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Abstract

The problem of the existence of a Tethys circumglobal current (TCC) in the Late Cretaceous continental geometry
(Campanian) is addressed. Within an ocean model which is expected to strongly overestimate the wind-driven TCC
volume transport, a relatively weak TCC is found for the reconstructed Campanian paleogeography used. As a
measure of the strength of the TCC, a circumglobal flow index is introduced. This index is based on volume fluxes
through meridional sections within the equatorial part of the domain. The impact of changes in the paleogeography
on the TCC is considered by computing steady flows for different shapes of Eurasia. The results on the extent of
Eurasia such that a strong TCC appears provide support that no strong wind-driven TCC has existed during the
Campanian.
2 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ocean circulation is a crucial factor in the
present climate because of its role in the meridio-
nal transport of heat. It may also have been an
important component in the regulation and evo-
lution of past climate states. There are long-stand-
ing questions on these past climates, for example
on the origin of very warm states during the Me-

sozoic [1,2]. In the Late Cretaceous, global (annu-
al-mean) surface temperatures are estimated to
have been about 10‡C warmer than today [3].
Although low-latitude temperatures may not
have been much higher than those at present, cer-
tainly the high-latitude areas were much warmer
and consequently earth was approximately ice free
[4]. To understand these climate states, a knowl-
edge of the ocean circulation in the geological
past is necessary; this has stimulated many mod-
eling studies on the ocean circulation in the Creta-
ceous [5,6].
An enormous e¡ort over recent decades has

resulted in several reconstructions of past bathym-
etry [7^9]. For the Late Cretaceous, all these re-
constructions indicate that a Tethys Ocean ex-
isted, which was located between the continental
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masses in the northern and southern hemispheres.
This ocean had two major basins, referred to as
the Caribbean Tethys and the Mediterranean Te-
thys. From biological data, inferences on the di-
rection and strength of the surface currents in the
Tethys Ocean can be made [2,10]. For example,
Johnson [11] inferred the direction of the surface
£ow in the Caribbean and the Gulf of Mexico
from generic dispersion patterns of rudistic bi-
valves. These patterns are consistent with a strong
southwestward surface current north of the Late
Cretaceous South American continent [11]. The
faunal distribution in the Late Cretaceous seems
to provide evidence [12,13] of the existence of a
westward £owing near-equatorial Tethys circum-
global current (TCC).
The TCC is imagined to have had similar char-

acteristics as the present Antarctic circumpolar
current (ACC), with relatively large transports
through each meridional section [13]. The corre-
spondence between both currents is the absence of
zonal boundaries and consequently the absence of
a zonal pressure gradient. In this case, a strong
zonal £ow can be generated by an easterly equa-
torial wind (TCC) as well as a westerly midlati-
tude wind (ACC). However, the maxima of the
zonal currents are at di¡erent latitudes, with dif-
ferent Coriolis parameters, and the impact of
these currents on the global circulation may
have been quite di¡erent [14].
The results from atmospheric^geochemical

models (with a simpli¢ed mixed-layer ocean as
boundary condition) have generated plausible
forcing ¢elds of the Cretaceous ocean. In early
modeling studies of the mid-Cretaceous ocean cir-
culation [5], a very weak TCC was found. The
ocean model used in [5] had a resolution of
5‡U5‡ and four vertical layers. In [15], these re-
sults were challenged on the basis that geologic
¢eld data suggested a strong westbound surface
current along the northern Tethys margin. In
the coupled GFDL ocean^atmosphere model for
the Maestrichtian, about 17 Sv is found for the
Tethys Seaway with a westward core velocity of
about 0.11 m/s [16]. The di¡erence between the
latter results and the earlier work [5] is attributed
not to the di¡erent wind structures, but to higher
horizontal resolution of the ocean model

(3.6‡U2.0‡ and 15 vertical levels), which allows
representation of less viscous £ows [16].
A mid-Cretaceous simulation (about 100 Ma)

with four times modern carbon dioxide concen-
tration using the GENESISv2.0 model (described
in [17]) has provided wind stress ¢elds and buoy-
ancy £uxes to force the ocean. These were subse-
quently used in [6] to determine the ocean circu-
lation within the POCM model (described in [18])
using a horizontal resolution of 2‡U2‡ and 20
vertical levels. In the standard setup, there is a
weak westward £owing TCC in the mid-Creta-
ceous circulation [6]. In the Mediterranean Te-
thys, the circulation is characterized by gyres
and only a very narrow Tethys current is simulat-
ed hugging the southern margin of the Tethys
basin. Sensitivity studies were done of circulation
changes versus changes in the shape of the con-
tinents. For example, a TCC was only found
when the Eurasian continent was ‘chopped’ below
14‡N.
In most of these ocean models, the integration

times are fairly short (i.e. 32 years in [16]), which
is long enough for equilibration of the wind-driv-
en circulation but not of the thermohaline com-
ponent of the circulation. A model which only
represents the steady-state wind-driven circulation
should be quite capable of capturing the essential
changes in the strength and directions of the Cre-
taceous surface currents to changes in continental
geometry. Using such a model, we provide an
argument against the existence of a strong wind-
driven TCC in the Campanian paleogeography
(about 80 Ma) as reconstructed in [9]. We intro-
duce a scalar measure of the strength of such a
TCC, the circumglobal £ow index. Using this in-
dex, the critical boundary of the extent of Eurasia
such that a TCC is present is calculated. The main
result of this paper is that the critical extent of
Eurasia to allow a strong TCC is so unrealistic
that it is very unlikely that such a current has
existed during the Campanian.

2. Model approach

The global ocean domain is de¢ned by all
ocean points within a sector V = [0‡, 360‡]U[aS,
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aN] bounded in meridional direction by a= aS and
a= aN. The £ow is driven by a wind stress ¢eld
d(x, y) = d0(dP , da ), where d0 is the characteristic
amplitude and (dP , da ) provide its spatial pattern.
The bottom of the ocean is prescribed through a
function z� =3D+hb�(P, a), where D is the char-
acteristic depth of the ocean; the ocean^atmo-
sphere interface is described by z� = h� (the depen-
dent quantities with an * are dimensional) (see
Table 1).
In the barotropic case, with water of uniform

density b0, the momentum and mass balances can
be integrated over the layer depth to give a form
of the shallow-water equations. In the usual nota-
tion, u� and v� are the velocity components of the
large-scale £ow in eastward and northward direc-
tions and H� = h�+D3hb� is the thickness of the
water column. The dynamical changes of the lat-
ter are only due to the changes in the sea surface
height. The only dissipative mechanism in the
model is the (turbulent) lateral friction. The Reyn-
olds stresses are assumed to depend linearly on
the spatial derivatives of the large-scale £ow ve-
locity and AH denotes the horizontal friction co-
e⁄cient.
Let r0 and 6 indicate the mean radius and an-

gular velocity of the earth and U be a character-
istic horizontal velocity. The governing shallow-

water equations are non-dimensionalized using
the characteristic scales r0, D, U, r0/U and d0 for
the length, the layer depth, velocity, time and the
wind stress strength, respectively and become
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where H= h31+hb is the total dimensionless layer
thickness. To ensure global mass conservation, an
integral condition
Z

v
H cosa dP da ¼ M VM ð2Þ

is imposed, where MVM is the dimensionless area of
the £ow domain. On the lateral boundary y of the
ocean domain, no-slip conditions are prescribed,
i.e.

ðP ; a Þny : u ¼ v ¼ 0 ð3Þ

The parameters in Eqs. 1a^1c are the Rossby
number O, the Froude number F, the Ekman num-
ber EH , and the wind stress strength K. Expres-
sions for these parameters are

O ¼ U
26 r0

; F ¼ gD
U2; ð4aÞ

EH ¼ AH
26 r20

; K ¼ d 0

26 b 0DU
ð4bÞ

Table 1
Standard values of parameters in the barotropic global shal-
low-water model

Parameter Meaning Value

Dimensional parameters
r0 radius of the Earth 6.4U106 m
D equilibrium ocean basin

depth
1.0U103 m

g gravitational acceleration 9.8 ms32

b0 reference ocean density 1.0U103 kg m33

d0 wind stress amplitude 1.0U1031 Pa
U reference horizontal velocity 0.1 ms31

6 Earth’s rotation rate 7.5U1035 s31

Dimensionless parameters
K wind stress strength 2.0U1032

O Rossby number 1.0U1034

F Froude number 9.8U105

Note that the value of the lateral friction parameter AH (and
consequently of the Ekman number EH ) is omitted because
it is used as control parameter.
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Note that, apart from parameters appearing in
the pattern of the wind stress forcing, the number
of independent parameters for this model is only
three. The characteristic velocity U can be chosen
as a function of other parameters, reducing the
number of parameters in Eqs. 1a^1c by one.
When the average depth of the basin and the
wind stress amplitude are chosen, the Ekman
number EH is the only (quite uncertain) parame-
ter of the system.
In traditional ocean modeling, the transient

£ow is computed by solving the initial value prob-
lem, starting from a particular initial condition.
Here, we solve directly for the steady equations
in parameter space, using continuation methods.
The steady forms of Eqs. 1a^1c, the integral con-
dition (Eq. 2) and the boundary conditions (Eq.
3) are discretized spatially on the global domain
using a second-order ¢nite di¡erence formulation
on a staggered NUM Arakawa C-grid. For exam-
ple, a 2‡U2‡ resolution corresponds to N=180
and M=90 on a global domain. After discretiza-
tion, a system of non-linear algebraic equations
results, which is solved by the Newton^Raphson
method within a pseudo-arc length continuation
method [19].

3. ACC transport

Under the present (Holocene) continental con-
¢guration, the ACC in the Southern Hemisphere
most resembles a potential TCC. The ACC is a

Fig. 1. The annual mean value of the wind stress ¢eld interpolated from [22] for the present geography of the continents and on
a 2‡U2‡ grid. Only one point in two is plotted for clarity and the wind stress values are scaled by max{MdP M, Mda M}, which is
about 0.3 Pa.

Fig. 2. Plot of di¡erent bifurcation diagrams, showing the
transport as in (Eq. 5) in Sv versus the Ekman number EH,
for the four di¡erent domains considered in Figs. 3 and 4;
the curve for the unobstructed channel is also included.
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permanent feature in the Southern Ocean and has
a special role in the global ocean circulation by
distributing properties between the ocean basins
[20]. The £ow of the ACC can be characterized
by having a time mean volume transport of about
130 Sv. Transport £uctuations have a relative
magnitude of 20% and variations have been found
on time scales from months up to interannual
time scales [21]. The presence of the ACC has a
substantial impact on the Atlantic overturning cir-
culation and hence on the meridional heat trans-
port [14].
At ¢rst sight, the ACC can be viewed as a zonal

£ow which is only obstructed by the presence of
partial lateral boundaries and bottom topogra-
phy. With a £at bottom, a zonal channel model
of the ACC gives a volume transport which is a
factor 10^100 too large for accepted values of the
lateral friction coe⁄cient. This transport is also
very sensitive to the lateral width of the channel.
It is well known that the e¡ect of baroclinic eddies

and the form stresses due to the presence of bot-
tom topography are essential for the magnitude of
the Drake Passage transport [21]. The main point
of this section is to demonstrate that when the
lateral friction is small enough, in the barotropic
model of the previous section for a 2‡U2‡ global
continental geometry, the volume transport of the
ACC is severely overestimated. The wind stress
forcing (Fig. 1) of [22] is used and is interpolated
to the grid resolution used. This forcing ¢eld rep-
resents the westerlies at midlatitudes and trades at
low latitudes fairly well and the maximum ampli-
tude of the wind stress is about 0.3 Pa.
In Fig. 2, the maximum eastward transport (in

Sv, 1 Sv= 106 m3 s31) given by

x ðP Þ ¼ Dr0U max
a

Z
a

a S

H u da ð5Þ

is plotted at the longitude P=90 as a function of
the Ekman number EH for ¢ve di¡erent con¢gu-

Fig. 3. Contour plots of the solutions for the layer thickness anomaly on di¡erent domains. In these plots, the ¢eld is scaled by
its maximum value. (a) Domain: [370, 350], EH =1035. (b) Domain: [380, 320], EH = 1.51U1035.
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rations of the domain. The dash-dotted curve is
the transport of an unobstructed zonal channel
[0, 360]U[370, 350] for which the transport in-
creases rapidly with decreasing EH to very unre-
alistic values (1000 Sv!) at EH =2U1035. When
continental boundaries are included within the
same latitude band, the transport is reduced, but
it still is about 500 Sv at EH =2U1035. The £ow
pattern (as a contour plot of the sea surface
height) shows the nearly parallel £ow before
Drake Passage, with a frictionally controlled
boundary layer just east of this Passage (Fig.
3a). When the lateral width of the domain is in-
creased to [380, 320] (dashed curve in Fig. 2),
the transport increases. For example, at
EH =1034, the transport is about 360 Sv com-
pared to 125 Sv for the domain [370, 350]. The
£ow pattern in Fig. 3b shows the ACC as a dom-
inant feature in the total £ow. In going via the
southern hemisphere £ow (Fig. 4a) to the global
£ow (Fig. 4b), the maximum transport of the

ACC increases only slightly (Fig. 2). For all cases,
unrealistically large transports are obtained for
small values of EH.

4. TCC transport

In Fig. 5, the continental geometry and annual
mean values of the wind stress forcing (recon-
structed by GENESISv.2.0) of the Late Creta-
ceous (Campanian, 80 Ma) [23] period are plot-
ted. The continental con¢guration and
bathymetry as provided respectively by R.M. De-
Conto and E.C. Brady (National Center for At-
mospheric Research, Boulder, CO, USA) through
D. Pollard (Earth System Science Center, Penn-
sylvania State University, University Park, PA,
USA) is obtained from a modern reconstruction
for the Campanian based on paleomagnetic infor-
mation [9]. It can be seen that Australia is still
connected to Antarctica; the continental piece

Fig. 4. Contour plots of the solutions for the layer thickness anomaly on di¡erent domains. In these plots, the ¢eld is scaled by
its maximum value. (a) Domain: [380, 0], EH =1.71U1035. (b) Domain: [380, 80], EH =1.62U1035.
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containing Europe and Asia is referred to as Eur-
asia.
With respect to the trade winds and the west-

erlies, these winds have a similar pattern and am-
plitude as those used in [6]. The steady states of
the wind-driven ocean circulation are again calcu-
lated on a 2‡U2‡ grid; the average depth D of the
ocean is 2717 m and only the £at bottom case is
considered. Solutions are computed over the in-
terval EH =1035^1034, to be within the range
where the strength of zonal currents is expected
to be strongly overestimated.
In Fig. 6a, the steady horizontal velocity is

shown for EH =1034. There is a strong westward
equatorial current in the Paci¢c which is blocked
by the Eurasian continent. The largest part of the
incoming £ow moves northward in a strong west-
ern boundary current, separates from the conti-
nent and moves in eastward direction (similar to
the present Kuroshio). Note that this current ex-
tends to the North American continent and con-
nects to a premature Gulf Stream. The remainder
of the £ow entering the western boundary layer of
the Eurasian continent moves southwards and
rounds the tip of Eurasia to form part of the
south Indian gyre. The westward current in the
Indian Ocean is blocked by the African continent
and only a relatively small fraction is able to enter

the Mediterranean Tethys. The major part is de-
£ected southward and takes part in a premature
Agulhas Current which hugs the upper boundary
of India and connects to the south Paci¢c gyre
system. The southern connection between Paci¢c
and Atlantic is approximately closed but the
south Atlantic gyre £ow connects to the Paci¢c
through a relatively strong eastward current south
of Africa. These major characteristics do not
change much at EH =1035 (Fig. 6b). However,
the e¡ect of the blocking of the Eurasian conti-
nent is stronger and the thickness of the western
boundary currents has decreased. In both situa-
tions, no strong TCC is present although the cir-
cumglobal transport seems to be larger in Fig. 6a
than in Fig. 6b.
To have a scalar measure of the strength of the

TCC current, we de¢ne the circumglobal £ow in-
dex C as:

C ¼ maxa ð
R

a 0
a

H u da ÞMP¼P ref

maxP ðmaxP ð
R

a 0
a

H u da ÞMP
ð6Þ

The integral above calculates at any longitude (P)
the transport through a meridional section be-
tween two latitudes a and a0. While a0 is ¢xed,
a is determined such that a maximum westward
transport appears. We take the reference point in

Fig. 5. The global geometry during the Late Cretaceous (Campanian, 80 Ma) on a 2‡U2‡ grid. The reconstructed annual mean
value of the wind stress is included as a vector plot; the latter are computed by the GENESIS2.0 model and only one point in
two is plotted for clarity. (from: R.M. DeConto, National Center for Atmospheric Research, Boulder, CO, USA).
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the Mediterranean Tethys (Pref = 0‡) and consider
the ratio of the maximum transport at this longi-
tude and the maximum westward transport taken
over every longitude P of this section. If the
maximum transport occurs at the reference
point, C will be equal to one. If there is no trans-

port at all at Pref , then C will be zero. If we
calculate C, using Pref = 0‡ and with a0 = 1‡, for
the cases in Fig. 6, we ¢nd values of C =0.23
for EH = 1034 and C =0.17 for EH =1035, indi-
cating only a weak TCC. Based on the trans-
port values provided in [16], one would ‘guess’ a

Fig. 6. (a) Vector plot of the horizontal velocity ¢eld for the steady state at EH =1034. The resolution is 2‡U2‡ and only one
point in two is plotted for clarity. Largest vectors indicate velocities of about 0.05 m/s. (b) Same as (a) for EH =1035 with largest
vectors indicating velocities of about 0.1 m/s. Dimensional horizontal velocities over several sections are plotted in Fig. 8.
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value of C of about 1.0 for the con¢guration
studied.
As in [6], the dependence of the equatorial £ow

on the southward extent of Eurasia is considered.
Note that the positions of the other continental
boundaries are unchanged. Changes in the posi-
tion of the African continent, in particular its
northern extent, may also have substantial impact
on the westward £ows, but this is outside the
scope of this paper. Branches of steady states
are calculated versus EH for several shapes of
the Eurasian continent which are ‘chopped’ at
some latitude aSA ; for the continental geometry
as in Fig. 1, aSA =39‡. We subsequently consider
eight additional cases aSA =35, 31, 3, 7, 11, 15,
19, and 23‡, respectively. For each case, the equi-
librium depth of the basin in the area which is
‘chopped’ is taken as the average depth. The cir-
cumglobal £ow index C is shown versus aSA for
two values of EH in Fig. 7. For an Ekman num-
ber of 1034, C increases slightly if the ¢rst slices
of Eurasia are ‘chopped’. If we continue to de-
crease the extension of Eurasia, this increase be-
comes larger and C eventually reaches a value of
approximately 0.9. The curve for EH = 1035 shows
a much steeper transition at larger aSA and (ex-
cept for large aSA) the value of C is smaller than
for EH =1034. Due to this sharp transition, one
can de¢ne a critical point as the maximum slope
in the aSA^C curve; this is the extent aSA for
which a strong TCC appears. The critical point
for EH =1034 is about aSA = 7‡ and for EH =1035

about aSA = 11‡.
For EH =1035, meridional sections of the di-

mensional zonal velocity u� are plotted at various
longitudes (Fig. 8). The di¡erent linestyles indi-
cate the di¡erent values of aSA as shown in the
caption. At P=80‡, which is approximately the
longitude at which the tail of Eurasia is posi-
tioned (Fig. 8a), the westward current strengthens
with decreasing extension of Eurasia, consistent
with the increase in C. Fig. 8b shows the variation
of u� between a=15‡ and a=30‡ for P=340‡,
which is the area above northern Africa. The in-
£uence of the extension of Eurasia is strong: as
long as aSA6 11‡, zonal velocities remain smaller
than approximately 30.04 m/s but if the tail of
Eurasia is completely removed, the zonal veloc-

ities exceed 30.10 m/s. In Fig. 8c, the change in
zonal velocity is shown for the total range of lat-
itudes at P=180‡. From this, we see that only
signi¢cant di¡erences occur at Tethyan latitudes.
In Fig. 8d,e, changes of the steady £ow with aSA

in regions outside the Tethyan region are shown.
Although the di¡erences are small, the £ow at
midlatitudes does respond to changes in the equa-
torial continental geometry.
To show the di¡erence in the £ow patterns

computed for di¡erent aSA, horizontal velocity
¢elds were subtracted. The di¡erence ¢eld of hor-
izontal velocities between the cases aSA =31‡ and
aSA =39‡ (Fig. 9a) displays ^ besides the di¡er-
ences in the Tethyan area ^ quite some changes in
the Antarctic region. The change in the blocking
of the westward (near equatorial) £ow a¡ects the
transport to the South Paci¢c region and hence
the local wind-driven £ow in the Antarctic region.
A further increase from aSA =31‡ to aSA = 23‡
(Fig. 9b) does not change much more outside
the Tethys region, but the TCC strengthens con-
siderably.

5. Summary and discussion

Global wind-driven ocean circulation patterns
for the Late Cretaceous (Campanian) geography
have been computed to investigate the conditions

Fig. 7. The circumglobal £ow index (C) for various exten-
sions of Eurasia towards the south, represented by aSA. The
solid curve is computed for EH =1034 and the dashed curve
for EH =1035.
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of the dynamical existence of a strong TCC and
its sensitivity to changes in the extent of the Eur-
asian continent. Thereto, a circumglobal £ow in-
dex C was introduced and monitored for di¡erent
steady-state £ow patterns. In the reconstruction
of the Campanian used [9], with a model horizon-

tal resolution of 2‡U2‡, no strong TCC is found
and its strength decreases with decreasing values
of the lateral friction coe⁄cient (i.e. the Ekman
number EH)
The critical extent of the southern boundary

(aSA) of Eurasia such that a TCC exists, is de¢ned

Fig. 8. The horizontal dimensional velocity u� is plotted for EH =1035 against a range of latitudes for ¢ve di¡erent longitudes.
The solid curve represents the case with the standard geometry, the dotted curve is for aSA =31‡, the dashed curve for aSA = 11‡
and the dash-dotted curve is for aSA = 23‡.
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as the value of aSA at the maximum slope of the
aSA^C curve. It is located at aSA = 7‡ and
aSA = 11‡ for EH =1034 and EH =1035, respec-
tively. The physics of this di¡erence is not di⁄cult
to explain: for a relatively large value of EH, the
boundary layer along the Eurasian continent is
rather thick and the £ow can pass more easily
around the continent. For smaller EH, the bound-
ary layer thickness decreases and the blocking ef-
fect of the continent is much larger. This also
explains the much sharper transition in C with
aSA in the small Ekman number case.

Within the model here, in which the surface
wind-driven circulation depends on the value of
the horizontal friction and the continental geom-
etry, only a qualitative statement can be made on
the possibility of a strong TCC in the Campanian
geography. From the computation of the trans-
port of the present ACC, we know that such a
barotropic model always overestimates the trans-
port if the Ekman number is small enough. With
decreasing EH, the boundary layer near Drake
Passage gets thinner and the blocking e¡ect of
the continents becomes e¡ectively smaller. For

Fig. 9. Di¡erence between two horizontal velocity ¢elds for di¡erent geometries for EH =1035. (a) Between aSA =31‡ and
aSA =39‡. (b) Between aSA = 23‡ and aSA =31‡.
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the Campanian geometry, however, the blocking
e¡ect gets larger because there is no region where
the zonal pressure gradient vanishes. A decrease
in the boundary layer thickness obstructs the £ow
(due to its high inertia) to round the Eurasian
continent. The di¡erent latitudes of the mean po-
sitions of the two currents (ACC and TCC) in
themselves are no factor of importance; when
aSA = 23‡, a TCC develops which is similar to
the ACC.
Certainly, a barotropic ocean model with a £at

bottom is far too simple to describe the complex
£ow patterns which have been present in the ac-
tual Tethys ocean. Both thermohaline processes
and the e¡ects of bottom topography likely have
been important factors in these £ows. However,
these factors are not expected to increase substan-
tially the transport of the TCC as modeled here.
The combined e¡ects of strati¢cation and bottom
topography are known to lead to a strong reduc-
tion in the ACC transport [21] compared to the
£at-bottomed barotropic case.
A discussion of the di¡erent paleogeographies

of the Cretaceous can be found in [9]. In all the
di¡erent continental con¢gurations for the Cam-
panian, the southern end of Eurasia seems to be
located south of the equator. It is therefore not
very likely that under the wind forcing used here
and with the uncertainties in the reconstruction of
the Eurasian continent, a mainly wind-driven
strong TCC has existed. This does not necessarily
contradict the biogeographic data which are avail-
able. The £ow in the Caribbean Tethys (in the
model here) shows substantial westward trans-
port, which is in agreement with the views as in
[15] and local reconstructions as in [11]. At this
stage, with the available biogeological data it is
still too di⁄cult to distinguish an equatorial £ow
with local westward transport from a ‘true’ low-
latitude circumglobal current.
This leaves the interesting point that in [16] a

TCC is present with core velocities of 11 cm/s in
the Tethys Seaway. The di¡erence between the
continental geometry of the Campanian and
Maestrichtian may play a role as well as the dif-
ferent wind ¢eld used (there is no land topogra-
phy in the atmosphere model used in [16]). The
occurrence of the TCC in [16] may also be due to

the presence of the thermohaline component of
the circulation. Strong negative meridional den-
sity gradients in the Tethys Seaway may cause
large westward geostrophic zonal velocities
through the thermal wind balance. Apart from
the fact that this is unclear from the results pre-
sented in [16], where no salinity plots are shown,
the short integration time (32 years) may also
question whether the density ¢eld is already equil-
ibrated enough to adequately represent the ther-
mohaline component of the £ow. Hence, the issue
of the existence of the TCC remains, but the re-
sults in this paper have given an argument that it
cannot be a mainly wind-driven current.
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