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Abstract: River and tidal flood medhanisms around the Mawddach estuary are investigated in a projed
combining field observations with computer modelling. Flood events are generally associated with intense
frontal storms over the surrounding mountains, often accompanied by exceptionally high tides driven into the
estuary by onshore gales.  Modélli ng has been carried out usng RMA2 and River2D finite dement programs.
The RMA2 model proved to be unstable for transient modelli ng of the estuary when simulating the wetting and
drying of dements. River2D gave a stable model for tidal cycles with wetting and drying of salt marsh, reed
beds and riparian woodland. River2D does not provide faciliti es for modelli ng flood wall overtopping, but this
limitation is being addressed by the devel opment of a new finite volume model. A range of modelli ng scenarios
is being examined in which the estuary ecosystem is modified by land redamation, or bathymetry is modified by
accumulation of fluvial sediment.
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1. INTRODUCTION

Hooding regularly occurs around the head of the Mawddadch estuary in North Wales,
disrupting communicaions and farming adivities, and threaening low-lying buildings in the
town of Dolgellau (Barton, 2002. The medanisms of flood events are being investigated in
aprojed combining field observations with computer modelli ng.

The estuary developed as a gladated fjord inlet and is now largely infilled by glaaal till,
perigladal deposits and marine sands. The estuary is congtricted at the mouth by the Ro Wen
shingle spit (Fig.1).

Fig.1: Mouth of the Mawddach estuary, showing the Ro Wen shingle spit. A tidal gaugeis positioned below
the main span of the railway bridge at the estuary mouth.

The estuary can be divided into lower, midde and upper basins (Fig.2) separated by
narrowing between outcrops of resstant rock. Fooding around the estuary is generaly
asciated with intense frontal storms over the surrounding mountains, often acompanied by
exceptionally high tides driven into the estuary by onshore gales. Flooding within the upper
basin occurs largely by river processes, whilst tidal flooding predominates in the middle and
lower basins.
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Fig. 22 Mawddach estuary. A: natural flood lands B: redaimed agricultural land, enclosed by flood wall s.

2. NATURAL VEGETATION AND LAND USE

The Mawddad estuary has emlogicdly important reed bed, salt marsh, water meadow and
wet woodland habitats (Figs 3-5).

Fig. 3: (left) Spartina alterniflora salt
marsh in the lower basin.

Fig. 4: (below). Phragmites australis
reed bed community in the upper basin.

Fig. 5: (abowve left) Spedes-rich water meadow in the upper basin, dominated by Rush, Sedge, the grasses
Agrostis and Deschampsia, and a variety of flowering plantsincluding: Clover, Marsh Thistle, Sharp Dock,
Buttercup and Burnet Saxifrage. Wet woodland in the middle distanceincludes: Will ow, Alder, Birch, Rowan.



Sedions of the estuary flood lands began to be redaimed for agriculture in the midde of
the 19" century by the cnstruction of flood walls and by carrying soil onto the land by horse
and cat. The walls have been periodicdly breated by very high tides, and have been
progressvely strengthened (Fig. 6). Extension of the redaimed areas is adively continuing at
the present day, with land used for shegp and céatle graang and growing silage.

Fig. 6. Flood wall at Penmaenpod, separating Fig. 7. Overtopping of flood wall sin the upper
salt marsh on the right from improved grasdand basin during ariver flood event, February 2004
on the left of the picture.

3. HYDROGRAPHS

Two rivers enter the head of the estuary, the Mawddad and the Wnion. Continuous water
depth recordings have been made over a two yea period from 20034 nea the tidal limits on
eat river. Tidal graphs are available for the same period from a recorder at the mouth of the
estuary (Proudman Oceanographic Laboratory, 200§. Example hydrographs for the River
Whnion are given in Figs 8-9. Significant flooding is known to occur when river depth
exceals 190cm at the recording point. Fig. 8 illustrates a storm hydrograph pegk on 1 April
2003 with a superimposed spring tidal spike of exceptiona height due to onshore winds
acompanying the storm. Fig. 9 illustrates a smilar storm hydrograph pe&k on 11 February
2003 but at atime of negp tides when o tidal spikes are observed.

A typicd correlation of tidal maximum heights at the estuary mouth and at the river tidal
limits is $rown in Fig.10 for the period 1524 February 2003 A lossof hydraulic head of
approximately 40cm occurs over the 12km distancethat the tidal pe& travels up the estuary.
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Fig. 8. River Wnion: hydrograph near the tidal limit for the period 28 March — 8 April 2003
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Fig. 9. River Wnion: hydrograph near thetidal limit for the period 1024 February 2003
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Fig. 10. Corrdation of tidal maximum heights at the estuary mouth (E) and at theriver tidal limits of the
Mawddach (M) and Whnion (W).

Sediment output: Llanelltyd
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Fig. 11 (left). Areaof gravel deposition at the head of the estuary. (right) Modell ed output of sediment from the
River Mawddach into the tidal estuary during the 3 July 2001 flood event. Legend numbers refer to sediment
classs: 1, slt-coarse sand; 2, very coarse sand-fine gravel; 3, medium-coarse gravel; 4, very coarse gravel-
cobHes; 5, baulders.



4. SEDIMENT MODELLING

Sediment acamulation is an issle to be considered in a management plan for the River
Mawddadh. The mountain hinterland has an extensive coverage of gladal and perigladal
deposits which are realily eroded duing storm events. Large volumes of sand and gravel are
caried downstrean and deposited in the upper estuary, leading to a progressve rise of river
base level. Modeélling has been caried out using the Generalized Strean Tube Alluvial River
Simulation (GSTARS) program (Yang and Simdes, 2000. Results for sediment discharge
into the estuary during the major flood event of 3 July 2001 are shown in Fig.11 (Hall and
Cratchley, 2009. Work is currently in progressto estimate sediment deposition over future
periods of 10, 20 and 50yeas, using acceted forecasts for climate diange. A mgjority of
climate dange models for western Britain predict an increase in winter rainfall coupled with
drier and hotter summers, and a higher rainfall intensity for individual storm events (Jones et
al. 2005.

5. ESTUARY MODELLING

Hydrologicd modelling has been caried out to investigate the dfeds of changing river
base levels a the estuary head due to sedimentation, and increases in the extent of land
redamation for agricultural use within the estuary.

Initial work used the RMA2 program within the SurfaceWater Modéelling System padkage
(Donrell et al., 1997). Thisis a fully implicit Galerkin finite dement model able to process
triangular and quedrilateral surfacepatches (Fig.12).
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Fig. 12. RMA2 simulation of aflood tide entering the Mawddach estuary.

RMAZ2 has the caability to model wetting and drying of sandbanks and salt marsh by
adivating and deadivating elements during a Simulation, in response to time-varying
boundary conditions of tidal height at the estuary mouth. Our experience however, was that
mathematica instabilities can occur as elements are alded or removed, leading to solution
non-convergence  The program developers recommend that element edges swould be
positioned along bathymetric contours, to avoid the gpeaance of irregular saw-tooth
shorelines as elements are alded or removed duing wetting and drying. A further
development has been the introduction of a marsh porosity function, to gradualy reduce the



storage caability of an element as it is drying, so that removal of the dement causes less
numerica shock. Despite goplication of these techniques, instability persisted with the large
estuary model, and an aternative goproach was ought.

In a separate projed investigating forestry for flood control (O Connell, 2004, succesdul
floodplain wetting and drying smulation haed been caried out with the River2D finite dement
model (Steffler P. and Bladkburn J., 2002. This program is designed for use on river reates
of the order of 1km in length, but it has also proved very effedive for modelling at estuary
scde. The extent of water in the estuary at mean low and high tides is iown in Figs.13a-b.
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Fig. 13. Simulation of a4m tide for the Mawddach estuary. Extent of the mmputation domain is outli ned.

A particular feaure of the program is its ability to handle wetting and drying of elementsin
a very stable manner. A governing equation for the River2D program is the conservation of
water mass

1
0H+6qX+aqy:0 (1)
ot ox oy

where the term in H refers to the rate of change in hydraulic hea as river level changes, and
the termsin g are the discharge gradients in the cordinate diredions x and y.



Changes to the boundary geometry of the estuary channel are handled in the modelling
code by linking water levels to the groundwater profile below adjacent floodplain. Beyond
the channel margins, equation (1) is replaceal by a groundwater equation

oH _T Ho? 9°
s XZ(H+Zb)+a—2(H+Zb)E @)

in which T is transmissvity, a measure of the rate & which water can permeae through the
sediment, S is the storativity which determines the volume of water which can be held within
aunit volume of material, and z, is the ground surface éevation.

River2D offers opportunities to investigate the dfeds of salt marsh, reed beds and wet
woodlands in enhancing temporary water storage and reducing tidal peks upstrean. The
model incorporates an eddy viscosity coefficient v, which is used in simulating turbulent shea
stresses acording to the relation
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The aldy viscosity coefficient is made up of three @mponents
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The g; term is a congtant, and the €, term represents a bed shea. The key variable is the €3
term, representing transverse shea which will be high for water flows through dense, tall
vegetation hut low for unimpeded flows aadossgrasdand. Using appropriate values for €3, it
is estimated that reed beds and riparian woodland can increase water depth on the floodplain
by up to 60cm in comparison to grasdand, with consequent increase in transient storage and
reduction in tidal height in the upper basin.

6. DEVELOPMENT OF A FINITE VOLUME MODEL

Whilst very successul in modelling transient boundary conditions and wetting/drying,
River2D is limited in its ability to model the dfeds of control structures — particularly flood
walls and tidal drainage doors. For this reason, it was dedded to develop a new
mathematicdly stable model to incorporate feaures appropriate to the Mawddacd case study.
The model uses the weighted implicit finite volume method of Lal (1999 with a combination
of triangular and quedrilateral volume dements:

Fig. 14. Finite volume discretisation for the Mawddach estuary, based on a bathymetric survey (Olding Smee
Oberman Assciates, 1985 and natural vegetation zones delineated from air photography.



The finite volume method uses a line integral technique for computing the water flow
through the walls of volume dements, leading to a matrix solution Q"=M". H" where Q and
H are olumn matrices representing dscharge and hydraulic heal for the dements, and M isa
square matrix related to the geometry of the model. Solutions to the linea system have
gredest stability when carried out fully implicitly, using values at the aurrent time step but not
values at the previous time step (Presset a., 1992. The matrix M is garse, with most
element values zero, so speda approades are possble for fast solution. Appropriate wde is
avail able within the SciL ab software padage, available & the web site www.scilab.org.

7. DISCUSSION AND CONCLUSION

Various modelling tedhniques have been examined duing the study of the Mawddach
estuary. A suitable model requires to be mathematicaly stable during wetting/drying cycles
in which the tidal boundary heal condition varies snusoidally, and river boundary inflow
conditions follow storm hydrograph patterns. The model should smulate the physicd
proceses of energy disgpation and transent water storage within different wetland
vegetation communities, distinguishing between salt marsh, reed beds and riparian woodland
in their responses to flooding. For the Mawddadh case study, effeds on bethymetry due to
fluvial sediment deposition at the estuary head must be @mnsidered. A finite volume model
meeing these aiteriais being developed.

Preliminary results indicae that continued redamation of flood lands for agricultural use
will |ead to higher water levels in the upper basin, since lessreduction of hydraulic head will
occur through temporary water storage. Tidal limits may move upstream, with estuary head
sediment deposition moving upstream also. This can have mnsequences for flood frequency
and intensity in low lying areas of the town of Dolgellau. It is recommended that further
wetland redamation should not take place and that existing salt marsh, reed beds and riparian
woodland be mnserved for the purposes of flood control.
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