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Hydrographically, the Forth Estuary comprises two district regions. From its tidal
limit near Stirling to Alloa the Forth Estuary is essentially a tidal river, following a
broad series of meanders. However, downstream from Alloa to Queensferry, the
estuary is characterised by a larger width to depth ratio and more complex bottom
topography (Webb and Metcalfe 1987). In the approximately 7km reach between

Alloa and Kincardine, the estuary widens and lateral water movements become

important, resulting in the build up of sand banks and bars within the channel. The
estuary then narrows at the Kincardine Bridge crossing, resulting in turbulent flows
and re-suspension of sediment during strong flood and ebb tides. Downstream of
the bridge, the estuary rapidly increases in width and depth and is flanked by four
large inter-tidal mudflats. These inter-tidal areas constitute a large proportion of the

area flooded at high water.

It is reported that the bathymetry of the upper Forth Estuary in the reach between

Alloa and Kincardine Bridge is continually changing (Webb and Metcalfe 1987).
The nature of historic patterns of sedimentation were analysed by extracting a

series of cross-sections from historic Admiralty charts dating back to 1900 (Babtie
Group 2001). The analysis confirmed that the bathymetry of the upper Forth

Estuary is variable and changes through time. The bathymetry at the proposed
bridge site is particularly variable, with the bed elevation varying by up to 4m at
certain locations. This occurs as sand bars are deposited and the deep channel

migrates over time. These changes occur naturally and indicate the highly dynamic
nature of sedimentation in the upper part of estuary. Further downstream as the
estuary increases in width, the bathymetry of the estuarine channel is more stable

(Babtie Group 2001).

Tides in the Forth Estuary are semi-diurnal (two tides a day). Tides change in
height with low water level and high water level varying throughout the month,
building up to maximum and falling to a minimum twice a month. Tides with the

biggest difference between high and low water are called spring tides and those

with the smallest difference are called neaps. Spring tides occur just after every full
and new moon, when the sun, moon and earth are in line, causing a greater
gravitational pull. Not all spring and neap tides are the same size. The mean spring

and mean neap tidal range at Kincardine are 5.3m and 2.8m, respectively. The

highest astronomical tide (HAT) is the highest water level that can be predicted to

occur under average meteorological conditions and under any combination of
astronomical conditions; these levels will not be reached every year (Admiralty

2000). Tide levels for the Forth Estuary at Kincardine are given in Table 1.

Table 1 Tidal Water Levels at Kincardine (m above Ordnance Datum,
AOD)
Mean High Mean Low i Mean Low Highest Lowest
Water Water Mean High  \y5ter Astronomical Astronomical
Springs Springs Water Neaps Tide (HAT) Tide (LAT)
(MHWS) (MLWS) Neaps (MLWN)
(MHWN)
Kincardine 2.95 -2.35 1.65 -1.15 3.57 -3.06

Source: Admiralty Tide Tables, 2000.

The tidal water levels given in Table 1 are based on normal astronomical variations
and do not include local effects such as waves and surges. Storm surges result
from the effects of wind stress on the surface of the sea. In shallow areas such as
the North Sea, a strong wind can cause a noticeable rise in sea level within a few
hours. Surges are also amplified by the narrowing of estuaries and it is possible for

surges to attain significant amplitude, especially if they arrive at the coast at the

same time as the high tide.
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Return period water levels at Grangemouth have been calculated based on existing
data on surge events and extreme water levels at Grangemouth, published in
previous studies by Graff (1981) and Sir Frederick Snow and Partners (2002).
Grangemouth is approximately 4.5 km downstream from Kincardine and is the
closest location to Kincardine for which there is data on extreme tidal levels.

The Graff (1981) study provided a detailed frequency distribution curve of tidal
elevations for a range of return periods based on analysis of 34 annual maxima
recorded at Grangemouth between 1934 and 1978. The Sir Frederick Snow study
used the Graff (1981) data to establish a relationship between extreme water levels
at Leith (at the mouth of the Forth) and Grangemouth. This relationship was verified
with measured data. They then used recently published data on maximum surge
levels at the Leith (Dawson et al, 2001) to reassess the surge levels at
Grangemouth, using the calculated relationship. This was done to update the Graff
(1981) levels, as there is evidence of an increase in surge event magnitude at
various locations in the UK. Based on the Sir Frederick Snow and Partners
analysis, the 1:150 year water level at Grangemouth was concluded to be 5.07
mAOD, which is 0.47m higher than the 1:150 year level estimated by Graff (1981).

Revised levels for a range of return periods were calculated using the relationship
between the Graff (1981) return period levels and the revised 1:150 year level as
derived by Sir Frederick Snow. The revised levels are shown in Table 2.

An estimate of sea level rise due to climate change was added to the revised return
period water levels (Table 2). Taking into account relative land movement it is
suggested in the UKCIPO02 climate change scenarios report that South East
Scotland may experience a sea level rise of between Ocm and 60cm by 2080,
depending on the levels of future global emissions of greenhouse gasses (Hulme et
al., 2002, Climate Change Scenarios for the United Kingdom: The UKCIP02
Scientific Report). Current best practice is to adopt the ‘medium high emissions’
scenario resulting in a net effect of climate change on sea levels, storm surge and
vertical land movement of 12cm to the year 2050, representing an average of
2.5mm rise per year. A 12cm allowance for the predicted rise in sea level has been
added to the revised return period water levels in Table 2.

Table 2 Return Period Tidal Water Level at Grangemouth
Return Period . Revised Levels
(Years) ol Lol ey including sea level rise (mAOD)

1:5% 4.41 4.53

1:10* 4.52 4.64

1:50* 4.85 4.97

1:100* 4.96 5.08

1:150 5.07 5.19

1:200* 5.13 5.25

* Revised levels estimated based on the 1:150 year level, as derived by Sir Frederick Snow & Partners
(2002), and the relative difference between the Graff (1981) return period levels.

The revised levels shown in Table 2 are for Grangemouth, approximately 4.5km
downstream from Kincardine. Mean high water springs (MHWS) is 0.1m higher at
Kincardine compared to Grangemouth (Admiralty 2000), thus to provide an estimate
of levels at Kincardine approximately 0.1 to 0.15m could be added to the levels
shown in Table 2.

A notable feature of the tides in the upper Forth Estuary is the presence of double
high and low waters, known locally as the lackie or leakie tide, which result in a

prolonged period of weak currents around the time of slack water (Elliott and Clark
1998). Tidal movements are the dominant flows in the estuary since fresh water is
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1.1.12

a relatively small component. Typical peak velocities recorded off Rosyth are 0.7 —
1.1 ms™ on the ebb tide and 0.4 — 0.7 ms™ on the flood tide, depending on the tidal
range (Lindsay et al 1996). Maximum velocities recorded were ca. 0.7 and 1.4 ms”,
respectively during neap and spring cycles (Lindsay et al. 1996). Flood currents are
stronger on the north side of the estuary and ebb currents stronger on the south
side, primarily due to bathymetry.

The Forth is a highly turbid estuary with the turbidity maximum in the upper reaches
between Fallin and Alloa (Griffiths 1987; Clarke and Elliot 1998). The turbidity
maximum is associated with a freshwater/brackish water interface that migrates
between 3 and 15km downstream of Stirling according to river flow and tidal range
(Webb and Metcalfe 1987).

Re-suspension of solids is strongly dependent on the tidal range, with mean
concentrations of suspended solids varying by two orders of magnitude between the
extremes of the spring and neap tides. Individual measurements of over 10,000
mgl'1 have been measured on large spring tides (Webb and Metcalfe 1987; Clarke
and Elliott 1998), although more typical maximum values lie in the range 100-3000
mgl‘1. Suspended sediment concentrations recorded at SEPA measurement buoys
were analysed to determine average concentrations during spring and neap tidal
cycles (Babtie Group 2001). During neap tides, average suspended sediment
concentrations range from 50 mg/l to 25 mg/l in the reach between Alloa and
Grangemouth. During spring tides concentrations are higher, with concentrations of
around 300 mg/I at Alloa and around 80 mg/l at Grangemouth (Babtie Group 2001).
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