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Figure captions

Figure 1. Map of the Irish Sea.

Figure 2. Bathymetry with contours at 20, 40, 60, 80, 120 and 160 m.

Figure3. A) My tidal elevation amplitudein metres. B) M elevation phasein
degrees.

Figure 4. M?ximum amplitude of the depth-averaged current for a mean spring tide
(ms”).

Figure 5. Phase difference between M, currents and elevations (degrees).

Figure 6. My tidal current ellipse eccentricity (ratio of minimum to maximum
amplitude).

Figure 7. Maximum bed stressin Pafrom anumerical model run for the years 1995
to 1997 forced both by tides and winds, but with no wave contribution (JNCC,
2004).

Figure 8. Variation with height above the bed of the M current amplitude (m s?) at
the Mersey Bar Light @) Maximum b) Minimum, positive anti-clockwise.

Figure 9. Variation with height above the bed of the maximum M, current amplitude
(ms™) inthe North Channel, 54°46'N 5°24” W in 142 m of water.

Figure 10. The North Atlantic Oscillation index from 1864 to 2004 (data from
http://www.cgd.ucar.edu/cas/jhurrell/indices.html).

Figure 11. Measurements of significant wave height at the Mersey Bar Light for 21
months plotted against direction and mean period.

Figure 12. Map of indicative values of 50-year return period significant wave height
(m) (Carter and Challenor, 1989).

Figure 13. 50-year return period storm surge elevations in centimetres (Flather et al.,
1998).

Figure 14. 50-year return period storm surge currentsin (m s™) (Flather, 1987).

Figure 15. Discharge (m®s™) by Mersey (red) and the sum of the Clwyd, Dee,
Mersey and Ribble (blue) for 2002 and 2003.

Figure 16. Map showing number of daysin ayear in which the water column is
thermally stratified (JNCC, 2004).

Figure 17. Map showing areas where the water column remains well-mixed
throughout the year (blue, dark - high salinity; pale — low salinity) and areas
where stratification occurs (green, - high salinity; pale —low salinity) (JNCC,
2004).

Figure 18. Concentration (Bq kg™) of Caesium-137 in filtered water from the Irish
Sea, May 1978 (Hunt, 1980).

Figure 19. Mean surface currents in the North Channel based on a year’s of hf radar
measurements (Knight and Howarth, 1999).

Figure 20. Progressive vector diagram showing mean currents from a 2-year record
by the Mersey Bar Light. The figures denote measurement height (m) above
the bed. The water depth at the site varies between 17 and 27 m, depending on
thetide. (In one year water moving at 0.01 m s will travel 315 km.)




1. Introduction

The SEAG6 area stretches from the Mull of Kintyre in the north to St. David’s Head in

the south, encompassing several geographic regions, Figure 1.

the Clyde Sea

the North Channel, between the Mull of Kintyre and the Mull of Galloway

the Irish Sea proper, between the Mull of Galloway and Holyhead / Dublin, including
the eastern Irish Sea, to the east of the Isle of Man and Liverpool Bay.

the St. George's Channel, as far south as St. David’s Head.

There are two large islands within the region — the Isle of Man and Anglesey,

although the latter is only separated from north Wales by the narrow Menai Strait.

The whole of the region will be presented, athough Irish waters are excluded from
SEAGB, since scientifically thisis the only sensible approach. The region encompasses
as wide and interesting a variety of continental shelf sea regimes as anywhere. The
predominant dynamical process is the semi-diurnal tides, with areas of both high and
low energy embraced. Superimposed on this is the full range of water column
structure — areas that are well mixed throughout the year; areas that stratify thermally
in summer; areas of freshwater influence from river discharges, leading both to
nearshore density gradients and stratification; frontal regions between the well-mixed
and stratified regions. Finally there are regions of restricted exchange, principally sea
lochs where a sill inhibits mixing with the outside waters, such as the Clyde Sea, but
aso Belfast Lough. There have been several general reviews of the physical
oceanography of the Irish Sea— Bowden (1980), Dickson & Boelens (1988), Sweeney
(1989), Simpson (1998) in addition to various status reports - and for the Clyde Sea
Edwards et al. (1986). This report covers the shape and depth, the tides, the impact of
storms, stratification and its consequences and the mean circulation, all with aview to
mean and extreme conditions.

The physical oceanography (hydrography) of the area determines the movement of the
water and the amount of mixing, prescribing physical effects such as forces on
structures and the movement and dispersion of contaminants, but also significantly
influencing biogeochemical processes including sediment erosion / deposition and
movement, particularly of suspended sediment, benthic exchanges and primary
productivity (via stratification, nutrient exchanges and light levels).

The two sources for many of the figures in this report are a three-dimensional
hydrodynamic numerical model of the continental shelf seas around the United
Kingdom with a horizontal resolution of 1.8 km, and long term measurements from a
site less than amile west of the Mersey Bar Light, at 53° 32" N 3°21.8" W. The water
depth at the site is 18.5 m below chart datum, with a tidal range at equinoctial spring
tides of about 10 m. The site is part of a project started in August 2002 and expected
to last for 5— 10 years. Measurements include current profiles, waves and surface
and bed salinities and temperatures (for more details see http://cobs.pol.ac.uk). Since
there are very few such long term measurements, because of the expense, effort and
commitment required, the measurements are used to test the models and the models
then used to estimate spatial (horizontal and vertical) variations.




2. Topography

The Irish Sea consists of a deeper channel in the west, with shallower embaymentsin
the east, Figure 2. The channel is open-ended, forming part of a loop connected at
both ends to the Atlantic Ocean, in the south via the Celtic Sea and the St. George's
Channel and in the north, via the North Channel and the Malin Shelf Sea. Hence the
Irish Sea receives Atlantic water and influences through both entrances. The channel
is about 300 km long and 30 — 50 km wide, with a minimum depth of 80 m and a
maximum exceeding 275 m in the Beaufort’s Dyke in the North Channel. The two
principal shallower embayments, each with depths less than 50 m are Cardigan Bay in
the south and the eastern Irish Sea (to the east of the Isle of Man) in the north, and
there is aso the smaller Caernarfon Bay. The width of the Irish Sea varies between
75 and 200 km but decreases to 30 km in the North Channel. Its volumeis 2,430 km®,
80% of which lies to the west of the Isle of Man, and its surface areais 47,000 km?. It
receives fresh water run-off from a large area of land; the catchment area is about
43,000 km?, with the majority of the run-off arriving in the eastern Irish Sea, down the
Ribble, Mersey and Dee estuaries and into the Solway Firth and Morecambe Bay.
The region is aso affected by significant freshwater input from the south via the
Bristol Channel. As weéll as the shalow estuaries like the Solway Firth, Morecambe
Bay and the Dee estuary there are extensive sanbanks to the north and east of the Isle
of Man, including the Bahama and King William Banks, and off the Irish Coast south
of Dublin — the Kish, Codling, Arklow and Blackwater Banks. The Clyde Sea,
extending north-east from the North Channel, is like a loch with a shallow (~45 m)
sill at its mouth and maximum depth 170 m further inland.

3. Tides

The semi-diurnal tides are the dominant physical process in the SEA6 region,
propagating into the Irish Sea from the Atlantic Ocean through both the North
Channel and the St. George's Channel. (The diurnal tides, also forced by the
gravitational action of the Sun and the Moon, are very weak in this area) An
understanding of their dynamics and consequences are therefore prerequisites to
understanding both physical and non-physical, including biological, processes. The
tides have a basic period of 12.4 hours but also exhibit variations on fortnightly
(spring / neaps, with spring tides occurring on average two days after Full and New
Moon and nearly twice as large as neaps), monthly, 6 monthly (equinoctial spring
tides) and yearly time scales. The full span of possibilities occurs within the region,
from areas with very large tidal range (the range in Liverpool Bay exceeds 10 m on
the largest spring tides and is the second largest in the British Isles) to regions of very
small tidal range (amphidromic points, in the vicinity of Arklow in the St. George's
Channel and between Islay and the Mull of Kintyre in the North Channel), Figure 3a,
showing the amplitude (equals half the range) of the main tidal constituent. The
progression of the tides through the North and St. George's Channels is illustrated in
Figure 3b, showing the phase, or timing, of the tide. In addition, the time of high
water varies little over a wide area to the east and west of the Isle of Man, where the
two waves meet, forming a standing wave.



3.1 Tidal currents

There is also a wide range of tidal current strength, Figure 4, which exhibits greater
variation on shorter space scales compared with elevations. Depth-averaged values
exceed 1 m s™ at spring tides generally throughout the St. George's Channel, north-
west of Anglesey, north of the Isle of Man and in the North Channel. Within these
areas particularly high values can be found localy near headlands, for instance
exceeding 2 m s* at spring tides northwest of Anglesey. Areas of very weak tidal
currents, less than 0.25 m s at spring tides, occur to the south-west of the Isle of
Man, towards Dundrum and Dundalk Bays, and slightly less weak, 0.5 m s*, between
the Isle of Man and the Cumbrian coast, both as a consequence of this being the
region where the two tidal waves meet. Another consequence of this standing wave
region isthat in the Irish Sea proper slack water occurs approximately at high and low
water (a phase difference between currents and elevations of £90°, Figure 5), whereas
in the North Channel and the St George’'s Channels maximum currents occur at about
high or low water. The Clyde Seais a further area of very weak tidal currents. Tidal
ellipses are approximately rectilinear in most localities but in a few tend towards
circular, for instance where the tidal currents are weak to the east and west of the Isle
of Man, in the entrance to the Clyde Sea and the southern end of Cardigan Bay,
Figure 6. Where the ellipses are circular there is no slack water. Both the amount of
mixing and the bed shear stress, which drives sediment resuspension and hence aso
influences scour are related to the currents and so show similar distribution, but with
more pronounced variations, Figure 7. This figure is based on the response to both
tidal and wind forcing but the distribution of bed shear stress is clearly dominated by
the tides. It does not contain any wave effects, which may significantly increase bed
shear stressesin shallow water.

Throughout most of the water column the tidal current speed changes little with depth;
the largest changes occur in a high shear layer a few metres thick near the seafloor in
which the velocity decreases to zero at the bed. Compared with mid-depth values, the
amplitude at 1 m above the bed is about a half and the maximum current occurs a few
minutes earlier, Figure 8a, 9. (Traditionally the depth-averaged value is taken to
occur at 0.4 times the water depth, above the bed.) As the bed is approached the anti-
clockwise component of the tidal ellipse tends to become more important, changing
the shape of the ellipse and in some case reversing its sense of rotation, for instance
Figure 8b where the (nearly rectilinear) tidal ellipse rotates clockwise near the surface
and anti-clockwise near the bed.

The daily tides are small by comparison, current amplitudes are less than 0.1 m s*
everywhere, again with a minimum to the south-west of the Isle of Man. Higher
frequency tides are generated in shallow water and where the water depth or
topography changes abruptly. The largest component is the four-times-daily which
has mean spring current amplitudes up to 0.15 m s™ to the east of the Isle of Man, but
locally these high frequency currents can be enhanced near headlands, islands and
estuaries. The effects of the higher harmonics are apparent as distortions to the
sinusoidal shape of the tidal wave, for instance in estuaries leading to shorter floods
and longer ebbs. The consequences can be significant if the peak ebb and flood
currents have different amplitudes, which can be caused by even harmonics
(principally the sixth diurnals). In addition, the flood / ebb inequality occurs for the
combination of the semi-diurnal component with its first harmonic (four-times daily)



for a set phase (timing) difference (if the phase of the four-times daily component of
current minus twice the phase of the twice daily equals 0° or £180°). (In elevations
this is analogous to the double high water in the tides near Southampton.) Then not
only will there be large differences between the peak ebb and flood bottom stresses
but aso a mean bottom stress, both significant for sediment transport. In the eastern
Irish Seathisis directed eastward, in the southern St. George’' s Channel southward, in
the northern St. George's Channel northward and in the North Channel northward
(Pingree and Griffiths, 1979; and the sediment transport technical report).

4. Impact of storms
4.1 Winds

The maximum 50-year period return values of the hourly-mean wind speed at 10 m
height are in the region of 34 — 36 m s™ (about 65 knots),with gusts up to 50 m s™* (93
knots). Most frequent winds are from between the west and north-west and also from
the south-east but gales only occur from the west and north-west. Winds of Force 6 or
stronger (greater than 11 m s*, 22 knots) can occur at any time of the year but are
commonest between December and March and scarcest between April and August,
with considerable year-to-year variability. The year-to-year variability of the strength
of westerly winds has been characterised by the North Atlantic Oscillation (NAO)
Index, based on the winter atmospheric pressure difference between Iceland and
Lisbon or the Azores. A positive NAO (a large pressure difference) is accompanied
by strengthened westerlies and a negative NAO (weak pressure difference) is
accompanied by weaker winter westerlies; Figure 10 shows how the Index has varied
since 1864.

4.2 Waves

The magnitude of surface waves depends on the duration and fetch of thewind. Since
the Irish Seais sheltered with only two relatively narrow ‘windows', along the axes of
the St. George's and North Channels, the mgjority of waves are locally generated, of
fairly short period and hence steep. Swell waves are only present near entrances, at
the southern end of the St. George's Channel (although these can propagate as far as
the Lleyn peninsular in North Wales) and the northern end of the North Channel.
Hence, the wind direction leading to the largest waves will depend very much on the
locality, for instance in Liverpool Bay winds from between west and north-west cause
the largest waves, Figure 11, and waves from the north causing most damage on the
North Wales coast. The maximum 50-year return value of the mean zero-up-crossing
period varies between 10 s within the Irish Sea to about 15 s at its outer entrances.
Similarly, the 50-year return value of significant wave height varies between 8 m
within the Irish Sea to about 12 m at its outer entrances, Figure 12. There is a
suggestion that the Irish coast to the west of the Isle of Man is |least affected by large
wave activity. The effect of waves on other processes will be significant during
storms and especially on sediment movement, in the shallow areas of the eastern Irish
Sea and Cardigan Bay. The impact on the coast of a given wave field depends
critically on the local topography with channels enabling wave energy to approach the
coast. There are no long-term records of wave heights in the Irish Sea but data from a



variety of sources indicate that between the 1960s and through into the 1990s wave
heights have increased in the north-east Atlantic.

4.3 Surges

Surges are generated by storms, both locally through the action of wind stress on the
sea surface piling up water at the coast and, on the scale of the depression, through the
action of atmospheric pressure - high pressure depresses the sea surface and low
pressure raises it, by about 0.01 m for each millibar deviation from the mean (about
1012 mb). Once generated storm surges travel in the same manner as the tides.
Hence, Irish Sea surges have an external component, propagated via the St. George's
and North Channels, and a locally generated component, each of comparable
significance. Surges and tides can interact leading to intermittent oscillations with a
twice-daily frequency in the tidal residuals. In the Irish Seathis interaction appearsto
be associated with the surge’s external component. The largest surges are generaly
associated with storms, secondary depressions, tracking eastward between Inverness
and Shetlands. The largest surges occur in the eastern Irish Sea, with maximum 50-
year return period surge levels, based on a 12 km grid numerical model simulation,
estimated to be less than 2 m for the Lancashire and Cumbrian coasts, associated with
westerly winds, Figure 13, whilst the maximum surge levels are between 1.25 m and
0.75 m on the Irish coast and across the St. George's Channel (Flather et al, 1998).
(Note however that these levels may be exceeded at the coasts, for instance based on
17 years of observations the 50-year return period surge elevation at Heysham,
Lancashire, is estimated to be 3.16 +0.55 m.) The impact of a surge will depends
critically on the state of the tide with the biggest risk of flooding occurring if the surge
peak coincides with high water on a spring tide, and conversely the maximum risk of
a ship grounding occurring if a negative surge coincides with low water at a spring
tide.

Since the Irish Sea is semi-enclosed the associated surge currents are weak, arising
both directly from the wind drag at the sea-surface and aso related to the sea surface
gradients. The former are limited to a surface layer of order 10 m thick, with a
maximum speed at the surface of about 3% of the wind speed, decreasing rapidly with
depth. The latter are predicted, based on a numerical model simulation, to have a
maximum 50-year return period depth-averaged current away from the coast of 0.5 m
s* (Figure 14, Flather, 1987). Their direction is largely determined by topography not
wind. This figure is only indicative since the vertical structure of wind-driven
currents will in many places be more pronounced than for tidal currents, and may
even involve flow reversal at depth. In the eastern Irish Sea the prevailing storms
generate an anti-clockwise movement of water, in opposition to the longer period
density driven (clockwise) movement. Flows of water through the North Channel are
correlated with the component of wind blowing along the channel’s axis (r* = 0.44).
The largest depth-averaged non-tidal flow at a site in the middle of the North Channel
in a year long measurement was 0.65 m s*. (The largest depth-averaged total
measured current for this period was 1.6 m s™). In contrast, sea level variations there
are correlated with the wind blowing perpendicular to this, parallel to the Scottish and
Irish west coasts (Knight and Howarth, 1999).



4.4 River flows

River discharges are highly variable — on a daily basis the peak flow down a major
river during aflood can be up to 400 times the flow during dry weather. Since floods
last at most a few days and the mean is the average of a series of such events there is
often a large difference between an actual daily measurement and the long term
average figure for that day. The largest monthly discharge occurs between December
and February and the smallest in July. From year to year the total river flow can vary
by a factor of three. Discharges from the Mersey, Dee andn Ribble contribute an
average freshwater input to the eastern Irish Sea of about 220 m® s*, Figure 15 and
Table 1.

Table 1. Annual average river discharge (m* s™) into the Irish Sea by regions.

Bristol Channel 600
Mid Wales 176
Eastern Irish Sea 659
Clyde 284
Northern Ireland 144
Irish republic 934
5. Density

5.1 Temperature

The Irish Sea’'s temperature distribution is dominated by vertical exchanges and heat
input at the sea surface leading to a pronounced seasonal cycle. The annual mean
temperature decreases northward from alittle over 11°C at the southern end of the St.
George's Channel to 10°C in the North Channel and it also decreases towards the
sides. The water is coolest in February or March with temperature decreasing from
the deeper channel towards the coasts. A warm tongue, with a temperature above
7.5°C, extends up to the North Channel. The coolest water is towards the coast in the
eastern Irish Sea — between the Solway Firth and Liverpool Bay the temperature is
below 5°C. Temperatures also decrease dightly towards the Irish coast — the 7°C
isotherm runs parallel to the east coast of Ireland. At thistime of year the temperature
is uniform with depth everywhere.

The situation in the warmest month, August, is contrasting, with the coolest surface
water in the deep channedl (13 — 13.5°C) and the warmest water close to the coasts,
exceeding 16°C in Liverpool and Cardigan Bays. Again there is only a small change
in temperature (this time a rise) towards the Irish coast. Hence the magnitude of the
seasona cycle is largest in Liverpool Bay (12.1°) and about haf as big (6.4°C)
between Holyhead and Dublin, where the maximum temperatures occur about a
month later. All the figures here are based on averages over many years and so there
will be some year-to-year variations. The longest temperature record in the region is
from the breakwater at Port Erin, Isle of Man. The record shows a large degree of
variability in the seasonal cycle, although a general increasing trend is apparent,
indicating a rise of around 0.6°C over the last 70 — 100 years, and particularly an
increase in winter temperatures since 1990.



5.2 Salinity

The annual mean salinity decreases from south to north and from the centre of the
channel to the sides. The salinity decreases from 34.9 at the southern end of the St.
George's Channdl to 34.0 in the North Channel. Lowest values, less than 32.5 are
found in the north-east, from the Solway Firth to Liverpool Bay, and in the Clyde Sea.
(Values for salinity are a dimensionless ratio of grams of salt in a kilogram of water).
In the eastern Irish Sea there is often an abrupt change in salinity, running
approximately north/south lying east of 4°W, between the fresher coastal water and
the saltier offshore water (Foster et al, 1985). The position of this front is greatly
affected by wind stress. Seasona variations are much less pronounced than for
temperature, especially away from the coasts. Near the coasts the annual cycle is
related to the river flow, with minimum salinity occurring in spring and maximum in
late summer or autumn. At the Mersey Bar Light, where the mean is 31.9, the annual
range is 0.7. There is some evidence that surface salinity has decreased slightly over
the last 50 years, athough as for temperature there is much year-to-year variability.

5.3 Stratification

Throughout most of the region tidal mixing is sufficiently intense to ensure that the
water column remains well mixed throughout the year. However in the regions of
weak tidal currents to the east and west of the Isle of Man and in Cardigan Bay
stratification (warm lighter water on top of cool, denser water) occurs in summer. To
the east of the Isle of Man conditions for this are only marginal so that stratification is
only likely to develop during hot, calm conditions and can easily be mixed away by
storms or spring tides. Stratification is more dependable in the deep waters to the
west of the Isle of Man, Figure 16, starting in April — May and continuing through to
October, with a maximum surface to bed temperature difference of about 5°C. The
change in temperature from surface to bed is not gradual but occurs abruptly, at the
thermocline, which is about 20 — 30 m below the surface. Even here stratification is
not as robust or as well developed as in some other areas in the seas around the British
Isles, such as the Celtic Sea and the northern North Sea. One of the effects of
stratification is to isolate the near bed waters from the near surface, athough the
isolation is not compl ete as the near bed waters warm up continuously throughout this
period, from about 8°to 12.5°C. An interesting and unusual feature of this region is
that it is entirely surrounded by water well-mixed in the vertical or by a coast.

Near to estuaries and especially in Liverpool Bay the water column can also stratify
because fresh water is lighter than salty; conditions are most suitable at neap tides,
when the weather is cam and when river discharges are large. Once the water
column has stratified surface to bed temperature differences can aso occur in
summer, Figure 17.

5.4 Inertial currents

Inertial currents, episodic currents usually generated by wind impulses, can occur
when the water column is stratified, especialy in the surface mixed layer. The
currents rotate clockwise in an inertial period (14.8 hours) and have slowly varying
amplitudes. The inertia current benesath the thermocline is out of phase with the
surface current, so that there is minimal energy at this frequency in the depth-



averaged current. These have been observed in the western Irish Sea with amplitudes
up to 0.2 m s in the surface layer (comparable with the tidal currents there) and a
decay time scale of about three inertial periods (Sherwin, 1987).

5.5 Fronts

The transitions between mixed and stratified regions are in many cases marked by
sharp fronts which may be manifest at the surface and / or near the bed and which
have an important influence on the dynamics and inhibit mixing across the fronts. In
addition to frontsin the Irish Seathere are fronts in summer between the St. George's
Channel and the Celtic Sea and aso between the North Channel and the Malin Shelf
Sea (the Idlay front) and along the Clyde Sea sill. A particular feature of the flow
associated with the stratified region of the north-western Irish Sea is a closed
circulation cell which can retain material within the cell for as long as stratification
persists. Measurements show narrow currents up to 0.2 m s* circulating anti-
clockwise round the edge of the patch.

5.6 Clyde Sea

A pronounced front separates the stratified regime of the Clyde Sea from the well-
mixed waters of the North Channel and mediates the density-driven exchange over the
sill which isresponsible for deep-water renewal. Input from the river Clyde and other
freshwater sources at a rate of 60 — 700 m*® s™ into this partially enclosed basin tends
to promote a dtratified system throughout the year. During the summer months,
stratification induced by the freshwater buoyancy is reinforced by strong thermal
stratification. In winter months, cooling and enhanced wind mixing work to erode
stratification but are generally insufficient to surmount the increased freshwater input.
The result is a rather specialized regime, which maintains a stable structure
throughout the annual cycle, except for infrequent episodes of complete mixing and
bottom water renewal (Rippeth and Simpson, 1996).

6. Circulation

The mean flow is generally weak, by and large less than 0.1 m s™* and about 0.01 m s*
in many places, resulting from the sum of events (storms, peak river discharges) plus
density gradients. The long term average (in time and across the cross-section) flow
in the deeper western channel has long been deduced to be from south to north, based
initially on the salinity distribution. More recent measurements support this, for
instance of Caesium 137 discharged from the nuclear reprocessing plant at Sellafield,
Cumbria, since the 1950s and peaking in the mid 1970s (now orders of magnitude
less) and of Technetium 99, for which discharges have increased significantly since
1994 (McCubbin et a. 2002). Both these radionuclides are soluble in water and are
detectable at very low levels, and hence are tracers of water movement. For instance,
the distribution of Caesium at the period of peak discharge showed levels 50 — 100
times lower in the St. George’' s Channel compared with the North Channel, Figure 18.
Care is necessary converting tracer distributions into current values since the
distribution results both from advection (water movement) and mixing. Transit times
from Sellafield to the North Channel have been estimated in the range 6 to 12 months
and a mean residence time for the Irish Sea of 1 — 2 years, although the uncertainties
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associated with these estimates are large. Even though the average flow is northward
it should be remembered that water movement is strongly influenced by the wind, so
that this flow can be reversed for months at atime.

However, there is an unambiguous measurement of flow through the North Channel
from a year's deployment of a shore-based hf radar system, measuring surface
currents, supported by an in situ Acoustic Doppler Current Profiler, measuring the
vertical distribution of current at a point, from July 1993 to August 1994 (Knight &
Howarth, 1999). These gave an outflow of 0.08 x 10° m® s, equivalent to a cross-
sectional average of 0.025 ms*. Thisis similar to values calculated from sainity and
Caesium distributions, although the latter do show variability by a factor of two from
year to year, and implies that the average residence time for the Irish Sea is about one
year. The current was not, however, distributed uniformly across the channel — the
strongest mean surface outflow was close to the Mull of Galloway, inshore of the
Beaufort’s Dyke, with current speeds up to 0.15 m s*, Figure 19. This flow through
the North Channel forms the basis for the Scottish Coastal Current which flows
northward past the west coast of Scotland. Drifter tracks support a clockwise flow
round Ireland, implying that water may flow southward on the Irish side of the North
Channel. The south to north flow also implies that discharges into the Bristol Channel
could well enter the Irish Sea. The measurements showed that the flows through the
North Channel are related to the wind.

The circulation in the regions away from the western channel is less clear. In
Liverpool Bay the density gradients drive a circulation offshore at the surface and
onshore near the bed (predicted both by theory (Heaps, 1972) and observed, Figure
20). Overal the density gradients tend to drive a clockwise circulation around the
coasts of the bay, in opposition to the winds. Accordingly a clockwise flow is found
during periods of light winds, especially when the horizontal density gradients are
strongest in winter and spring, but at wind speed > 5-10 m s from between south-
west and north-west this pattern is reversed.

Weak mean transport does not preclude moderately energetic closed circulation cells
present for only part of the year which need not contribute to the net transport of
water. It is the weak mean flow that is crucia in controlling the long-term
distribution of conservative (and near conservative) substances, which are input
within the Irish Sea or through its boundaries. Because of the time scales involved the
dispersion of such substances is reasonably well described by two-dimensional
models, which do not explicitly include vertical exchange processes.
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Figure 1. Map of the Irish Sea.
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Figure 2. Bathymetry with contours at 20, 40, 60, 80, 120 and 160 m.
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Figure 7. Maximum bed stressin Pafrom a numerical model run for the years 1995
to 1997 forced both by tides and winds, but with no wave contribution (JNCC,
2004).
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Figure 8. Variation with height above the bed of the M, current amplitude (m s™) at
the Mersey Bar Light @) Maximum b) Minimum, positive anti-clockwise.
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Figure 9. Variation with height above the bed of the maximum M, current amplitude
(m s in the North Channel, 54° 46'N 5° 24" W in 142 m of water.
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Figure 10. The North Atlantic Oscillation index from 1864 to 2004 (data from
http://www.cgd.ucar.edu/casd/jhurrell/indices.html).
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ADCP wave measurements, 13 December 2002 - 8 September 2004
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Figure 11. Measurements of significant wave height at the Mersey Bar Light for 21
months plotted against direction and mean period.
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Figure 12. Map of indicative values of 50-year return period significant wave height
(m) (Carter and Challenor, 1989).

22



12°w

62 NI

60 °N|-

b3

Figure 13. 50-year return period storm surge elevations in centimetres (Flather et al.,
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Figure 15. Discharge (m®s™) by Mersey (red) and the sum of the Clwyd, Dee,
Mersey and Ribble (blue) for 2002 and 2003.
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Figure 16. Map showing number of daysin ayear in which the water column is
thermally stratified (JINCC, 2004).
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Figure 17. Map showing areas where the water column remains well-mixed
throughout the year (blue, dark - high salinity; pale —low salinity) and areas
where stratification occurs (green, - high salinity; pale — low salinity) (JNCC,
2004).
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Figure 18. Concentration (Bq kg™) of Caesium-137 in filtered water from the Irish

Sea, May 1978 (Hunt, 1980).
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Figure 19. Mean surface currents in the North Channel based on a year’s hf radar
measurements (Knight and Howarth, 1999).
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Progressive vector diagram, 7 August 2002 - 11 August 2004
1500 - ? } | ? ? ]

1000 -

500 -

-
£

==

-

=500

-1000 -

-1500 - |
' 5,65 2.65

-1500 -1000 -500 0 500 1000 1500 2000 2500
(km)

Figure 20. Progressive vector diagram showing mean currents from a 2-year record
by the Mersey Bar Light. The figures denote measurement height (m) above
the bed. The water depth at the site varies between 18.5 and 28.5 m,
depending on thetide. (In one year water moving at 0.01 m s* will travel 315
km.)
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