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Abstract. The forces governing marine circulation of a meridional transcontinental seaway is explored with the Princeton
Ocean Model. The Jurassic Laurasian Seaway, which connected the low-latitude Tethys Ocean with the Arctic Sea is
modeled quantitatively. The global ocean is found to have a profound influence on seaway dynamics. A north-south density
difference and hence sea level difference of the global ocean was probably the main factor in forcing the seaway flow.
When the Tethys waters were the denser water, the net seaway flow was southward, and conversely, it was northward for
denser Arctic waters. Marine bioprovincial boundaries and sediment data indicate that the seaway probably was dominated
by Boreal faunal groups and reduced salinities several times in the Jurassic. The model results suggest that this can be
explained by southward flowing seaway currents, which may have been related to an oceanic thermohaline circulation

where no northern high-latitude deep convection occurred.

1. Introduction

Transcontinental seaways connecting tropical oceans
with northern high-latitude oceans have existed repeatedly
through geclogical time [Smith et al., 1994]. However, their
marine dynamics remain poorly understood because of a
lack of modern analogues. Only the Cretaceous Western In-
terior Seaway of North America has been modeled in any
detail, and the conclusions have been contradictory [Erick-
sen and Slingerland, 1990; Jewell, 1996; Slingerland et al.,
1996]. Slingerland et al. [1996] deduced that the circulation
was anticyclonic, whereas Jewell [1996] concluded it was
cyclonic. If straits connecting present-day ocean basins may
be regarded as small-scale analogues of transcontinental sea-
ways (e.g., the Bering Strait or the straits around Japan), then
their flow dynamics on the annual mean should be governed
by density differences in the upper water columns and hence
by the hydrostatic sea level difference between the oceans
on either side [e.g., Gill, 1982; Stigebrandt, 1984; Ohshima,
1994; Shaffer and Bendtsen, 1994]. The hydrostatic sea level
difference is derived from the depth-integrated hydrostatic
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pressure difference along with an assumption of a level of
no motion at a fixed depth below the permanent thermocline
[e.g., Stigebrandt, 1984]. The resulting mean unidirectional
barotropic flow is different from two-way strait flow because
the oceanic level of no motion lies deeper than the strait bot-
tom [Whitehead, 1998; Hay, 1995]. In some present-day
straits the sea level difference results in a mean barotropic
flow, but it remains to be demonstrated whether these results
can be extended to ancient transcontinental seaways.

The aim of the present study is to increase the under-
standing of marine dynamics of latitude-spanning transcon-
tinental seaways. Focus is placed on the relatively shal-
low transcontinental Laurasian Seaway [e.g., Ziegler, 1990]
(Figure 1). The Laurasian Seaway is here defined to be the
transcontinental sum of interconnected Jurassic straits and
seas between the northern margin of the Tethys Ocean and
the Boreal Arctic Sea north of the pre-North Atlantic region
and Europe. The seaway is important because its deposits
constrain much of our current knowledge of the Jurassic-
Early Cretaceous climate and because it records the initial
opening of the North Atlantic. Understanding of the na-
ture and origin of economically important Lower and Upper
Jurassic hydrocarbon source rocks may also be obtained by
investigating the seaway paleoceanography. The Laurasian
Seaway differs from the Cretaceous Western Interior Sea-
way of North America in that it probably was shallower and
contained many islands. Further, the Arctic connection to
the paleo-Pacific was much wider than the Western Interior
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Figure 1. Toarcian paleogeography. The transcontinental area of
interest 1s framed. Paleoland areas are dotted. Modified from Smith
et al. [1994].

Seaway connection [Smith et al., 1994]. Previous studies of
the Laurasian Seaway circulation were qualitative and based
on the distribution of sediments and fauna. Ager [1975] pro-
posed that the subtropical influence of the Tethys extended
northward over the epicontinental shelf in southern Europe
and that seaway currents originating in the Arctic to a vari-
able degree influenced northern Europe. The generally Bo-
real nature of the fauna of northern Europe suggests that the
region at times was characterized by reduced salinities and
that boreal sea currents probably flowed southward into the
region of the North Sea [Hallam, 1969; Ager, 1975]. The
southward movement of boreal faunas and the north-south
trends in authigenic uranium content suggest a similar situ-
ation for the Late Jurassic [Miller, 1990]. The more precise
nature and ultimate cause of these currents remain to be un-
derstood.

Here we explore the circulation dynamics of the Early
Jurassic Laurasian Seaway during times of high relative sea
level using the Princeton Ocean Model (POM) [Blumberg
and Mellor, 1987; Mellor, 1998). The successful application
of POM to present ocean circulation lends some confidence
to the use of POM in paleoceanographic studies provided
the boundary conditions (BC) are correct, i.e., bathymetry,
surface, and open-boundary forcing. Because the boundary
conditions are poorly constrained for the geological past, the
POM is here used in a process study. The origin and nature
of the large-scale current patterns are determined from a se-
ries of numerical model calculations that are constrained by
the annual mean surface forcing as diagnosed from the atmo-
spheric general circulation model (AGCM) calculations of
Chandler et al. [1992]. The relative importance of wind, in-
flow/outflow, and buoyancy forcing fields in driving the cir-
culation is investigated, as is the sensitivity of circulation and
water characteristics in the absence of a hydrostatic sea level
difference and various conjectured bathymetries. Our results
demonstrate that a north-south density difference and result-
ing hydrostatic sea level difference is likely to have been the
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main factor controlling the mean flow in this transcontinen-
tal seaway.

2. Geological Setting

During times of high relative sea level in the late Early
Jurassic (Toarcian), Europe and the North Atlantic regions
were characterized by an extensive system of straits and seas
extending from an Arctic Sea north of 60°N to the Tethys
Ocean south of 30°N paleolatitude [Hallam, 1988; Ziegler,
1990; Smith et al., 1994], in which faunal extinctions, de-
position of highly kerogen-rich shales, and isotopic excur-
sions occurred [Jenkyns, 1988; Hesselbo et al., 2000; Hal-
lam and Wignall, 1997]. Hallam [1984, 1993] reviewed the
lithofacies and faunal distributions in the Jurassic “green-
house” world and found that northwest Europe was probably
warm and humid during the Early Jurassic. The sea surface
temperatures have been hypothesized to have ranged from
26°C in the south to 5°-10°C in the north in agreement with
coral and paleobotanical data [e.g., Hallam, 1969; Chandler,
1994; Rees et al., 2000].

The salinity in the south was most likely close to normal,
whereas farther north the salinity might have been reduced
by up to 10 practical salinity units (psu) [Hallam, 1969,
Prauss et al., 1991; Selen et al., 1998]. The presence of
Toarcian black organic-rich shales, in part laminated, indi-
cates that the central to southeastern part of seaway must
have had highly productive surface waters and/or anoxic bot-
tom waters [Jenkyns, 1988; Rohl et al., 2001; Schouten et al.,
2000].

3. Model and Formulation of BC

The numerical development of the POM is given in Blum-
berg and Mellor [1983, 1987] and Mellor [1998] (www.ao0s.-
princeton.edw/WWWPUBLIC/htdocs.pom). A detailed
treatment of the governing equations and the formulation of
the BC as used in the present study is given by Oey and Chen
[1992]. Formulations of the numerical BC are described be-
low. Assumptions about poorly constrained values are pre-
sented in section 4.

3.1. Surface Boundary Conditions

At the free surface in the model the annual mean wind
stress vector components are modulated by an oscillatory
component [Blumberg and Mellor, 1983]. This modulation
is a crude approximation to synoptic storms giving a more
realistic mixed layer depth. The sea surface temperature T
is restored to a prescribed temperature T, [Cai and Godfrey,
1995]. T refers to prescribed external values that are essen-
tially unknown and here taken from an AGCM [Chandler
et al., 1992]. A linear restoring time of 60 days for the top
30 m of water is used for restoring T to 7. Using a restor-
ing BC on T allows T to be influenced by the advection of
heat and deviate from T,.. A constant salinity flux is calcu-
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lated from the precipitation minus open water evaporation
rate (P — Ep) of the AGCM.

The flux of momentum at the sea bottom is balanced by
matching the computed bottom velocity with the logarith-
mic boundary layer formulation [Mellor, 1998]. A variable
roughness z, = 0.01+ 1.0/ H (in meters), is used as a crude
parameterization of the effect that shallow water waves have
on modulating the roughness length scale {Oey, 1998; Hol-
loway and Barnes, 1998]. The resulting drag coefficient
varies from 5.0 x 1073 at H = 200 m to 22.5 x 1072 in
shallow water (H = 30 m).

River runoff from continents is parameterized with veloc-
ities at discrete grid points [Oey, 1996]. The injected wa-
ter is assumed to have a temperature of T and a salinity
S = 0.2 psu. Island runoff is parameterized with the surface
salinity BC on the surrounding “wet” grid points. Half of the
freshwater (P — E;) summed over the island is added to the
P — E, of the wet node (see below).

3.2. Open Ocean Boundaries

A radiation condition on open boundaries is used for the
barotropic model velocities [Oey and Chen, 1992]. A Som-
merfeld-type radiation condition is used for the internal baro-
clinic velocities. The unknown temperature profile T, and
salinity profile S, are prescribed during inflow, whereas a
linearized advection equation is solved during outflow [Oey
and Chen, 1992; Mellor, 1998].

4. Bathymetry and External Forces
4.1. Paleogeography and Bathymetry

The Early Jurassic, Toarcian, paleogeography used as the
starting point for the mode! calculations is based on the work
of Smith et al. [19941, with details from Ziegler [1988, 1990,
and references therein] and Bradshaw et al. [1992] (Fig-
ure 2). All latitude designations throughout the paper are pa-
leolatitudes from Smith et al. [1994]. In principle, detailed
mapping of facies and sedimentary structures can be inter-
preted to give good information on water depth (as by Diem
[1984] and Buchem and McCave [1989]). However, the spa-
tially and temporally fragmented rock record at places in the
western part of the seaway necessitate the inexact first-order
approach adapted here.

The Early Jurassic was to a large extent characterized
by postrift thermal subsidence in the region, which resulted
in subbasins with isopach contours that exhibit a relatively
smooth “bull’s-eye pattern” when post-Toarcian erosion is
removed by interpolation [Ziegler, 1990]. Lithology maps
from Bradshaw et al. [1992] and Ziegler [1988, 1990] are
used to delineate deeper shelf water (>30 m, shale) and shal-
low water (<20-30 m, sandstone-mudstone), which in turn,
is used to define a conjectured relative bathymetry.

The absolute bathymetry is constructed by combining rel-
ative water depth information with the occurrences of the
common Toarcian laminated offshore shales as follows: The
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Figure 2. Conjectured model bathymetry for the Laurasian Sea-
way during maximum flooding (weakly smoothed for numerical
stability). The variations in relative bathymetry are approximated
from lithofacies variations shown by Ziegler [1990] (see text). Con-
tour intervals (CI) are 40 m above 200 m depth and 200 m be-
low. Coastline uncertainties may be as large as 200 km later-
ally, and bathymetric errors are of the order of 20-100 m in ar-
eas with little data. Map coordinates are paleolatitude as used
throughout the text. ALH, Alemannic High; AM, Armorican Mas-
sif: BM, Bohemian Massif; HP, Hebrides Platform; IBM, Iberian
Meseta; IM, Irish Massif; LBP, London-Brabant Platform; P, Por-
cupine Bank; SP, Shetland Platform; AHS, Alemannic High Strait;
AMS, Armorican Massif Strait; CB, Cleveland Basin; FR, Faeroe
Strait; KS, Koch Strait; GS, Goban Spur; NSB, North Sea Basin;
PB, Paris Basin; RR, Rockall Strait; SGB, South German Basins;
TBS, Thuringian-Brandenburg Strait; VS, Viking Strait.

water depth determined from the laminated shale (see be-
low) is tapered to the approximate coastline of the paleo-
geography used, such that bathymetry contours parallel the
smoothed relative bathymery contours based on lithofacies.
Where limited information is available, such as between
Norway and Greenland, water depths were subjectively as-
signed, such that narrow regions between islands were as-
signed a sill depth of 80 m and intervening marine areas were
assigned a depth of 180 m.

Offshore laminated mudstones with no indication of wave
agitation could have been deposited at any water depth be-
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low storm wave base. The maximum wave orbital veloci-
ties as a function of depth can be found from semiempiri-
cal relations between free fetch and storm wind speed [e.g.,
Bretschneider, 1966]. Assuming that velocities must have
been <0.1 m s~! for the fine lamination not to be disturbed,
the minimum water depths can be estimated. For example,
given a wind fetch of 500 or 1000 km and a storm of unlim-
ited duration with a wind speed of 20 m s~1, water depths
must have been >90 or 220 m, respectively, during deposi-
tion of laminated offshore shales. A maximum water depth
of 200 m has been used in the model at locations of lami-
nated shales and a large free fetch (Figure 2). This estimate
is the same as other estimates of depth for comparable off-
shore facies of Late Jurassic age in southern Europe [Picard
et al., 1998]. The Toarcian finely laminated shales alternate
with wavy to crinkly laminae, where the latter may be in-
dicative of stabilization by microbial mats [O’Brian, 1990;
Schieber, 1999]. The stabilization would have resulted in a
75-200% increase in the critical shear velocity necessary to
mobilize sediments [Paterson and Black, 1999]. However,
the finely laminated shales were probably deposited without
the involvement of microbial mats {Q’Brian, 1990; Schieber,
1999]. Model sensitivity tests further show that the results
are fairly robust to a 50% reduction in bathymetry.

The conjectured Early Jurassic model bathymetry ranges
from 30-200 m in the seaway down to 750 m in the basins
north and south of the seaway (Figure 2). Model depths of
30-50 m are used along most coastlines in the absence of bet-
ter data. Tidal amplification and associated residual currents,
such as occur at depths shallower than 50 m in the North Sea
and English Channel, can therefore not be modeled here and
will be treated in a future study.

The name Viking Strait (VS) is used here to refer to the
Viking Graben and northernmost North Sea areas (Figure 2).
This usage is more restricted compared to previous usage
[Callomon, 1979]. The Koch Strait (KS) is here used for the
narrow region at 46°N paleolatitude between the West Hal-
tenbanken Highs (offshore mid-Norway) and East Green-
land. Thus, the Koch Strait refers to the marine connection
over the area that has been called the East Greenland Shelf
Basin and Mgre-Vgring Basin Trend [Dreyer, 1992]. The
Arctic and Tethys Basins are highly simplified and are in-
cluded only to move the open boundaries of the model away
from the area of interest.

It should be emphasized that local paleobathymetry de-
tails and interpretations by other authors may differ substan-
tially from the map used here. In certain areas uncertainties
in the coastal reconstruction are up to 200 km and poten-
tial errors in bathymetry are of the order of 50-100 m. The
map is taken as a necessary first-order starting point in order
to identify the physical processes operating in the seaway at
scales larger than individual subbasins. The importance of
errors in the assumed bathymetry is tested in model calcula-
tions by varying this parameter (section 7).

A transverse Mercator projection of the reconstructed
Early Jurassic seaway is mapped onto a Cartesian computa-

tional grid with a 27 km resolution (101 x 165 grid points).
The initially conjectured bathymetry is weakly smoothed be-
fore the model calculations [Mellor, 1998]. Vertically, 13
grid points are used, closely spaced near the surface and at
intermediate resolution near the bottom. Model calculations
are done with a time step of 80 s for the barotropic mode and
2000 s for the baroclinic mode.

4.2. External Prescribed Forces

The external forcing imposed on the model through the
surface boundary conditions are wind stress, surface heat
flux, net freshwater flux (precipitation minus evaporation),
and river runoff. All these quantities are essentially unknown
for the Jurassic but are here taken from atmospheric general
circulation model calculations. Additionally, external verti-
cal salinity and temperature profiles at the open boundaries
(OBC) impose important buoyancy forces north and south of
the seaway.

4.2.1. Surface forcing. The surface boundary
conditions are computed from the AGCM of Chandler et al.
[1992]. M. A. Chandler provided the annual average data
files from the Early Jurassic AGCM calculations. Other
Jurassic ACGM’s have been published in detail [Valdes and
Sellwood, 1992; Moore et al., 1992]. The results of Valdes
and Sellwood [1992] were for the Late Jurassic time interval
and did not include open water in the region of the seaway.
The wind field results of Moore et al. [1992] are here used in
a sensitivity test. The remaining forcing fields from Moore
et al. [1992] are not available in digital format and could
therefore not be used.

The AGCM annual average wind stress field has weak
westerly winds north of 50°N (stress < 0.03 N m~2, Fig-
ure 3). Subtropical northeasterly trade winds characterize
the southern domain of the model and have a maximum wind
stress of 0.05 N m~2, which is 0.01-0.04 N m~2 less than to-
day. Northwesterly winds are present over the western part
of the seaway at 35°N.

The surface temperature T, used in calculating the model
sea is the same as the lower AGCM “forcing” boundary con-
dition used by Chandler et al. [1992]. T, decreases almost
linearly from 28°C at 20°N to 12°C at 60°N.

The freshwater annual average of precipitation minus
open-water evaporation (P~ E;) of the AGCM is zonally av-
eraged over the seaway (Figure 4). South of 40°N, open wa-
ter experiences net evaporation, whereas excess net precipi-
tation dominates farther north. The magnitudes of P — E,
are comparable with open oceanic conditions today, but the
minimum is displaced 5°-10° northward, whereas the maxi-
mum is displaced 10° southward [Silva et al., 1994].

4.2.2. Rivers. Mainland river runoffis assumed to come
from 30 geographically evenly distributed rivers along the
seaway margins. The river volume transport is calculated
from the terrestrial P — E; over the designated drainage ar-
eas, assuming a 50% drainage efficiency [Holland, 1978,
Jewell, 1996]. The drainage surfaces are assumed to be five
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Figure 3. Surface wind stress vectors obtained from the AGCM
of Chandler et al. [1992] after spline interpolation. Maximum
stress is over the North Sea region. Northeasterly trade winds dom-
inate most of the southern and eastern seaway. Weak westerlies are
present north of 45°N.

grid points wide (north-south) and to extend 500 km inland
from the seaway margin. The seaway circulation is found
not to be very sensitive to uncertainties in drainage areas and
efficiency. P — Ej is found by the empirical Thornthwaite
relation, where evapotranspiration E; is calculated from the
AGCM surface air temperature and hours of daylight and P
is the AGCM zonally averaged precipitation over the seaway
(Figure 4) [Chandler, 1994].

4.2.3. Open boundary conditions and external eleva-
tion. The Arctic and Tethys Basins are taken to have open
boundaries to the west and east, respectively. The external
elevation difference between Arctic and Tethys sea surface
imposed on the boundaries is found at each time step from
the hydrostatic sea level difference An using the density-
depth profiles averaged over the open boundary region and
extending 10 grid points into the model domain. The hydro-
static sea level difference is approximated by

1
ps |z=0

0
An ~ /D [ps(2) — pn(2))dz, ¢))

where 2 is depth and py and ps are the northern and southern
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densities, respectively [Stigebrandt, 1984; Gill, 1982]. D is
the level of no motion, here assumed to be at 750 m depth in
the Tethys and the Arctic Sea.

The prescribed open boundary depth profiles of tempera-
ture T¢, and salinity S, for the Arctic and Tethys are chosen
to be exponential in form. Only the relative T and S distri-
butions are of interest in order to investigate the importance
of various external forces. A surface salinity Scp|(,—g) =
30 psu is used for the Arctic profile, and S¢p|(,—0) = 37 psu
for the Tethys. The salinity and temperature used at 750 m
depth are taken to be intermediate between the present-day
values and those of global ocean models with Jurassic-like
paleogeographies such that Tcp|(,=750) = 7° and 8°C and
Scpl(z=750) = 34.5 and 35.5 psu for the Arctic and Tethys,
respectively [Kutzbach et al., 1990; Schmidt and Mysak,
1996]. The model results presented here can be regarded
as one end-member of the range of possible values of sea-
way flow because these Scp, and T, profiles produce a large
but physically possible Ax.

4.3. Numerical Model Calculations

Two series of model calculations are carried out in or-
der to identify the contributions of the different forces to
the circulation. The first series includes the basic spin-up
calculation and control calculation (SCO) with all surface
and open boundary forces active. In seven other sensitiv-
ity tests (SC1-SC5c), successively, a different external force
is removed (Table 1). The calculated velocities of a given
calculation are then subtracted from the control calculation.
The velocity difference in each case gives the contribution
from the force removed, when nonlinear terms are negligi-
ble {Wang et al., 1994]. The flow is nonlinear in the south-
western part of the seaway owing to the wind stress curl,
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Figure 4. Precipitation minus evaporation over sea (P — E,) and
over land (P — E;) [Chandler et al., 1992]. A maximum of +1000
mm/yr in the (P — E,) balance occurs over the seaway constric-
tion at 45°N, whereas a minimum of -800 mm/yr is found over
the North Sea region. For (P — E;), P is from the AGCM results,
whereas the evapotranspiration Ej is calculated from land surface
temperature and daylight hours [Chandler, 1994]. Almost no neg-
ative balance is found over land, in contrast to that over the sea.
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Table 1. Model Runs, First Series®
Contribution to Circulation From Various Forces.

Run Parameter Tested Force Considered®
SCO control calculation
SC1 no wind wind
SC2 no rivers river buoyancy
Sc4 no surf. flux surface buoyancy
SC5 barotropic: T=15°C,

S5=33 psu, fixed total buoyancy
SC5a fixed An,

otherwise as SC5 local buoyancy
SC5b Anp=0 An
SCsc¢ no north OBC An, inflow/outflow

aFirst series: 180 days integrations following the 10 year spin-up.
bForce contributions identified from differences between SCO
and SC1 to SC5.

friction, and density effects, so the method does not give
valid results in this area. However, elsewhere in the main
part of the seaway, the method gives some physical insights
at limited computational expense. The spin-up calculation is
started from a state of rest with horizontally homogeneous
conditions. After 10 model years, a dynamic steady state is
reached. Both the control calculation (SCO) and sensitivity
calculations (SC1-SC5c) are subsequently carried out under
different forcings for periods of 180 days, starting from the
conditions reached at the end of the spin-up. Averages of the
last 40 days of the control and sensitivity calculations are
used for comparison.
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In the second series of model calculations, different
boundary conditions are used (Table 2). Results from SBC2,
SD7, and SW1 are presented in detail, whereas the other cal-
culations are mentioned where appropriate. In SBC2, A7 is
set to zero artificially on the boundaries, and in SD7, the wa-
ter depth is set to be 150 m for all water grid points. In SW1
the windfield of Moore et al. [1992] is used. Time integra-
tion is carried out over 12 model years from a state of rest
with a T" and S distribution as obtained at the end of the SCO.
Averages of the last 40 days are used for presentation.

5. Results of Control Calculation (SC0)

The difference of surface elevation between the Arctic and
Tethys open boundaries is Ay = 0.5 m, only slightly dif-
ferent from that derived from OBC forcing. The average
surface elevation over the seaway proper slopes downward
toward the east. The highest elevations (0.2 m) are in the
Goban Spur area of the southwestern part the seaway. The
lowest seaway elevations (-0.25 m) are found just east of the
North Sea Basin. The surface elevation slope within partic-
ular straits is not perpendicular to the strait axis but slopes
obliquely across the strait.

5.1. Transport Stream Function

The seaway volume transport, expressed as the transport
stream function, is constructed from the depth-averaged ve-
locity field. There is an overall southward flow (transport)
of 2.7 Sv (1 Sv = 1 x 10% m3 s~!) (Figure 5). The main
flow is through the North Sea region because of topographic

Table 2. Model Runs, Second Series: Change of Mean Seaway Flow @, Temperature T' and Salinity S to Different BC?

Run Parameter Changed Principal Changes versus SCO

SBC1 An=0 Q northward and weak n KS, T ncrease, S decrease/increase north/south of KS
(section 7.1)

SBC2 no open boundary As SBC1

SW1 alternative wind® @ decrease by 13% in KS and most passes through VS, fronts move to
Tethys margin, stratification decrease slightly in NSB/CB, PB, SGB

Sw2 present wind® Q decrease by 19% 1n KS and all pass through VS, southwest gyre 1s stronger,
stratification decrease in NSB/CB, PB, SGB, 1-4°C increase south of 45°N
except in northeast NSB (2°C decrease), 0.5-1.5 psu decrease northwest of SP-LBP

SD1 1.5Hcontrol deeper seaway: (Q increase as in (2), vertical mixing over sills decrease,
stratification increase slightly

SD2 0.5 H control shallower seaway: Q decrease as in (2), vertical muxing over sills decrease,
stratification decrease slightly

SD3 no VH and ALH more open to Tethys: 0.5°C, 0.3 psu increase in SGB, PB mixed layer

SD4 0.3Hmn VS VS flow restricted: @ mostly through FR, RR, 1°-3°C increase east of SP-IBM,
<1 psu increase south of 40°N, stratification decrease in SGB, PB, CB

SDS 0.3H in FR-RR restricted FR, RR flow: @ mostly through VS, 0.5°C decrease east of SP-IM,
0.2 psu decrease northeast of IM-AM

SD6 +40 m over seaway no 1slands: @ increase along cental part of seaway, vertical mixing decrease slightly

SD7 uniform A=150 m @ increase as in (2), currents trapped along western side of seaway (section 7.2)

aTwelve year integration from T and S field of the control run (SC0). Abbreviations as in Figure 2 and Notation.

bWind field from Moore et al. [1992].
¢Present-day zonally averaged annual mean windstress.
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Figure 5. Control run transport stream function. CI = 0.5 Sy,
where 1 Sv = 108 m3 s~1. The transport is counterclockwise along
negative contours (lows). Currents are stronger at closely spaced
contours. Note the overall southward transport in the Viking Strait
(contours negative) and that the contours lie slightly oblique to in-
dividual strait axes.

blocking by sills around the Hebrides platform [Wang et al.,
1994]. The stream function contours also illustrate the an-
tisymmetric flow though the straits, which is a result of
the coastally trapped currents due to the rotation of Earth
[Ohshima, 1994].

The prominent anticyclonic gyre and boundary current in
the southwest corner of the seaway is generated by a com-
bination of the wind stress curl in the region and buoyancy
forces with associated baroclinic instabilities. The contours
of the stream function (currents) are approximately paral-
lel to those of depth and elevation, which illustrates the im-
portance of the variations in relative bathymetry in control-
ling the local currents. Details of the model flow in sub-
basins may not be robust given the uncertainties in paleo-
bathymetry.

The strait volume transports @) can be approximated by

gAn,

Q=-"g4 o)
where A7), is the strait elevation difference, g is gravitational
acceleration, f is the coriolis parameter, W is the width,
and A is the cross-sectional area of the strait [Toulany and
Garrett, 1984; Ohshima, 1994]. POM flows for different
straits have been compared with the flow derived from (2)
(Table 3). Equation (2) is a good approximation that can be
used in simplified studies of transcontinental seaways. The
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average elevation difference between the Arctic and Tethys
Seas is 0.3 m, which gives a southward flow of -2.9 Sv, only
slightly larger than the model value of -2.7 Sv.

5.2. Temperature and Salinity

The sea surface mixed layer temperatures are in general,
3°-4°C lower than those expected from climatic 7T, alone
because of strong advection of cold waters from the north
and the mixing of deeper and surface waters over sills (Fig-
ure 6a). The surface temperatures in the southernmost part
of the seaway are more closely comparable with those of cli-
matic T.. The zonally averaged temperature field shows that
deep cold water from the north penetrates into the seaway
and that surface waters become gradually warmer toward the
south (Figures 6a and 7a). A temperature front is present
south of the North Sea (~33°N) and a weak one south of the
German and Paris Basins (~25°N).

The average seaway salinity is 33.4 psu south of the
Viking Strait, ranging from 33 to 34 psu, which is con-
siderably lower than the average Tethys surface salinity of
35.7 psu (Figure 6b). Deep water of relatively high salinity
is advected into the seaway and mixed with surface water
of lower salinity over the sill in the Koch Strait (Figure 7b).
Low salinity water can be seen penetrating into the South
German and Paris Basins, with a salinity front to the Tethys
in the south (Figure 7b). The seaway water mass has T
and S characteristics with Arctic affinity because of strong
southward advection driven by the hydrostatic sea level dif-
ference.

6. Contribution of Different Forces to the Flow

Eight sensitivity tests are carried out to identify the con-
tributions from different forces to the circulation seen in the
control run (Table 1). Removing the wind results only in a
5% change in the mean seaway flow (SC1). In SCS5, tem-
perature and salinity are set to 15°C and 33 psu, respec-
tively, over the entire model domain in order to estimate

Table 3. POM ((),,) and Analytic (Q),) Strait Slows

Strait Qum, Q.2 Ans, A, W,
Sv Sv m x10% m? x10% m
Seaway® -2.7 -1.9 019 2.6 428
KS¢ 24 21 038 11.3 187
vse© -1.7 05 007 22 321
HPS® -0.2 -0.1 0.03 4.82 134
TBS® -0.7 07 0.08 219 321
AHS® 0.1 02 001 20.2 187
AMS® -0.3 08 004 20.2 161

2Q, from (2) with An; across the strait, cross-section area A
and strait width W.

bFlow at 43°N using the average A7 between the Arctic and
Tethys.

¢Strait’s defined in Figure 2.
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Figure 6. Control run (a) temperature and (b) salinity at 10 m water depth. CI = 1.0°C (Figure 6a) and CI = 0.5 psu
(Figure 6b). Relatively low values of T characterize the Koch Strait, whereas T' ranges from 18° to 25°C south of
37°N. Reduced surface salinities occur in the KS and eastern part of the seaway.

the buoyancy effect on water circulation. The salt, heat and
river fluxes are also set to zero. The run is equivalent to
a barotropic run with no horizontal density differences, in
which Ay is also zero. The difference between the control
run and SC5 gives the baroclinic contribution to the flow
(i.e., total buoyancy effects). The buoyancy effects con-

PR/SGB
05 10

15 " 20 25 3.0 35 40

x10° km

Figure 7. Zonally averaged (a) temperature and (b) salinity of the
control run (CI = 2.0°C (Figure 7a), 0.25 psu (Figure7b)). T and
S are zonally averaged eastward along latitudes from the longitude
of the +1000 km grid point (i.e., excluding the southwestern part
of the seaway). Bathymetry of water grid points averaged as above
and contoured by thuck line. Note the low bottom water tempera-
tures within the seaway due to southward advection. Labels are as
in Figure 2.

tribute to a southward transport of 2.5 Sv, and almost the
entire flow structure of the control run is due to density dif-
ferences. Run SCS5a is carried out as above with uniform T
and S but now with Az artificially fixed to the value found in
the control run, so that the local buoyancy contribution can
be identified. The local buoyancy force drives most of the
southwest gyre and a slight northward transport of 0.25 Sv
through the northern part of the seaway. In run SC5b only
the A7 parameterization on the open boundary condition is
removed. Ay is found to contribute to most of the flow in
the KS between Greenland and Norway and in the VS in the
northern North Sea area.

7. Influence of A7, Bathymetry and Wind

The circulation is determined largely by the north-south
density gradient, which is a function of the open boundary
formulation for the northern and southern oceans. Topo-
graphic blocking influences coastal current separation and
forces flow through the Viking Strait. The bathymetry and
north-south salinity difference and thereby An are poorly
constrained by geological evidence. A series of 11 model
runs are therefore carried out to investigate how much the
circulation, salinity, and temperature distributions will be al-
tered by modifying the open boundaries, wind forcing, or
bathymetry (Table 2).

7.1. Northern Open Boundary (SBC2)

An anti-cyclonic circulation develops when there is no hy-
drostatic sea level difference because the northern boundary
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Figure 8. Zonally averaged (a) temperature and (b) salinity differ-
ences between run SBC2 (closed northern boundary) and the con-
trol run (e.g., AT = Tspcz — Tssco). AT and AS are zonally
averaged as in Figure 7, CI = 2°C and 0.5 psu (Figures 8a and 8b,
respectively). S and T are shaded when higher for SBC2. Tem-
perature increases notably below -30 m. Salinity increases south of
43°N and decreases north of 43°N.

is closed (not shown) (SBC2, Table 2). Only a weak flow
is found in the North Sea region and in the Koch Strait,
whereas the anticyclonic gyre in the southwest is twice as
strong as in the control run.

Surface temperature and salinity increase by 1°-2°C and
0.5-1.5 psu, respectively, over the southern part of the sea-
way, compared with the control run. T increases by up to
4°C around the Shetland platform and northward because
there are no strong strait currents and associated turbulent
mixing of deeper and shallow water. There is a salinity in-
crease of 1.5 psu in the area north of the Irish Massif be-
cause relatively high salinity water is advected northward by
the anticyclonic fiow. Salinities in the KS region decrease
by 1-2 psu. Removal of the hydrostatic sea level difference
has a dramatic effect at levels below the wind mixed sur-
face layer, as seen in the zonally averaged temperature and
salinity fields (Figure 8). Temperatures below 30 m water
depth increase by 6°-12°C south of 43°N. North of 45°N the
middepth temperature increases by 4°C. North of 43°N the
salinity is reduced by 1-2 psu, whereas farther south, there is
a general salinity increase by 1.5-2 psu below 30 m depth.

7.2. Changes in Bathymetry (SD7)

The seaway circulation changes significantly relative to
the control run when all water grid points have a bathymetry
of 150 m and no sills are used (Figure 9). Overall, the mean
southward flow @) increases in approximate agreement with
(2). No coastal trapped currents are present upstream of pre-
vious sills, in agreement with the results of Ohshima [1994].
The flow is concentrated along the western side of the sea-
way because there is no topographic blocking around the
Hebrides platform. Trade winds in the eastern side of the
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seaway set up a cyclonic gyre in the absence of An-driven
currents in the east.

Surface temperature increases everywhere when a uni-
form depth is used because turbulent mixing decreases where
sills were previously present. A temperature decrease in the
western side of the seaway can be attributed to turbulent mix-
ing in the boundary current and southward advection of cold
water along its western side. Bottom water temperatures
north of 40°N decrease by ~1°C , while temperatures in
general increase by 2°-6°C in the North Sea region because
cold water now is advected west of the Shetland Platform
(Figure 10a). Temperatures decrease in the bottom waters of
the South German and Paris Basins because a reduced sill
depth to the Tethys allows deeper cold water to penetrate
farther north over the shelf (as in SD3).

Water of low salinity is advected southward primarily
along the western side of the seaway. A salinity increase of
0.5-1.5 psu is seen at all levels in the North Sea, South Ger-
man, and Paris Basins (Figure 10b). Greater water depths
over former sill areas reduce turbulent mixing, and bottom
waters of relatively higher salinity are not mixed with low-
salinity surface waters in the Koch Strait.

Decreasing the water depth only east of the Shetland Plat-
form in run SD4 (Table 2) has a similar effect as described
above. Topographic blocking in the Viking Strait increases.
Conversely, a decrease in water depth only west of the Shet-
land Platform blocks the western flow branch, so that virtu-
ally all the southward flow passes through the Viking Strait
(run SDS, Table 2).

Figure 9. Transport streamfunction for a seaway of uniform depth
(150 m; run SD7; CI = 1 Sv). A uniform water depth removes all
topographic steering and blocking, so that the geostrophic currents
follow the western side of the seaway.
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Figure 10. Zonally averaged (a) temperature and (b) salinity dif-
ferences between run SD7 and the control run. AT and AS are
zonally averaged as in Figure 7 (CI = 2.0°C and 0.5 psu, respec-
tively). Bathymetry overlap between runs is masked out (white). S
and T are shaded when higher in SD7. In Figure 10a, T increases
near the surface north of 34°N because of reduced turbulent mixing
over sills. T also increases in the North Sea basin because no cold
water is advected southward in the eastern portion of the seaway.
In Figure 10b, S increases at all levels south of 43°N and decreases
around 45°N.

7.3. Different Wind Forcing (SW1)

The annual mean wind field from Moore et al. [1992] is
used in SW1 as a test of the possible influence of a different
mean wind pattern. The midlatitude westerlies were stronger
and located farther south compared to the control run wind
field because of the steeper T' gradient in the model. The
mean southward flow decreases by 0.36 Sv, and most of

the southward flow passes through the Viking Strait. The
main T/S front moves southward to the northern margin of
the Tethys (~28°N). Surface temperatures decrease by 1°-
2°C over most of the seaway south of 40°N and along the
western side of the seaway. The general decrease in surface
temperatures is due to the trade wind stress decrease over
the southern part of the seaway, which in turn, leads to a
decrease in the northwest advection of warm Tethys water.
Upwelling increases along the western side of the seaway at
midlatitudes.

8. Discussion

Section 7 present results from a series of model calcula-
tions exploring the sensitivity to changes in the physical vari-
ables that characterize the model. In section 8.1 the results
are first summarized and discussed and then synthesized into
four robust scenarios with broad Jurassic application. This
synthesis is then compared with Early Jurassic (Toarcian)
paleontological data.
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8.1. Summary of Model Results

The numerical calculations corroborate the hypothesis that
the Jurassic Laurasian Seaway functioned dynamically as
one single strait and that the hydrostatic sea level difference
A7 between the Tethys Ocean and the Arctic Sea could drive
a strong geostrophically controlled current through it. Topo-
graphic blocking and steering are important for local details
in circulation. Az is the most important control on the over-
all seaway circulation, temperature and salinity distribution.
A is, in turn, determined by the mean north-south tempera-
ture and salinity differences (AT;, and AS,;;). Topographic
blocking and steering are important for local details in circu-
lation. The calculated local paleocirculation, paleotempera-
ture and paleosalinity details are not robust results given the
uncertainty of the bathymetry and surface boundary condi-
tions.

The south-north hydrostatic sea level difference can be
obtained approximately from the temperature and salinity
differences, a linear equation of state, and (1) (Figure 11).
Southward seaway flow results from A > 0 and conversely
northward flow results for An < 0. Only a modest salin-
ity difference is needed for southward flow to be possible
during “greenhouse” climatic periods with relatively weak
north-south thermal gradients. The salinity difference, how-

é 10 o 15 0
AT =T-T [C]
m S N

Figure 11. Approximate hydrostatic sea level difference An be-
tween the Tethys Ocean and Arctic Sea as a function of south-north
temperature difference AT}, and salinity difference ASy, (see text
for details on calculation). An > 0 corresponds to southward cur-
rents and CI = 0.5 m. Solid circle is the approximate average
for the control model. Dashed lines bracket the range of An for
which wind-driven flow would be important under present-day an-
nual mean wind stress. The model seaway flow would be northward
for AS,, = 0 psu and unchanged AT,,. The model flow could
have been southward or northward for a large range of ATy, when
AS,, > 5 psu (i.e., when the Arctic has normal marine to slightly
reduced salinity). A northward flow results if —2 < AS,, < 5 psu
and the temperature gradient is changed to a present-day value.



400

ever, must be >5 psu for southward flow to develop when
AT,, > 20°C. The actual salinity difference between the
Jurassic Tethys and Arctic Sea is unlikely to have been >5-
10 psu because stenohaline normal marine neritic fossils are
quite common at high latitudes [Hallam, 1969]. As a conse-
quence, the temperature difference must have been <15°C
for southward flow to occur.

The POM barotropic flows @, of an idealized 400 km
wide and 4000 km long seaway, are calculated for a range of
An values and sill depth configurations (Figure 12). Addi-
tionally, a present-day, zonally averaged, annual mean wind
stress is applied to give an estimate of a stronger wind in-
fluence. The barotropic model flow at 45°N differs only
slightly from the flow derived from (2), which neglects wind.
The relatively good correspondence show the limited effect
of winds on @),,,. For Ap = 0 there is a weak southward
flow due to the wind-generated Ekman transport. For the
Jurassic wind field, there would be a weak northward flow.
The present-day North Atlantic annual mean wind stress
(tz ~ 0.1 N m~2) can set up a flow that corresponds to
the flow driven by An = —0.08 m (Figures 11 and 12).
Removing the wind from the control run (SC0) only results
in a 5% change in the mean seaway flow (section 6). The
wind-driven flow was therefore of limited importance for the
mean flow, salinity, and temperature of the narrow Jurassic
Laurasian Seaway if sill depths or mean seaway depth were
> 30 m.

Frictional forces and seaway depth start to dominate the
flow magnitude, when mean sill or seaway depths are shal-
low, as can be seen from the lack of sensitivity to Ay when
sill depth is less than ~30 m (Figure 12). Tidal amplification

15

Am[m]

Sill depth [m]

Figure 12. POM barotropic flow (@Qm in Sv, solid lines) at 45°N
for an 1dealized straight-channel seaway of 400 km width, 3500 km
length, and 150 m mean shelf depth, as a function of hydrostatic sea
level difference A7 and sill depth at 45°N [Bjerrum, 1999]. CI =
1 Sv and is positive for northward flow. Equation (2), where wind
1s neglected, 1s shown with dash-dotted lines. For shallow sills, Qm
is mostly dependent on sill depth, whereas for larger depths, A7 is
very important.
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and the resulting residual currents will be very important for
the mean flow when frictional forces dominate. Including
tides in the present model therefore would only change the
flow slightly in the shallow grid points of the model (30-
50 m) [Bjerrum, 1999].

The relative bathymetric differences in the seaway are im-
portant in controlling the local current details and the prin-
cipal route of the main A#-driven current. Only the larger
current features are therefore robust results with paleoceano-
graphic implications. Most of the flow leaving a basin with
more than one exit will follow the deepest strait (run SD4
versus SD5). The regional wind pattern likewise has an in-
fluence on which course the main southward flow will fol-
low. For stronger midlatitude westerly winds most or all of
the southward flow is through the Viking Strait area (runs
SW1 and SW2).

The wind field used in the control run is very different
from that calculated by Moore et al. [1992], presumably be-
cause they used a diffusive mixed layer ocean in contrast to
the fixed sea surface temperatures used by Chandler et al.
[1992]. The robust results of the present model are only
weakly influenced by the fixed sea surface temperatures of
the AGCM since the present results primarily depend on
the salinity and temperature imposed on the OBC north and
south of the seaway. Seaway advection of T and S due to
the Ar-driven flow is more important, as can be seen from
the sensitivity calculations (Figures 8 and 10).

Four robust end-member scenarios with general Juras-
sic implications can be synthesized from the control and
sensitivity runs and the discussion (Figures 13a-13d). For
An > 0, overall southward flow predominates and relatively
cool water of low salinity is advected into the European re-
gion (runs SCO, SW1, SW2, and SD1-SD9). Because of
the uncertainties in paleogeography and lithology west of
Jurassic Britain, two alternatives are likely, depending on
whether water depth or cross-sectional area were greater in
the Viking Strait or west of the Shetland Platform (Figures
13a and b; run SD4, SD5, SD7). The flow shown in Fig-
ure 13b could also be due to strong midlatitude westerlies
(runs SW1 and SW2). For Ay < 0 the main T — S front
would have been located at or north of the main seaway
constriction, and water with Tethys T and S characteristics
would have dominated Europe for both topographic alterna-
tives (Figures 13c and 13d) (runs SBC1 and SBC2).

8.2. Geological Discussion

Each of the four end-member scenarios described above
would have influenced the marine paleoecological system
through the effects on the regional paleohydrosphere and its
climate system. Observations from the geological record can
be interpreted in light of the model results. For the present
purposes the discussion is concerned with regions north of
France and Germany where a survey is presented for the
Early Jurassic. This survey points to possible ways of test-
ing the present results when more longitudinal data transects
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Figure 13. Four simplified end-member scenarios (a-d), indicating
principal flow routes and the positions of T'/S water mass fronts.
(a) Tethys water denser than Arctic (An > 0) and straits west
of Shetland Platform (wSP) less restricted than the Viking Strait.
(b) An > 0 but with wSP the more restricted and/or with strong
midlatitude westerlies. (¢) Arctic water denser than that of Tethys
(An < 0) and wSP less restricted. (d) An < 0 and the wSP more
restricted than the Viking Strait area.

with biostratigraphic subzone resolution become available.
In the following, abbreviations in brackets refer to those on
Figure 2.

Presence of marine biogenic carbonate sediments is be-
lieved to reflect relatively high temperatures, normal marine
salinity and oligotrophy of the photic zone. The European
Jurassic shows a latitudinal transition from predominantly
carbonates in the south to predominantly siliciclastic sed-
iments north and east of the Hebrides (HP). From east to
west the transition zone can be relatively sinuous, over sev-
eral degrees of latitude, and probably reflects the marine cir-
culation.

In the Early Jurassic, carbonate-rich deposits dominated
or were significant southwest of a boundary zone extend-
ing from the Irish Massif (IM) southeastward to the south-
ern margins of the Bohemian Massif (BM). The contrast is
reflected by the Lower Jurassic limestones of the Lusitanian
(~IBM) and Paris Basins (PB) south and west of the dark

shales of the Lower Jurassic Black Jura of southern Ger-
many (SGB). Hermatypic corals reached northward to the
Hebrides in the Hettangian. The carbonate-siliciclastic tran-
sition may be seen in Britain (northwest of LBP). These dis-
tributions imply north-south marine connections both east
and west of Britain (SP-IM-LBP) and marine circulation as
in scenario B (Figure 13b). Arctic waters flow southward
east of Britain, and warmer water flow northward west of
Britain as a result of wind-driven circulation and/or constric-
tion near the Hebrides (compare SD4 and SD5 and SW1).
Various climate-sensitive sedimentary facies, clay mineral-
ogy, and pollen data suggest that the European Late Pliens-
bachian and Toarcian were climatically more temperate pe-
riods compared with those before and after, as would be ex-
pected when sea surface temperatures were reduced during
southward flow as in scenario B [Delfaud, 1983].

For purposes of comparison with ocean circulation model
calculations, fossil distribution patterns are intriguing. Am-
monites show a strong bioprovincial endemism in the Meso-
zoic since the late Early Jurassic and reveal latitudinal ranges
almost certainly related to climatic factors and marine circu-
lation patterns [Hallam, 1969; Page, 1996]. The changes of
bioprovincial boundaries with time have implications for the
interpretation of the overall marine circulation. For many
ammonites, habitats ranged from relatively shallow shelf
waters at birth and at death to deeper water during growth
[Callomon, 1985). The migrational ranges during the life cy-
cle could have been on a scale of 1000 km. Other ammonites
were probably inhabiting the oceans and strayed into shal-
low waters in pursuit of food in favorable surface waters or
by postmortal drift (e.g., Phylloceras, Lytoceras).

Evidence of ammonite distributions north of the Tethys
is good in southern England (southwest of LBP) and south-
ward. Farther north, well-preserved Early Toarcian faunas
are recorded in northeast England (CB), in the Hebrides
(east of HP), in central east Greenland west of KS, and on
Spitsbergen (in the Arctic Sea) [Ershova and Repin, 1983;
Biéickstrém and Nagy, 1985; Howarth, 1992].

The Laurasian Seaway was to varying degrees populated
by five major long-ranging groups where Pseudolioceras is
the earliest truly boreal genus found in the Jurassic and oc-
curring throughout the Arctic, eastern Siberia, and Alaska
[Dagis, 1974]. Pseudolioceras is commonly the dominant
or sole component of the ammonite fauna north of central
east Greenland. At discrete times, Pseudolioceras spread
southward into Europe as far as the southern Paris Basin
(PB) but as a rapidly diminishing component of the fau-
nas. This indicates direct open marine connections with
the Arctic through the VS in the east. There is further
a marked decrease southwestward, so that the genus be-
comes rare in southern England (west of LBP). This coin-
cides with the carbonate boundary zone, where fine-grained,
dark, distal mudstones pass into condensed, offshore marls
and limestones in southern England. Early Toarcian mem-
bers of Tethys groups (Harpoceratinae and Hildoceratinae)
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are strongly represented as far as northeast England but oc-
cur only rarely in central east Greenland ((Hildaites), G.
Dam coll.) and on Spitsbergen (as “Pseudogrammoceras” of
Bdckstrom and Nagy [1985]), whereas the Tethyan Phyma-
toceratidae have not been found north of northeast England
(CB). These observations suggest that there was a transition
in England from southward flowing cold waters in the north-
east to warmer waters in the southwest (Figure 13b). The pe-
riods of strongest southward excursion of boreal Pseudolio-
ceras approximately coincided and alternated with the most
frequent northerly excursions of the archetypically Tethyan
Liostraca, (Phylloceras and Lytoceras [Dean, 1954]). Both
the durations of southerly excursions of Pseudolioceras and
the intervals between them were highly variable with wide
changes of distribution occurring very rapidly [Dean, 1954;
Howarth, 1992]. On the shortest timescale the genus can
be concentrated into a single bed spanning a fraction of a
standard ammonite subzone (~ 10* years). Sporadic appear-
ances can extend over one or several subzones (~ 10° years),
and gaps can be of similar magnitudes. These rapid fluctu-
ations in ammonite distributions could be interpreted as the
result of relatively fast changes in the north-south density
differences and hence seaway currents.

Lithofacies and faunal latitudinal changes in Middle and
Late Jurassic times suggest, despite differences in seaway
paleogeography, that seaway currents may have reversed ow-
ing to changes in salinity at high latitudes in the open ocean.
The Middle and Late Jurassic will be treated in more de-
tail in a future study. Overall, the lithofacies and paleobio-
geographic provinces of the Jurassic suggest that southward
seaway currents dominated in the Toarcian, Early Callovian,
latest Callovian to Early Oxfordian, late Middle and Late
Oxfordian, and in the Kimmeridgian. In intervening peri-
ods the currents flowed northward or were blocked by very
shallow sills or land as in much of the Middle Jurassic.

Southward currents correspond with periods where high-
latitude ocean salinities where reduced which possibly pre-
vented northern high-latitude convection [cf. Shaffer and
Bendtsen, 1994; Schmidt and Mysak, 1996]. 1t is therefore
proposed that deepwater formation might have been occur-
ring in the Tethys and/or at southern high latitude [Schmidt
and Mysak, 1996; Bjerrum, 1999]. The possible relation be-
tween the global thermohaline circulation and seaway flow
directions require further study and imply that geological
data from ancient meridional seaways perhaps can be used
to elucidate the ancient state of the thermohaline circulation
[Bjerrum, 1999].

9. Summary and Perspective

The Princeton Ocean Model is used to advance our un-
derstanding of the paleoceanographic processes in transcon-
tinental seaways. The global ocean is found to have a pro-
found influence on seaway dynamics. Model calculations
show that the Jurassic transcontinental Laurasian Seaway
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can be regarded as one single strait for modeling purposes,
despite its complex paleogeography. Hydrostatic sea level
differences between the Tethys Ocean and the Arctic Sea
could have driven a strong current through the seaway.
Bathymetric variation was important for local circulation
in subbasins, whereas the minimum sill depth excerted the
dominant control of the net magnitude of the transcontinen-
tal seaway flow. Bathymetric uncertainty dictates that cal-
culated current details of scales less than ~ 200 km are not
significant.

North-south density differences and hence hydrostatic sea
level differences have a large impact on seaway salinity and
temperature. When Tethyan waters are the denser (low hy-
drostatic sea level), the seaway flow is southward, giving
the waters in the seaway Arctic characteristics. Conversely,
when the Arctic waters are the denser, the seaway waters
have Tethyan characteristics. Changes in wind patterns or
strengths have only little impact on the net southward or
northward seaway flow.

Net seaway current directions in the Jurassic can be in-
ferred from latitudinal shifts in paleobiogeographic prov-
inces, in particular, of ammonites. Arctic influences on sea-
way waters are indicated by faunal dominance and south-
ward spread of boreal ammonites and cooler climatic condi-
tions inferred from palynology and clay mineralogy. Con-
versely, Tethys-influenced seaway waters may be inferred
from sub-Mediterranean faunal influences and indicators of
warmer water/climate. An increased understanding of the
Jurassic ocean-climate system should be possible if the
model calculations are tested within the framework of high-
resolution paleobiogeographical and geochemical studies.
This would result in a better understanding of the anoxic/-
dysoxic events that apparently were associated with the hy-
pothesized southward flow in the Toarcian and in the Kim-
meridgian.

Notation
z,y,2z east, north, and upward coordinate axis
(0,0,0 in southwest model corner).
f(y) Coriolis parameter, s—*.
p(z,y,z) density,kgm3.
H(z,y) water depth, m.
P — E,(z,y) precipitation minus open-water evaporation,
ms~ L,
P — Ey(z,y) precipitation minus evapotranspiration over
land, m s~1.
T(z,y,z) temperature,°C.
T.(z,y) sea surface climatic temperature, °C.
Tep(2) open-boundary temperature, °C.
S(z,y,z) salinity, psu (approximately %o).
Scp(2) open-boundary salinity, psu.
An hydrostatic sea level difference, m.

n
@ strait volume transport, m s~!.

roughness length scale, m.
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