge of the continent. The model
produces South Asian (around 90°E, 10°N) sum-
mer monsoon and East Asian (around 120°E,
10°N) summer monsoon as a result of the meri-
dional temperature gradient over South Asia and
the northward extension of the Asian summer mon-
soon rainbelt.

Figures 8, 9 show the seasonal mean precipita-
tion and vertically integrated moisture flux on the
boreal winter (DJF) and summer (JJA) for 120-
Ma and 65-Ma runs, respectively. Additionally the
difference between the abovementioned parameters
in the 65-Ma and 120-Ma runs is shown in Fig. 10,
for a more conclusive evidence of the effect of con-
tinental drift. The simulated mean seasonal precipi-
tation in both periods corresponds to that in the
simulations conducted by Sellwood and Valdes
(2006).

In the 120-Ma run, significant precipitation is ob-
served during the boreal summer over the northern
Indian Ocean (Fig. 8c). South Asia and East Asia
(around 90°E, 10°N) also experience strong precip-
itation, with moisture transport from the tropical
Indian Ocean during the summer (Fig. 8d). The
western and central parts of Eurasia are simulated
to be almost dry throughout the year. In the South-
ern Hemisphere, a broad zone with strong precipi-
tation extends from the equator to beyond 30°S in
the boreal winter (Fig. 8a), embracing the western
parts of Gondwana. In contrast, most of Gond-
wana remains dry in JJA (Fig. 8c).

However, after the breakup of Gondwana, the
precipitation over the continent increases, especially
in the tropical region (Figs. 9a, c). In the 65-Ma
run, the northwestern part of South America is
found to experience strong precipitation year-
round, with moisture transport from the Atlantic,
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Fig. 9. Data are same as those in Fig. 8 but correspond to the 65-Ma run.

and hence, a tropical humid climate is expected. the Indian Ocean also experiences strong precipita-
Similar to the 120-Ma run, Southeast Asia is pre-  tion in the boreal winter (Fig. 9a).
dominantly humid with strong precipitation in JJA As presented in the previous section, continental

(Fig. 9¢). The Indian continent located centrally in drift provides recasting of the global climate infor-
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Fig. 10. Difference between the precipitation and vertically integrated moisture fluxes in the 65-Ma and 120-
Ma runs. The bold solid line (dash line) denotes an increase (decrease) in the continental mass. The area
surrounded by the bold solid line (dash line) indicates a change from sea (land) to land (sea) via continental
drifts between 65 Ma and 120 Ma. Moisture flux vectors smaller than 800 kg/m/s are masked out.

mation. The northern parts of the South American
and African continents (Gondwana) are simulated
to have a monsoonal climate (Figs. 7a, b), with ma-
jor rains commencing in the boreal winter (Fig. 9a).
The difference between the precipitation and verti-
cally integrated moisture flux in the 65-Ma and
120-Ma runs (Fig. 10) sheds light on the impact of
continental drift on the monsoon system. After the
birth of the Southern Atlantic, the precipitation
around the present-day Rio Amazonas is enhanced
in DJF (Fig. 10c). In contrast, reduced precipita-
tion is found over the northern part of the African
continent and the Tethys Sea in DJF. The changes
in the simulated precipitation in JJA are distinctly
different from those in DJF. Increased precipitation
is observed along the coast of the southern parts of
Eurasia and the equatorial Indian Ocean, suggest-
ing that the intensity of the Asian summer mon-
soon is enhanced. This can be attributed not only
to the change in the SST but also to the moisture
convergence resulting from the modulation of
global circulation. Interestingly, this feature is simi-
lar to those in future warm-climate simulations
(Ueda et al. 2006). With the westward retreat of
the coastline, the precipitation over southeastern
Asia is reduced (100°E—120°E, 10°S—20°N). In the

present-day climate, the precipitation in this region
is strongly related to the effect of solar radiation
(Ueda et al. 2009), implicating that a decrease in
the landmass can directly affect the local precipita-
tion.

Changes in the moisture flux in DJF (Fig. 10b)
indicate a dramatic intensification of the easterly
flux extending from the equatorial South American
continent to the east coast of the African continent.
The enhanced southeasterly moisture fluxes from
the South Atlantic to the northern part of the South
American continent supply moisture, which can re-
sult in precipitation enhancement. The northward
shift of the Indian continent increases the austral
summer precipitation across the continent (Fig.
10a). This enhanced precipitation is accompanied
by an eastward moisture flux anomaly along 20°S,
which is similar to the well-known feature of the
Asian summer monsoon in the present-day climate.
The generation of continental mass over the South-
ern Indian Ocean induces a slight southward shift
of the ITCZ in the austral summer, and this results
in reduced precipitation over the equatorial region.
In addition, a northward shift of the Indian Ocean
ITCZ by about 10° is seen in the boreal summer
(Fig. 10c). Therefore, the seasonal meridional mi-
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gration of the ITCZ is amplified in response to the
northward shift of the Indian continent. This result
implies that continental forcing can contribute sig-
nificantly to the formation of the ITCZ (Xie and
Saito 2001).

4. Concluding remarks

Most previous studies on the Cretaceous climate
have focused on the relative impact of palacogeog-
raphy, ocean heat transport, and atmospheric CO,
level. In this study, we selected two different geo-
logical periods corresponding to the start (120 Ma)
and end (65 Ma) of the Cretaceous; these two peri-
ods differ considerably in their continental configu-
ration. We simulated the 120-Ma and 65-Ma cli-
mate by using an AGCM coupled with a simple
ocean model. The features of the simulated Creta-
ceous climate are similar to those reported in previ-
ous studies, such as surface temperature, precipita-
tion, and SST (e.g., Bush 1997; Poulsen et al. 2001;
Otto-Bliesner et al. 2002; Sellwood and Valdes
2006; Donnadieu et al. 2006; Fluteau et al. 2007);
however, the simulated climate features provide
deeper insights into the climate variations during
the Cretaceous periods. Through sensitivity experi-
ments, we investigated the role of palacogeographic
changes on the tropical climate, including the birth
of the Atlantic Ocean and the northward shift of
the Indian continent. There exists a significant dif-
ference between the climate in the 120-Ma and 65-
Ma runs when there are changes in the land/sea dis-
tribution. Plate movements affect not only the local
circulation but also the global circulation via mod-
ulation of the tropical Hadley and Walker circula-
tion, which in turn is due to precipitation changes.

The birth of the South Atlantic Ocean introduces
a new upward branch of the Walker circulation
over the equatorial Southern America; conse-
quently, the circulation cell is split into two. Be-
cause of the reduced Walker circulation over the
tropical Pacific, the equatorial zonal gradient of
the SST in the equatorial Pacific can be damped,
which in turn may result in enhancement of the
Hadley circulation. We also highlighted the changes
in the global monsoon climate. Our model simula-
tions of the Cretaceous shed light on the changes
in the monsoon climate under different continental
distributions. The continental break up makes more
comprehensible maps about the monsoon climate.
The birth of the Atlantic Ocean causes moisture
convergence over the northern part of South Amer-
ica, and consequently, a new South American mon-
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soon is established over the continent. It is also
noted that the northward drift of the Indian conti-
nent enhances the summer and winter monsoon
around South Asia (around 90°E, 10°N).

The originality of this study is that it involves the
use of a hybrid coupled GCM for evaluating the ef-
fect of continental drift on the atmospheric circula-
tion during the Cretaceous. Our sensitivity experi-
ments are expected to be of help in understanding
how tectonic forcing affects the tropical climate sys-
tem during the Cretaceous. We focus on the rele-
vant mechanisms rather than on detailed past cli-
mate trajectory. Many previous studies have used
the AGCM coupled with a mixed layer model. The
results of this study imply that simulation of the
zonal gradient of the equatorial SST is important
to understand the modulation of the Hadley circu-
lation in the Cretaceous.

Using the AGCM coupled with the ocean mixed
layer model, Fluteau et al. (2007) showed that the
continental drift between the Cenomanian (around
95 Ma) and the Aptian resulted in reduced Asian
monsoon precipitation in JJA. In contrast, the re-
sults of our experiments show enhanced precipita-
tion over South Asia in the 65-Ma run. In the
65-Ma run, the Indian Ocean SST increases with
the northward shift of the Indian continent. The en-
hanced precipitation is probably because the higher
Indian Ocean SST in the 65 Ma. More detailed
continental drift experiments must be performed to
confirm this hypothesis.

Although our model is not perfect, the difference
between the 65-Ma and 120-Ma periods based on
the difference in the land/sea distributions can
partly clarify the effect of continental drift on the
tropical climate. While most previous studies on
Cretaceous simulations focused on oceanic circula-
tion (e.g., Poulsen et al. 2003), the present study
focuses on the atmospheric circulation associated
with the monsoon and involves the use of an air-
sea coupled model. However, since there are very
few atmospheric studies involving the use of proxy
data (Hasegawa et al. 2009), we could not obtain
proxy data on the monsoon precipitation or mon-
soon intensity in this period. In future, we plan to
make up for the lack of proxy data by making use
of a more realistic topography that includes moun-
tains and carry out an interdisciplinary study based
on a combination of atmospheric science and pale-
oclimatology. We believe that the results of the
present study can be used to obtain a new proxy
dataset that can help confirm our hypothesis. This
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may facilitate fruitful discussions concerning the
atmospheric general circulation system during the
Cretaceous.

In future experiments, we plan to improve the
boundary conditions (land-sea distributions at
120 Ma and 65 Ma without mountains) by using
more realistic topographic conditions and a
CGCM. We also plan to simulate the climate with
the gradual continental distribution in order to give
an explicit representation of the relationship be-
tween the geographical conditions and the climate
changes occurring during the Cretaceous. Plans are
underway for carrying out experiments on the ac-
celerated continental drift, by using a model that
considers only the birth of the Atlantic Ocean or
the northward continental drift.
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