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[1] Two-dimensional paleotidal simulations have been undertaken to investigate tidal and
tide-dependent changes (tidal amplitudes, tidal current velocities, seasonal stratification,
peak bed stress vectors) that have occurred in the NW European shelf seas during the last
20 ka. The simulations test the effect of shelf-wide isostatic changes of sea level by
incorporating results from two different crustal rebound models, and the effect of the
ocean-tide variability by setting open boundary values either fixed to the present state or
variable according to the results of a global paleotidal model. The use of the different
crustal rebound models does not affect the overall changes in tidal patterns, but the
timing of the changes is sensitive to the local isostatic effects that differ between the
models. The incorporation of ocean-tide changes greatly augments the amplitude of tides
and tidal currents in the Celtic and Malin seas before 10 ka BP, and has a large impact on the
distribution of seasonally stratified conditions, magnitude of peak bed stress vectors and
tidal dissipation in the shelf seas. The predictions on seasonal stratification are supported by
well-dated evidence on tidal mixing front migration in the Celtic Sea. Additional
experiments using the global model suggest that the variability of offshore tides has been
caused mainly by changes of eustatic sea level and ice-sheet extent. In particular, a large
decrease observed at 10–8 ka BP is attributed to the opening of Hudson Strait accompanied
by the retreat of the Laurentide Ice Sheet.
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1. Introduction

[2] Reconstructions of tidal changes in continental shelf
seas over glacial-interglacial timescales provide essential
information for estimating tide-dependent parameters such
as sea level index points, location of tidal fronts, peak bed
stress vectors, and tidal dissipation. These parameters are
valuable in a range of paleoenvironmental contexts from sea
level studies to the evolution of ecosystems and their bio-
geochemistry. Since the pioneering work of Scott and
Greenberg [1983] on the Bay of Fundy, a number of studies
have investigated such changes (see Hinton [1997] for
reviews on early paleotidal models).
[3] For the NW European shelf (Figure 1), Austin [1991]

and Scourse and Austin [1995] used a two-dimensional
model [Flather, 1976] of the lunar semi-diurnal M2 constit-
uent to reconstruct changes in tidal amplitudes, peak bed

stress vectors and seasonal stratification across the shelf
during the Holocene. Though Scourse and Austin [1995]
did correct for tectonic uplift in the central English Channel,
these studies did not incorporate vertical crustal movement
due to isostasy. A similar rigid crust approach was adopted in
the earlier M2 paleotidal modeling exercise by Belderson et
al. [1986] and the more recent studies by Hinton [1995] and
Hall and Davies [2004].
[4] Though these studies assumed a uniform depth change

over the whole shelf, isostatic correction to the shelf geom-
etry is not small in areas where loading and unloading of
British and Fennoscandian ice sheets have been substantial
(Figure 2). It is therefore necessary to consider crustal
rebound in order to reconstruct the evolution of the shelf-
wide tidal regime. Three paleotidal modeling exercises
[Gerritsen and Berentsen, 1998; Shennan et al., 2000; Van
der Molen and De Swart, 2001] have explicitly integrated the
isostatic change by using a glacio-isostatic-adjustment (GIA)
model output as input terms for the tidal modeling. However,
these studies were confined to the Holocene and to relatively
small regions in order to address different specific objectives.
[5] Recent studies using global paleocean-tide models

indicate a large change of M2 tides in the North Atlantic
during the early phase of deglaciation as a result of the
changing sea level. Thomas and Sündermann [1999] inves-
tigated changes of global ocean tides and tidal torques since
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the Last Glacial Maximum (LGM) and found that M2

amplitudes in the Atlantic increased distinctly between the
LGM and 8ka BP. Egbert et al. [2004] tuned a hydrodynamic
global ocean model, paying particular attention to the param-
eterisations of self-attraction and loading (SAL) and internal
tidal dissipation, and obtained a global solution whose RMS
error when compared to present-day altimetry was of the
order 5 cm. They applied their model from the LGM to the
present and found that M2 amplitudes at the LGM were
significantly different with amplitudes a factor of two larger
in parts of the North Atlantic at 20 ka BP. Our results also
show a large change of M2 amplitudes in the NE Atlantic at
16–8 ka BP (Figure 3) and lend support to these earlier
studies. The large amplitude changes found in the North
Atlantic are most likely due to the quasi-resonant condition
of the basin with respect to the semi-diurnal frequency
[Platzman et al., 1981; Egbert et al., 2004]. Arbic et al.
[2004] employed a global model similar to Egbert et al.
[2004] to investigate tidal changes in the Labrador Sea
during the last 65 ka in relation to the occurrence of Heinrich
events. They also found enhanced M2 tides at the estimated

discharge point of the Hudson Strait ice stream at 16–7 ka
BP.
[6] The impact of ocean-tide changes occurring over

geological timescales on shelf tides has not been imple-
mented in most regional- and shelf-scale paleotidal studies
because it has previously been assumed that tides in the deep
ocean are unaffected by the eustatic sea level change of
approximately 130 m. Hinton [1995, 1996] and Shennan et
al. [2000] considered the changes of tides along open
boundaries in their SW North Sea models by running
larger-scale North Atlantic models out to 30�W. However,
our results and those cited above suggest that semi-diurnal
tidal forcing for any shelf model is very sensitive to changes
in the ocean tide and that this boundary condition is likely to
be the dominant factor in the temporal evolution of tidal
behavior on the shelf.
[7] The overall aim of this study is to reconstruct the tidal

evolution on the NW European shelf from the LGM to the
present. We recognize that the rate of both eustatic and
isostatic changes were greatest in the period between the
LGM and the base of the Holocene, and therefore the
dynamical implications of changes in sea level are most
profound during this period. We have therefore not restricted
our analysis to the Holocene, so enabling a comparison of the
magnitude of Holocene changes with the earlier deglacial
phase. Our specific objectives have been (1) to use themodels
to interrogate the dynamical implications of different gen-
erations of GIA models (Peltier [1994] and a revised version
of Lambeck [1995]), (2) to analyse the significance of
temporal changes in the ocean tide on shelf-sea dynamics
by running the model with both present-day open boundary
conditions and those derived from a paleotidal ocean model
run for the period of interest, and (3) to comparemodel output
with empirical data on the evolution of seasonal stratification
[Austin and Scourse, 1997; Scourse et al., 2002].

2. Location

[8] The NW European shelf seas are located on the
northeastern margin of the North Atlantic and are generally
shallower than 200 m (Figure 1). The North Sea is shallower
than 50 m south of about 55�N and gradually deepens
towards the north. The Celtic Sea and the English Channel
increase in depth towards the shelf edge and are open to the
Atlantic Ocean. The Irish Sea is semi-enclosed, and is
connected to the Celtic and Malin seas through St. Georges’
Channel and North Channel respectively. The eastern part of
the Irish Sea is a shallow shelf generally less than 80 m deep,
but the western part is dominated by a north-south trending
trough reaching depths over 250 m. The Malin Sea and
western Irish Shelf open to the Atlantic Ocean to the
northwest. The Norwegian margin is dominated by the deep
Norwegian Trench that extends from the Skagerrak to the
open Atlantic northeast of the Shetland Islands. The model
domain is defined by latitudes from 45�N to 65�N and
longitudes from 15�W to 15�E. It extends southwards along
the western French Shelf and into the open North Atlantic to
include the Faeroe Islands, Rockall Trough, Iceland-Faeroe
Ridge, Faeroe-Shetland Channel, the Iceland Basin, and into
the Norwegian Sea.
[9] The tides and tidal currents of the NW European shelf

seas are dominated by M2, and less significantly by S2

Figure 1. Map of modeled region, including locations of
selected sea level reference points in (a) a north-south
transect through the Irish Sea, extending south to Brest and
north to the Faeroe Islands, and (b) an east-west transect
along the English Channel, extending west to the Isles of
Scilly and east to the German Bight. Locations selected are,
for the north-south transect, (N1) east Faeroe Islands, (N2)
south Faeroe Islands, (N3) Cape Wrath, (N4) Firth of Clyde,
(N5) Bangor (northWales), (N6) Core site 199, (N7) the Isles
of Scilly, and (N8) Brest, and for the east-west transect, (N7)
the Isles of Scilly, (N8) Brest, (E1) Jersey, (E2) the Isle of
Wight, (E3) London, (E4) Lower Thames, (E5) Texel and
(E6) the German Bight. Point (F) off Flamborough Head
indicates the location of stations used in Figure 8b.
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(relative significance is ca. 30–50%). Diurnal constituents
such as K1 andO1 are comparable with the semi-diurnal ones
only near semi-diurnal amphidromes, and in limited
regions such as the outer shelf around northwest Scotland
[Cartwright et al., 1980; Proctor and Davies, 1996]. We
therefore confine most of our analysis to M2 and S2.
[10] A distinctive feature of this shelf in terms of its

morphological evolution during the last glacial cycle is the
spatially complex isostatic deformation forced by loading

and unloading of local (British and Fennoscandian) and far-
field (Laurentide) ice sheets [Lambeck, 1993, 1995, 1996].

3. Methods

[11] Paleotides in the NW European shelf seas have
been estimated by applying paleobathymetries for every
1000 years from 20 ka BP to the present day to a two-
dimensional finite-difference model covering the NW

Figure 2. Spatial variation of relative sea level (RSL) in the study area at 9 ka BP, based on (a) Lambeck
and (b) Peltier reconstructions. Figures denote sea level relative to the present day in meters. Shaded
regions illustrate where RSL was higher than �20 m, i.e., where the crustal rebound due to the unloading
of the local British and Fennoscandian ice sheets has been substantial. In both Lambeck and Peltier
models, ice sheets in the study area are assumed to have disappeared by 9 ka BP.

Figure 3. Co-tidal charts for the evolution of the M2 ocean tide used as boundary forcing for the shelf
model. Contour interval is 0.5m for M2 amplitude (solid lines) and 30 degrees for phase (dashed lines).
White areas denote the range of ice sheets.
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European shelf. For each stage, four cases have been inves-
tigated by combining two sets of paleobathymetries derived
from different GIA models (distinguished as ‘‘Lambeck’’ and
‘‘Peltier’’ bathymetries) and two types of open boundary
values (refer to as ‘‘fixed’’ and ‘‘ocean-tide’’ cases hereafter).
In addition to the shelf tide model, a global ocean-tide model
was developed to obtain boundary values used in the ocean-
tide case.

3.1. Shelf Model

[12] A two-dimensional version of the Princeton Ocean
Model [Blumberg andMellor, 1987] was employed to predict
surface elevation h and depth-averaged current vector u in the
shelf sea. The governing equations are given by:

@�=@t þr � Duð Þ ¼ 0; ð1Þ

@Du=@t þ u � rð ÞDuþ k 2W sin’ð Þ � Du ¼
� gDr � � �eð Þ � cDjujuþ AhDr2u;

ð2Þ

where t is time, r the horizontal gradient operator, D = H +
�, H the undisturbed depth, W the angular velocity of the
Earth’s rotation, ’ the latitude, k the vertical unit vector, g
the acceleration due to gravity, �e the tide-generating
potential, cD a quadratic bottom friction coefficient
(=0.0026), Ah the horizontal eddy-viscosity coefficient
(=100 m2/s), respectively. The influence of the loading tide
is small on the shallow shelf [Kantha et al., 1995] andwas not
considered in this model.
[13] The model covers latitudes from 45�N to 65�N

and longitudes from 15�W to 15�E with a resolution of
1/12 degrees and was driven primarily by surface elevation
and depth-mean currents along open boundaries. The bound-
ary values were derived either from the harmonic constants
(M2, S2, K1, O1, and N2 constituents) of a modern global
model (TPXO.6 model [Egbert and Erofeeva, 2002]) (fixed
case) or from those of the paleocean-tide model described
below (ocean-tide case). The former retains high precision by
integrating data from satellite altimetry, while the latter
implements the bathymetric changes that occurred over
geological timescales.
[14] Another driving force, tidal potential �e in equa-

tion (2), was required to reproduce the distribution of diurnal
tides (K1 and O1) accurately [Davies et al., 1997]. This
forcing causes little change to the overall pattern of the shelf
tides since the dominant M2 and S2 tides are induced mostly
by the tidal energy entering from offshore open boundaries.
[15] The process of wetting and drying is not imple-

mented in this model. Minimum depth was taken to be 6 m
for numerical stability. Each run was initiated from rest and
integrated for 45 days, the last 30 days of which were used for
analyses. The time step for the integration was 10 seconds.
[16] Comparison with 130 tide gauges listed in Sinha and

Pingree [1997] revealed that the root mean squared (RMS)
errors between the model prediction (fixed case using modern
bathymetry) and the observational results were 5.6 cm forM2

amplitude and 6.5 degrees for phase. These differences are
comparable to earlier studies [e.g., Davies et al., 1997]. As
for the ocean-tide case using modern bathymetry, the RMS

differences for M2 amplitude and phase were 6.8 cm and
12 degrees, respectively.

3.2. Global Model

[17] A global tidal model was developed to estimate open
boundary values used in the ocean-tide case of the shelf
model. It was designed to reproduce present ocean tides with
a reasonable accuracy without making spatially localized
adjustments of model parameters, as there are no means to
conduct such tunings for the paleotidal estimates. This model
is essentially the same as the shelf model described above,
except that it covers the global ocean at 1/2 degrees resolution
without using an open boundary and that equation (2) is
rewritten as:

@Du=@t þ Du � rð Þuþ k 2W sin�ð Þ � Du ¼
� gDr �� � �eð Þ � cDjuju� cDTu:

ð3Þ

The linear drag coefficient cDT in equation (3) is a function
of space defined as:

cDT x; yð Þ ¼ 1=2ð ÞkNhh2i; ð4Þ

where hh2i is the variation of bathymetry within the grid
(see modern bathymetry section for definition) and kN is a
constant (12	 � 10�8). The formulation of this coefficient
is similar to that used by Jayne and St. Laurent [2001] and
intended to consider tidal dissipation caused by flows over
subgrid-scale bathymetric irregularities. Introduction of this
drag scheme increased the amount of dissipation in the deep
ocean which has been underestimated in some previous
models, and reproduced a realistic pattern for the present tide
without tuning bottom friction parameters locally or
specifying extremely large eddy-viscosity coefficients.
[18] Unlike the shelf-sea model, the influence of tidal

loading was considered by setting � in equation (3) to 0.9,
assuming that the load tide effect is proportional to g� [Accad
and Pekeris, 1978]. Though optimal values for � vary
between locations [e.g., Kantha et al., 1995], we assumed a
constant value since the second digit of a has large uncer-
tainties due to insufficient information on the land-ocean
distribution during the geological past.
[19] The tides were forced by the tidal potential of the

five major constituents required in the shelf tide calcula-
tions. Along the open boundaries of the shelf-sea model, the
RMS differences between the present-day M2 tides derived
from this model and those used in the fixed case were 3.4 cm
for amplitude and 4.1 degrees for phase.

3.3. Modern Bathymetry

[20] The bathymetry of the present-day NW European
shelf area was prepared by compiling data sets from several
sources including the U.K. Proudman Oceanographic Labo-
ratory (POL), British Geological Survey (BGS) and the U.S.
National Geophysical Data Center (NGDC). The grid reso-
lution is 1/12 degrees.
[21] The bathymetry of the modern global ocean was

derived from two sources: ETOPO2 [Smith and Sandwell,
1997] for area north of 72�S and depth deeper than 1000m
and GEBCO Digital Atlas (Centennial Edition) for the
remaining area. The spatial resolutions of the data sets are
2 minutes for the former and 1 minute for the latter. We used
the second and third quantile of the original data within a
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model grid (30 minutes resolution) to compute representative
depth hhi and subgrid-scale variability hh2i in equation (4):

hhi ¼ 2=Nð Þ
X3N=4

i¼1þN=4
hi; ð5Þ

hh2i ¼ 2=Nð Þ
X3N=4

i¼1þN=4
hi � hhið Þ2; ð6Þ

where N is the number of depth data in a model grid and hi
denotes each depth in an ascending order. Depths for shallow
regions such as the NW European Shelf, the East China Sea,
and the northern Australian Shelf were modified by using
local digital bathymetry including those supplied by the
Japan Oceanographic Data Center (JODC) and Geoscience
Australia.

3.4. Paleobathymetries

[22] Paleobathymetries around the NW European Shelf
were prepared for every 1 ka since 20 ka BP to the present
by combining the modern shelf bathymetry with changes of
relative sea levels (RSLs) estimated from two GIA models:
a revised version of Lambeck [1995] (‘‘Lambeck’’ model)
and ICE-4G (VM2) model [Peltier, 1994] (‘‘Peltier’’ model).
The Lambeckmodel is constrained to the NWEuropean Shelf
region and has spatial resolution of 0.703125 degrees in
longitude and 0.15748 degrees in latitude (resolution of the
ice model was 1/4 degrees in longitude and 1/8 degrees in
latitude, 1/2 degrees in longitude and 1/4 degrees in latitude,
for British and Fennoscandian ice sheets, respectively). The
Peltier model covers the global area at 1 degree resolution.
[23] The Lambeck model supersedes Lambeck [1995] by

conducting a new iteration using improved ice-sheet models
for Scandinavia and North America [Lambeck and Purcell,
2001], an improved model for the global changes in ice
volumes during the last glacial cycle [Lambeck and
Chappell, 2001] and improved high-resolution solutions
of the rebound formulation [Lambeck et al., 2003]. Both
Lambeck and Peltier models predict crustal and geoid dis-
placement of the ice sheets from the LGM to the present day,
though differences in model settings such as spatial and
temporal extent of ice sheets or viscous structure of the
lithosphere cause slight differences in the RSL estimations.
[24] The RSL and ice data were converted separately to a

1/12 degree mesh using a natural neighbor technique. Water
depth at a particular age was derived as the sum of RSL and
the present depth. Grid points where values of the converted
ice data were larger than 1m (Lambeck; the altitude of ice
surface) or 0.6 (Peltier; original data describe nonice and ice
regions as 0 and 1) are regarded as ice-covered. All ice area is
regarded as grounded since there are no precise data on the
positions and migration of grounding lines during the past.
[25] To compare the bathymetry derived from bothmodels,

RSL distribution around the NW European seas at 9 ka BP is
shown in Figure 2. By this early Holocene period, all ice
sheets in the study area are assumed to have disappeared. It is
found that most of the basic features are similar between the
models: high RSLs (deeper water depth) are found on the
northern Britain and along Scandinavian coasts which are
influenced by the unloading of British and Fennoscandian ice
sheets, while RSLs are low (shallow) in the North and Celtic

seas and in the area north of the shelf. In addition, the spatial
variability of RSLs across the shelf was more than 40 meters
in both models, which is an order of magnitude larger than
those found in the offshore South Atlantic or Indian oceans as
a whole at the same period.
[26] Despite overall similarities, there are two apparent

differences between the model results, apart from smaller
volumetric extent of the British Ice Sheet predicted in the
Lambeck model. One is before 15 ka BP, when RSL in the
outer Celtic Sea was higher and the shelf sea was more
developed in the Lambeck model. Another is found after
12 ka BP: RSL was higher in the present southeast North
Sea compared to those in the northern North Sea in the
Lambeck model (Figure 2a) while the opposite trend was
generated by the Peltier model (Figure 2b).
[27] Paleobathymetry used in the global ocean-tide model

was prepared in the same manner as for the shelf model,
except that the grid resolution was 1/2 degree and was based
exclusively on the Peltier model. For the bathymetry at 9 ka
BP an additional data set was created by applying a different
regridding scheme (linear interpolation) to the ice data to
examine the sensitivity of the tidal model to ice distribution.

4. Results

[28] As our primary interest is in the tidal changes of the
NW European shelf seas, most of the discussion is restricted
to the area between 12�W and 6�E longitude and 47.5�N
and 61�N latitude. Note that dates shown in this study are
described in calendar years which are different (older by
varying amounts) from the radiocarbon years adopted inmost
of the earlier shelf-tide studies [e.g., Shennan et al., 2000;
Van der Molen and De Swart, 2001].

4.1. M2 Tidal Amplitudes

[29] Figure 4a depicts co-tidal charts of M2 tides for the
present-day situation, and for selected time slices obtained
using Lambeck bathymetry and the open boundary value
which integrates temporal changes in ocean tides. Figure 4a
also illustrates the spatial extent of the shelf sea at each
stage, which has evolved extensively with the rise of sea
level.
[30] In the Celtic Sea, a region with M2 amplitudes larger

than 2.5 m is observed along the paleocoastline around
48.5�N at 16 ka BP, which shifts eastward with the retreat of
the shorelines. This result is consistent with that of Egbert et
al. [2004] who obtained M2 amplitudes of about 3m along
the eastern margin of the North Atlantic as well as in the
Labrador Sea during the LGM. After 12 ka BP, the high
amplitude area splits into two parts: along the Brittany coast
(northern France) and in the Bristol Channel. M2 amplitudes
in the English Channel decrease in the west and increase in
the east after ca. 10 ka BP. M2 amplitudes larger than 2.5 m
are also found in the area west of Scotland before 10 ka BP
and along the west coast of Ireland before 12 ka BP, and
developed after 8–7 ka BP in the eastern Irish Sea. Changes
in M2 amplitudes largely cease after 6 ka BP.
[31] The evolution of the shelf amphidromic system is

also evident in Figure 4a. Amphidromes represent the nodes
of standing waves in a rotating system, and are formed by
the interaction of incident and reflected Kelvin waves. The
position of amphidromes is affected bywater depth, frictional
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Figure 4. Modeled M2 elevation amplitudes and phases for selected time slices based on Lambeck
paleobathymetry: (a) ocean-tide and (b) fixed boundary cases. Contour interval ofM2 elevation amplitude
(solid) and phase (dashed) are 0.5 meter and 30 degrees, respectively.

Figure 5. M2 tidal elevation differences between 12 ka BP and present for cases derived from different
paleo-bathymetries and open boundary values: (a) Lambeck/fixed, (b) Lambeck/ocean-tide, (c) Peltier/
fixed, and (d) Peltier/ocean-tide cases. Hatched (shaded) regions depict where M2 amplitudes at 12 ka BP
were more than 0.5 m greater (smaller) than at present.
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effects and the topography. The amphidromes near the
southeast of Ireland and the central part of the English
Channel, seen in the present-day situation of Figure 4a, are
degenerate (the phase lines intersect on land) but the
sequence shows them becoming less degenerate with time
as water depth increases, resulting in less attenuation of the
reflected Kelvin wave. The depth increase also shifts amphi-
dromes away from the reflection point of the Kelvin wave
through the increase of tidal wavelength. For example, the
English Channel amphidrome moves from east to west of the
Isle of Wight during the last 9 ka.
[32] In the North Sea, an amphidrome first develops at the

mouth of the paleo-embayment around 59�N at 16 ka BP
(Figure 4a). As the embayment extends to the south, another
amphidrome emerges around 56�N by 14 ka BP. Distances
between these amphidromes and the head of the embayment
at 12 ka BP (Figure 4a) are consistent with those inferred
from the theory of standing waves in an idealized gulf if a
uniform depth of 16 m is assumed. As the depth increases,
the southern amphidrome shifts eastward and larger tidal
amplitudes develop along the English coast. The northern
amphidrome degenerates towards SW Norway by 10 ka BP
along with the disappearance of a paleo-promontory sepa-
rating the embayment and the Skagerrak. At 9–7 ka BP,
detachment of Dogger Bank (ca. 3�E, 55�N) from the
southern coast of the North Sea causes the incident Kelvin
wave to bifurcate at around 55�N traveling either along the
north coast of the bank or towards the southern coast of the
North Sea. As a result, amphidromes appear both north and
south of the bank at this period (8 ka BP in Figure 4a). The
amphidromes coalesce after the bank is submerged to form
the present-day situation. In the Southern Bight (SW North
Sea), an amphidrome emerges after the opening of the Strait
of Dover at 9 ka BP in the Lambeck case or at 8 ka BP in the
Peltier case.
[33] M2 amplitudes obtained with the boundary values

fixed to the present situation (Figure 4b) are smaller than
those predicted in ocean-tide case results (Figure 4a) in time
slices prior to 10 ka BP, especially in the western part of the
shelf. Despite the large difference in tidal amplitudes, the
location of amplitude maxima and of amphidromes are
almost the same in the ocean-tide and fixed cases since these
characteristics are mainly a function of wavelength and
geometry.
[34] Comparison of M2 amplitude differences between

12 ka BP and the present derived from all four cases

(Figure 5) suggests that the variation in the offshore tides
caused significant enhancement of tidal amplitudes in the
western part of the shelf prior to 10 ka BP, much larger than
the differences resulting from alternative GIA bathymetries.
On the other hand,M2 amplitudes in the North Sea, especially
in the region between 54�N and 58�N, are less affected by the
change of ocean tides and show some sensitivity to the model
bathymetry used (Figure 5). Dependence of tidal pattern on
the usage of different GIA models is also found in the outer
Celtic Sea prior to 15 ka BP, when tides and the shelf
geometry evolved more rapidly in the Lambeck case than in
the Peltier case due to higher RSL predicted in the former.

4.2. M2 Tidal Currents

[35] Figure 6 depicts the amplitude distribution of M2

tidal currents predicted by Lambeck/ocean-tide runs for the
same time slices as in Figure 4. The introduction of ocean-
tide variability generates a significant increase in the mag-
nitude of the tidal current on the western side of the shelf
prior to 10 ka BP, with a smaller impact on the velocity field
in the North Sea.
[36] A region of intense tidal currents exceeding 1.25 m/s,

observed in the Celtic Sea during the early stages of
deglaciation (see 16 ka BP in Figure 6), shifts landward with
the rise of sea level and is found mostly in the English
Channel after 12 ka BP. After 8 ka BP its spatial extent is
confined to the central English Channel between the Isle of
Wight and the Cotentin Peninsula.
[37] Such strong M2 currents are also observed along the

shelf edge of the Malin Sea at 16 ka BP due partly to the
shallower depth along the shelf edge compared to the inner
shelf area, and also to the enhanced tidal prism caused by
the developed M2 tides on the inner shelf. Current velocities
of the diurnal constituents (K1 and O1) in this area, which
are comparable to the semi-diurnal counterparts at present,
do not differ significantly from the present values.
[38] With the exception of the channel between the

islands of Shetland and Orkney, M2 tidal currents stronger
than 0.75 m/s are not found in the North Sea until 9 ka BP
in the Lambeck case or until 8 ka BP in the Peltier case,
when a strong tidal flow is generated between the emergent
Dogger Bank and the landbridge in the SW North Sea. After
this time, strong tidal currents have developed mainly along
the English coast in the SW North Sea.
[39] The largest differences between the M2 tidal current

distributions predicted by the Lambeck and Peltier cases,

Figure 6. Variation of M2 current amplitude for the Lambeck/ocean-tide case. Contour interval is
0.25 m/s.
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other than in timing, are found in the northern North Sea
between 14 to 12 ka BP, when the M2 current stronger than
0.5 m/s occurs at the mouth of the paleo-embayment in the
Lambeck case while in the southwest region of the embay-
ment when forced by Peltier. This discrepancy is due to the
low RSL (shallow depth) predicted along the mouth of the
embayment which forms a sill-like feature in the Lambeck
bathymetry while the bay mouth is deeper and wider in the
Peltier reconstructions (see Figure 2).

4.3. Mean High Water Spring Tide (MHWST)

[40] As the derivation of past MHWST elevation is essen-
tial when making tidal corrections to sea level index points,
curves of MHWST at selected locations along N-S and E-W
transects (Figure 1) have been plotted for the Lambeck/
ocean-tide case against time slices from 20 ka BP to the
present day (Figure 7).
[41] In this study, MHWST is estimated as the sum of M2

and S2. Though this is not the formal definition of MHWST,

Figure 7. Mean high water spring tide (MHWST) obtained by Lambeck/ocean-tide case runs for
(a) north-south and (b) east-west transects depicted in Figure 1.

Figure 8. Comparison of MHWST curves derived from all four cases at stations (a) Isles of Scilly
(Celtic Sea) and (b) off Flamborough Head (North Sea). A solid circle at 9 ka BP in Figure 8a shows a
variant of Lambeck/ocean-tide case, which uses ice-sheet distribution obtained from a different
interpolation scheme.
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comparison between observed harmonic constants and
MHWST at 63 standard ports listed in the Admiralty Tide
Table Volume 1 (2004 edition) shows that the amplitudes of
M2 and S2 tides can explain the observed MHWST in the
study area to within 7%, which is probably smaller than
model errors originating from uncertainty in the paleoba-
thymetries and tidal variability at nearshore regions.
[42] Curves of MHWST for fixed case results (not shown)

were generally smooth and did not deviate more than 0.5 m
from the present value except in the earliest runs for the
Cape Wrath and Lower Thames stations, and before 12 ka
BP at station Core 199. Factors affecting the shape of curves
include the movement of amphidromes, development of
inner bay tides (e.g. at Bangor), and the opening of local
channels (e.g. 6 ka BP at Jersey). MHWST at Faeroe (E)
station has been virtually constant over 13 ka because a stable
amphidrome resided close to the reference point. Inclusion of
ocean-tide variability generally causes a significant enhance-
ment of MHWST before 10 ka BP, typically by 25–50%
from the fixed case results, and a smaller modification after
8 ka BP (Figure 7). Except at the Firth of Clyde station, a
sharp decrease of MHWST is observed on the western side of
the shelf between 10 and 9 ka BP.
[43] Superposition of curves obtained from all four cases

illustrates that MHWST in the Celtic Sea is virtually
insensitive to the bathymetric model used, while the change
of ocean tides has had a significant impact on the evolution
of MHWST before 10 ka BP (Figure 8a). Prediction of
MHWST at 9 ka BP is found to depend largely on the
distribution of ice sheets in unresolved Hudson Strait, as
indicated for the Lambeck/ocean-tide case in Figure 8a.
Though the significant decrease of MHWST between 10–
8 ka BP seems to be a robust feature, a small modulation of
MHWST observed in ocean-tide reconstructions during 8–
3 ka BP might be a model artefact of the global predictions
caused by uncertainties of paleogeography in high latitude
areas, as will be discussed in section 5.
[44] MHWST off Flamborough Head in the western

North Sea is sensitive to the different bathymetric models
at ages prior to 10 ka BP (Figure 8b). In the Peltier case, the
MHWST shows a peak value at 11 ka BP followed by a
decreasing trend while the estimated value was smaller than
present for time slices prior to 10 ka BP in the Lambeck
case. This discrepancy seems to have been caused by the
difference of the water depth predicted for the North Sea;
RSL is higher (deeper) in the Peltier model compared to the
Lambeck model at around 10 ka BP (see Figure 2).

[45] MHWST estimates of the SW North Sea by Shennan
et al. [2000], who undertook a high-resolution paleotidal
simulation in this region for the last 10 14C ka, show
temporal trends similar to the Lambeck case in Figure 8b.
This resemblance is probably due to the incorporation of
paleobathymetries from Lambeck [1995] in their shelf-scale
tidal model. Comparison of MHWST predicted by Shennan
et al. [2000] and that of the Lambeck case in the current
study (Figure 8b) shows that our model gives estimates 30 cm
higher around Flamborough Head. This difference may have
been caused by geographical changes related to the move-
ment of sediments in The Wash in the regional model of
Shennan et al. [2000]. In their regional model, the paleo-
coastline in this embayment extends largely towards the
present land during the mid-Holocene, which is known to
have had the effect of lowering the tidal amplitudes in this
region [Hinton, 1995]. Even though the influence of coastal
sedimentation on shelf-scale tidal regimes is generally lim-
ited to localized areas [e.g., Uehara et al., 2002], similar
discrepancies may have occurred at several locations on the
NW European Shelf, including the former tidal basins in The
Netherlands [Van der Spek, 1997].

4.4. Seasonal Stratification

[46] The region of seasonal stratification in the NW
European shelf seas is strongly linked to the strength of
the tidal current juj in terms of a parameter proposed by
Simpson and Hunter [1974]:

S ¼ log10 H=cDhjuj3i
� �

; ð7Þ

where h i denotes averaging over a tidal cycle. Pingree and
Griffiths [1978] have shown, using an M2 tidal numerical
model, that the transition of the water column from a
vertically mixed state to a stratified state occurs when S is
between 1 and 2, and that the tidal mixing front is likely to
reside around the contour line of S = 1.5. We adopt these
criteria to estimate such transitions, and modify the threshold
values to S = 0.87, 1.83 and 1.35 respectively, to reflect our
five-constituent model.
[47] Figure 9 illustrates the positions of tidal mixing front

boundaries for the Lambeck/ocean-tide case estimated from
the distribution of S. The position of the front in the Celtic
Sea at 14 ka BP is close to the shelf break; with rising sea
level it migrates landwards, splitting into two separate frontal
systems in the inner Celtic Sea and the western English

Figure 9. Predicted distribution of stratification parameter, S, based on Lambeck/ocean-tide case runs.
Dark grey indicates S < 0.87 (mixed), medium grey colors indicate 0.87 < S < 1.83 (transitional or
frontal), and light grey indicates S > 1.83 (stratified). Awhite line corresponds to S = 1.35, indicating the
location of a tidal front.
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Channel after 7 ka BP. In the North Sea, a tidallymixed area is
found mainly north of 54�N before 10 ka BP and south of
55�N after 8 ka BP.
[48] The ratio of tidally mixed to total shelf area has been

relatively constant for the last 5 ka, around 20%, regardless
of the type of bathymetric model and the open boundary
value used. Before 10 ka BP, a tidally mixed region domi-
nated in the Celtic Sea and also increased in the Malin and
North seas (Figure 9). As a result, the ratio of the mixed area
increased to as much as 60–70% in the Lambeck/ocean-tide
case between 19–13 ka BP or 40–50% between 17–10 ka
BP in the Peltier/ocean-tide case.
[49] Geological proxy data can be used to verify the

accuracy of the model output with respect to stratification.
Based on microfossil (benthic foraminifera) and stable iso-
topic data from radiocarbon-dated BGS vibrocore 51/�09/
199 (Core 199) from the Celtic Sea (Figure 1), Austin and
Scourse [1997] were able to identify a transition from
summer mixed to stratified water at this location at around
9 ka BP. This study verified the nonisostatically correctedM2

model predictions for tidal mixing front change in the Celtic
Sea by Austin [1991]. A study of the distribution of living
benthic foraminiferal assemblages from across the Celtic Sea
frontal region [Scott et al., 2003] supports the interpretation
of the core assemblages as driven by stratification, and
parallel studies on the stable isotopic content of live benthic
foraminifera [Scourse et al., 2004] also support the hypoth-
esis that these are controlled by bottomwater temperature and
are therefore linked to stratification. Scourse et al. [2002],
based on a suite of AMS 14C dates, revised the timing of
stratification to between 8990 and 8440 cal yr BP (8720 ±
2
). Similar investigation of the modern distribution of
dinoflagellate cysts in relation to seasonal stratification in
the Celtic Sea [Marret and Scourse, 2002] calibrated the
interpretation of dinoflagellate cysts in vibrocore 51/-09/199
as a planktonic proxy for seasonal stratification [Marret et al.,
2004]. There are therefore multiple lines of evidence, with
full calibration, which support the interpretation of the
mixed-stratified transition at the core location around 8.7 ka
BP.
[50] Figure 10 shows stratification parameter reconstruc-

tions for the Celtic Sea forced using Lambeck bathymetry
with both fixed and ocean-tide open boundaries. This dem-

onstrates that the timing of stratification onset at the core
location is too early, between 12 and 10 ka BP, in the fixed
boundary run, but closer in time with the predictions from the
ocean-tide boundary runs, between 10 and 8 ka BP. This
lends support to the occurrence of enhanced tides during the
late Pleistocene and early Holocene stages as suggested by
the ocean-tide runs.

4.5. Peak Bed Stress Vectors

[51] In the NW European shelf seas, the distribution of
peak stress vectors under the present-day tidal regime agrees
well with the observed sediment transport paths [Pingree
and Griffiths, 1979] and has been used as a measure to infer
the path of sediment transport and the location of bedload
partings from tidal models [e.g., Austin, 1991; Hall and
Davies, 2004]. In this study, the peak value of bed stress
vectors (���� = �0cDjuj u) was recorded at each numerical run.
Here, the density of seawater r0 is assumed to be 1023 kg/m3.
[52] Before 10 ka BP, the peak bed stress on the outer

shelf is significantly stronger than present (Figures 11a
and 11b). For example, an absolute stress value in the
southern Celtic Sea (48.5�N, 7�W) is about three times
larger at 10 ka BP and five times larger at 14 ka BP than in
the present-day situation. Comparison between fixed and
ocean-tide cases indicates that 30–40% of this increase is
due to the reduction of water depth, while the remaining may
be ascribed to the enhanced ocean tides.
[53] The location and migration of bedload partings are

broadly consistent between the different runs apart from the
time lags before 15 ka BP between the Lambeck and Peltier
cases; a significant bedload parting predicted on the outer
Celtic shelf during low RSL stages (Figure 11a) migrates
landwards and then after 12 ka BP splits into the Celtic Sea
and English Channel partings (Figures 11b–11d). These
results are comparable to those generated by Austin [1991]
and Hall and Davies [2004] using nonisostatically corrected
models.
[54] Van der Molen and De Swart [2001] calculated bed

sediment transport off the Belgian and Dutch coasts by
using the GIA bathymetry of Lambeck [1995] for early
Holocene stages and pointed out features such as weak
sediment transport in the Southern Bight at 8 14C ka BP
and cross-normal transport along the southern Dutch coast at

Figure 10. Predicted distribution of stratification parameter, S, in the Celtic Sea based on Lambeck/fixed
case (upper row) and Lambeck/ocean-tide case (lower row) runs. Location of Core 199 is marked with
pluses.
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7.5 14C ka BP. Their first result is consistent with our 9 ka BP
estimate (Figure 11b) while the latter feature is recognized in
our 8 ka BP estimates but at smaller magnitude (not shown)
probably due to the slightly different time slices adopted in
both models. Our result indicates a cross-normal sediment
transport at 9 ka BP along the French coast of the English
Channel (Figure 11b), which is also observed in Austin
[1991].

5. Discussion

5.1. Effect of Crustal Rebound

[55] Comparison with the results given by Austin [1991],
which assumes a uniform decrease of the water depth over
the shelf, shows that many features shown in this study are
reproduced in his model. These include the negative anom-
aly of M2 tidal amplitude during the early Holocene in the
eastern English Channel, the enlarged extent of the tidally
mixed waters in the Celtic Sea and the formation and shift
of the bedload parting in the southern North Sea. This implies
that the tidal changes have been forced primarily by overall
changes in water depths.
[56] On the other hand, the specific features reconstructed

in the uniform depth reduction runs emerge in our results
with timings which vary from place to place since the depth
change is not uniform across the shelf. For example, M2

amplitude predicted by reducing the water depth uniformly
by 25 m [Austin, 1991] resembles our 9 ka BP results for the
Peltier/fixed case run in the English Channel though it is
more similar to the 8 ka BP results in the SW North Sea.
[57] Differences between the uniform depth reduction

case and our study were also found in areas where the spatial
variations in the RSLs are large, such as in the northern North
and Irish seas. For example, Hall and Davies [2004], who
investigated the tidal change caused by the uniform depth
reduction of 30 m, show maximum M2 currents exceeding
2 m/s in the northern Irish Sea, which are absent in our results
because isostatic rebound was relatively effective in the

northern Irish Sea causing smaller depth changes than the
surrounding areas.
[58] The differences between the tidal estimations using

either Peltier or Lambeck bathymetries did not produce any
significant changes with respect to the overall patterns of
the shelf tides, especially when compared with the discrep-
ancies found between the fixed and ocean-tide cases prior to
10 kaBP in the western part of the shelf. Themain differences
relate mainly to the timing of the emergence of the tidal
features, as recognized in the outer Celtic and Malin seas
before 15 ka BP and in the SW North Sea during the
Holocene. In both cases, higher RSL predicted in Lambeck
runs resulted in earlier evolution of tides and tidal currents. At
this stage there is insufficient geological data to comment on
the relative merits of the two GIA models.

Figure 12. Dissipation (in TW) through bottom friction
across the entire shelf region for the four cases. A solid circle
shows a variant of Lambeck/ocean-tide case at 9 ka BP.

Figure 11. Distribution of peak bed stress vectors (in N/m2) in the southern part of the NW European
shelf based on Lambeck/ocean-tide case runs: (a) 16 ka BP, (b) 12 ka BP, (c) 9 ka BP, and (d) present.
Colors in shades indicate direction of stress vectors. Only vectors > 1 N/m2 are shown.
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[59] These results suggest that the overall change of tidal
patterns can be explained primarily by the uniform eustatic
rise of sea level, while local isostatic effects played a
significant modulating role in determining the actual timing
of the changes. In addition, some modifications of the tidal
features emerge in regions where the isostatic effect is large,
such as in the northern Irish and North seas.

5.2. Dissipation

[60] The modeled tidal dissipation through bottom fric-
tion is shown in Figure 12 for all four cases conducted in
this study. The estimate for the present-day situation (0.22–
0.23 TWor 0.18–0.19 TW forM2 only) agrees with Flather
[1976] based on a shelf-tide model (0.19 TW for M2 only),
is slightly larger than Egbert et al. [2004] obtained from a
hydrodynamic global model (0.16 TW for M2 only), and is
consistent with the value derived from TPXO.4a model
(0.19 TW for M2 only [Egbert and Ray, 2001, Plate 3]).
[61] In the fixed cases, dissipation on the shelf increased

continuously from 20 ka BP to 8 ka BP and then gradually
decreased to the present value. The ocean-tide cases, on the
other hand, generate distinctly high dissipation rates between
17 ka BP and 10 ka BP (Lambeck case) or 14 ka BP and 10 ka
BP (Peltier case) compared to those predicted for ages after
8 ka BP. This large dissipation rate is due mostly to the strong
tidal currents in the Celtic and Malin seas induced by the
enhanced ocean tides along the western boundary of the
model. The dissipation rate at 9 ka BP in the ocean-tide cases
depends on the ice-sheet distribution in Hudson Strait, as
indicated for the Lambeck/ocean-tide case in Figure 12.
[62] The overall change in the shelf tidal dissipation rates

can be explained primarily by regional effects in the English

Channel and the Celtic Sea. At present, dissipation in the
English Channel, which occupies only 7% of the whole shelf
area, accounts for about 40% of the total dissipation on the
shelf. While the English Channel has been the largest sink of
tidal energy during the last 8 ka BP, the Celtic Sea was the
main focus of tidal dissipation before 10 ka BP. In particular,
more than half the total dissipation occurred in the Celtic Sea
between 17–13 ka BP (Lambeck case) or between 16–12 ka
BP (Peltier case). This regional difference in the timing of
maximum dissipation, implied by our modeling study, sug-
gests the possibility of finding geological proxy evidence to
confirm it. Thus there is an opportunity for future observa-
tional studies to substantiate the proposed tidal evolution.
[63] Differences between the Lambeck and Peltier cases

were much smaller than those between the fixed and ocean-
tide cases except before 15 ka BP, when higher RSL andmore
developed outer-shelf geometry predicted in the Lambeck
reconstruction gave rise to an earlier onset of the high
dissipation phase. Higher dissipation rate observed in the
Lambeck case between 14 and 12 ka BP may be ascribed to
stronger tidal current along the edge of theMalin Shelf due to
lower RSL (shallower depth) predicted in the Lambeck
model.
[64] The temporal change of global dissipation rate

obtained from the ocean-tide model shows features different
from that within the shelf seas, suggesting a larger role of
(internal) tidal dissipation in the deep oceans during the early
phase of deglaciation. The total rate was largest at 20 ka BP
and decreased slightly until 10 ka BP followed by a distinct
drop at 10–8 ka BP and has been roughly constant since 5 ka
BP. This is consistent with the findings of Egbert et al.
[2004]; their data and our model results are shown in

Figure 13. (a) Temporal change of global dissipation rate derived from the ocean-tide model results
(forced only by M2 tides) and Egbert et al. [2004]. (b) M2 amplitude change off the Celtic Sea (15�W,
50�N) under different bathymetric settings; either applying the Peltier bathymetry (GIA; thick lines) or
reducing the global depth uniformly to the sea level at (30�W, 30�N) in the central N Atlantic (UDR; thin
lines with symbols). A thick dashed line denotes a GIA run made with Hudson Strait closed, while a thin
line with circles shows a HDR case which incorporates the change of ice-sheet extents. ‘‘UDR + GIA’’
cases apply the GIA bathymetry only at regions south of 60�S (triangle) or in the Hudson Bay and
Labrador Sea (square) and employ UDR at remaining areas.
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Figure 13a. Their estimate for 20 ka BP (3.96TW) agrees
well with our result (3.86TW; M2 only), though it is
smaller than ours for present conditions (2.68TW versus
3.08TW). This discrepancy is probably due to the lower
horizontal resolution adopted in our study. The similarity
between the results for the LGM can be attributed to the
smaller contribution of shallow shelf seas at that time.

5.3. Ocean Tide Variability

[65] It is worth discussing briefly the relevant geological
mechanisms that affect the ocean-tide variability in the NE
Atlantic since the ocean tide is the relevant boundary condi-
tion to co-oscillatory shelf models and is therefore the
dominant control on the evolution of tides and tide-related
parameters in the western part of the NW European Shelf.
[66] Figure 13b plots changes of M2 amplitude at a

location west of the Celtic Sea (15�W, 50�N) derived with
different bathymetric adjustments. The changes obtained
from bathymetries implementing full GIA effects (thick
solid curve) show features similar to the shelf-tide changes
in the Celtic Sea; amplitude decreased until 8 ka BP with a
significant drop at 10–8 ka BP, followed by a smaller
variability after 8 ka BP. The predicted values at 20 ka
BP and at present (1.9 m and 0.9 m, respectively) are more
similar to the results by Egbert et al. [2004] (2.0 m and 0.9 m)
than those of Thomas and Sündermann [1999] (1.6 m and
1.0 m). Comparison between the curves suggests that even
though M2 amplitudes in the NE Atlantic show some
increase from the imposition of a uniform depth reduction
(pluses in Figure 13b), inclusion of coastline changes due to
the advance of ice sheets (open circles in Figure 13b) is
necessary to account for the enhanced amplitude observed in
the full GIA results for ages prior to 10 ka BP. In particular,
the disappearance of ice sheets at 10–8 ka BP, which has
occurred mainly in Hudson Strait and in Baffin Bay, seems
to be responsible for the large reduction of M2 amplitudes
observed in the NE Atlantic. Closure of the Hudson Strait
gives rise to a systematic increase of M2 amplitudes (thick
dashed line in Figure 13b).
[67] The coastline changes may have had two major

impacts on tidal amplitudes in the North Atlantic. One is
the disappearance of a tidal energy sink through the exposure
and isolation of the Hudson Bay/Labrador Sea, which is the
largest sink in the present-day world ocean [Egbert and Ray,
2001]. Another is a decrease in the magnitude of damping
coefficients caused by the increase in depth and the decrease
in average velocities over the basin. The reduction of damp-
ing coefficients enhances the tidal amplitude efficiently when
the basin is near resonance as in the North Atlantic [Egbert et
al., 2004].
[68] The connection between the ice cover over Hudson

Bay and the magnitude of ocean tides was also pointed out
by Arbic et al. [2004] for tides in the Labrador Sea. Their
results on the amplitude change at (64�W, 61.5�N) showed a
large decrease at 17 ka BP and a distinct peak at 11–10 ka
BP, followed by a rapid decrease at 7–6 ka BP, and are not
consistent with our results for the same location. This
discrepancy may have been caused by the different GIA
models used (Milne et al. [1999] versus Peltier [1994]), since
the ocean-tide model used in Arbic et al. [2004] and in our
study show similar amplitude changes when the depth was
reduced uniformly from the present level. The similarities

between Egbert et al. [2004] and our results may stem from
the same GIA model. Though the large amplitude drop at 7–
6 ka BP presented by Arbic et al. [2004] for the Labrador Sea
may have occurred also in the NE Atlantic, it seems to be
earlier than the timing suggested by the proxy data from the
Celtic Sea.
[69] M2 amplitudes in the full GIA case are slightly

smaller than those obtained by the uniform depth reduction
cases at 8 ka BP and 5–2 ka BP (Figure 13b). Additional
experiments which apply the GIA bathymetry at particular
regions, whilst reducing depth uniformly in the remaining
area, suggest that the amplitude deficits are caused by the
emergence of a depressed seafloor after the melting of ice
sheets in the Hudson Bay and the Labrador Sea at 8 ka BP
(squares in Figure 13b), and in the Southern Ocean at 5 ka
BP (triangles). As the model results are sensitive to the grid
location of the unresolved Hudson Strait, and because the
distribution of Antarctic ice sheets is not well determined
from observational data, some uncertainty may exist in the
small tidal changes predicted for the last 8 ka.
[70] Model results indicate several factors which give rise

to small changes in M2 amplitudes at near-present stages.
The two GIA cases show an increase in M2 amplitudes at
this location over the last 5 ka, which demonstrates the
importance of GIA since such increase is not obtained with
uniform depth reduction. The eustatic sea level rise causes
small though systematic decrease in M2 amplitudes at this
location; ca. 2 mm (0.2%) if the sea level rose uniformly
by 1 m to the present level. M2 amplitudes in the shelf
area such as NW French coast also decrease in response to
the sea level rise under the fixed boundary condition. For
the present-day situation, small coastline changes along the
Labrador Sea cause changes in M2 amplitudes as large
as 4 mm off the Celtic Sea, suggesting that model with higher
resolution would be necessary to discuss recent small
changes in M2 amplitudes.
[71] As in other paleoocean-tide studies, the form of

parameterisation here for internal tidal dissipation is depen-
dent on the buoyancy frequency. Model results are therefore
contingent on the assumed paleo-stratification which is
poorly known. As Egbert et al. [2004] point out, with an
increase of dissipation in the form of internal tide a better
knowledge of stratification at the LGM becomes important,
and remains a challenge for observational marine geology.
For example, the M2 amplitude at 10 ka BP at the Isles of
Scilly station predicted by the shelf model (Figure 8a) would
decrease from 2.8 m to 2.0 m for the Lambeck/ocean-tide
case if the magnitude of the internal tidal dissipation used in
the ocean-tide prediction was doubled, which is an extreme
case. Nevertheless, our results show that significant changes
to the ocean tides have taken place over the last 20 ka BP, and
that decreasedM2 amplitudes in the NE Atlantic are the most
significant factor for shelf-sea models of this period. Leading
order effects to shelf-sea processes are controlled by the
radically different ocean tidal forcing, rather than the subtle
differences inherent in the GIA models.

6. Conclusions

[72] From the paleotidal simulations conducted for the
NW European shelf seas, the following results have been
obtained:
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[73] 1. The tides and tidal currents on the western part of
the shelf were significantly larger than present prior to 10 ka
BP, driven by enhanced ocean tides in the North Atlantic.
This had a large impact on seasonal stratification, bottom
stress vectors, and tidal dissipation. On the other hand, tidal
changes have been generally small during the last 8 ka when
sea level was close to its present level.
[74] 2. Though the isostatic rebound effect acted only

locally to modify the overall pattern of the shelf tides, it
appears to have played a role in determining the exact timing
of the main tidal changes. The overall differences between
the different GIA models used were small, though the
different scenarios do modify the tidal patterns in areas where
the isostatic rebound effect is large. Timing is important when
making comparisons with geological proxy data; although
ocean boundary forcing is the main driver of differences in
the shelf model results, improved loading histories and GIA
models are still likely to be required for understanding the
detail of the geological record.
[75] 3. The change in ocean tides off the shelf area seems

to have been related to the emergence of shallow seas and
shrinkage of ice sheets during deglaciation. In particular,
significant reduction of M2 amplitudes seems to have oc-
curred at 10–8 ka BPwhich is ascribed mainly to the opening
of the Hudson Strait. The timing of the large amplitude
change agrees with proxy paleoceanographic data from the
Celtic Sea. This work makes clear that – irrespective of the
details of amplitude - changes to oceanic tides are the most
important driver for changes to tide-dependent shelf
processes, therefore any geological evidence for a chang-
ing tidal regime on the continental shelf lends further
support to the notion of a changing oceanic regime.
[76] Our results suggest that geographic changes in high

latitudes have affected the tides in the NW European Shelf.
As well as a better understanding of paleo-stratification of
the ocean, more accurate data on paleogeographies in the
Canadian Arctic and Antarctic shelves are required to obtain
more realistic reconstructions of the shelf tides during the
geological past.
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