3.2 Hill slope hydrology

In the following chapters, models are developed for different aspeds of the hydrology
of the Mawddadh cachment. Instrumentation has been installed in six investigation
areas within the cachment to provide data for cdibration and verification of the
models. The data wlleded may be split into two caegories:

*  Observations which diredly provide parameter values for input to a model, for
example: theriver discharge a intervals during a storm event,

*  Observations which do not diredly link to model parameters but provide
evidence gyainst which model performance may be progressvely refined, for
example: the extent of surfacesaturation on a hill lope during a storm event.

The investigation aress, ill ustrated in fig.3.13, are:

1. Theupper basin of the Mawddach estuary. Hydrographs have been
recrded at the tidal limits of the rivers Mawddadh and Wnion, and within the
tidal estuary at Penmaenpool. These recordings are used to investigate river-
tidal interadions and will be discussed further in section 3.6: The Mawddach
Estuary.

2. The central river system in Coed y Brenin. A river gauging station is
operated in Coed y Brenin by the Environment Agency, who have kindly
made data available. The gauging station is at Tyddyn Gwladys, a short
distance downstream from the confluence of the Afon Mawddadh with its
main tributary the Afon Gain. An additional river gauge was installed on the
Afon Gain upstrean of the mnfluence so that discharges for the Gain and
upper Mawddadh sub-cachments could be estimated separately.
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3. The Afon Wen sub-catchment at Hermon. The Afon Wen valley istypicd
of the deeply incised river gorges of Coed y Brenin which have extensive infill
of glaaal till and perigladal outwash and solifluction deposits. Surfacerunoff
and soil throughflow monitoring sites have been established around the village
of Hermon. Datais used to investigate the dfeds of antecealent drainage
conditions on hil slope runoff during storm events. A river gauge has been
operated at thislocation.

River bed temperatures have dso been monitored at Hermon to investigate
river-groundwater interadion along the major fracdure zone followed by the
river. Results are discussed in Section 3.4: River and floodplain processes.

4. Afon Wnion headwatersat Pared yr Ychain. The Pared yr Y chain valley
was sleded as typifying the dopes of the Aran mountains which form the
headwaters for the Afon Wnion. These dopes are largely covered by glada
till . Surfacerunoff and soil throughflow monitoring sites were established to
investigate hill lope responses during storm events. A river gauge has been
operated on the Afon Ty Cerrig at thislocaion.

5. Afon Eden headwatersat Cefn Clawdd. The Cefn Clawdd valley was
seleded as typicd of the Afon Eden headwaters of the Trawsfynydd dateau.
This areais covered by blanket pea. A borehole wasinstalled for water table
monitoring; observations from the site ae discussed in Section 3.5: Peat
blanket bogs. A river gauge has been operated at Pont Dolgefeili au where the
Afon Eden flows south from the Trawsfynydd dateau.

6. Sourceof the Mawddach at Waen y Griafolen. The Mawddad hesits
sourcein an extensive pea basin which has been the subjea of detailed
hydrologicd monitoring. Thiswork is also discussed in Section 3.5: Peat
blanket bogs. A river gauge has been operated on the outlet stream from the
pea basin.
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Tyddyn Gwladys gauging station

A river gauging station is operated by the Environment Agency on the Afon
Mawddadh at Tyddyn Gwladys in the Coed y Brenin forest (fig.3.14). Flow is
measured on a gravel plane-bed read which has been artificially straightened to
reduceturbulence and lateral variationsin flow rate. Water depths are measured by
float recorder in a stilling well. Calibration of river discharge against stage height is
caried out by a propeller flow meter which traverses the river, suspended
froma cdle. A typicd hydrograph of readings for the period September 2002to
July 2038 is $rown in fig.3.15. Detailed data sets with 15min reading intervals have
been provided by the Environment Agency for storm events of spedal interest:

e 3July 2001

* 8 November 2002

* 29 December 2002

* 8March 2003

e 22May 2003

* 3-4 February 2004
These hydrographs are ill ustrated in fig.3.16(a)-(f).

Figure 3.14: Tyddyn Gwladysriver gauging station
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Tyddyn Gwladys
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Tyddyn Gwladys 3-4 July 2001
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Tyddyn Gwladys 8-9 Movember 2002
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29-30 December 2002
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Tyddyn Gwladys 8-9 March 2003
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Figure 3.16(f). Hydrograph for the storm event of 3-4 February 2004 Tyddyn Gwladys
represent flooding at the aulmination of a sequence of heary rainfall periods.



Subcatchments and river r eaches

For the purpose of hydrologicd modelling, the Mawddad and Wnion basins above
the tidal limits have been divided into a number of subcachments, ead representing a
read of the trunk stream. The twelve reates of the Mawddad are shown in
fig.3.17, and the aght readtes of the Wnion are shown in fig.3.18. The hill lope
hydrologicd charaderistics and the nature of the river channels are described further
in Appendix B.
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Figure3.17: Mawddach sub-catchmentsand river r eaches
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River channel surveying

Calibration of hydrograph sites and modelli ng of both river routing and sediment
transport required the acarrate surveying of channel crossprofiles at many points
throughout the river system. Between 3 and 9 crosssedion sites were seleded within
ead of the sub-cachments described in the previous dion. The number of cross
sedions neaded to adequately record channel geometry over the whole river reat
was determined by the variability in channel form. At ead crosssedion site, a
survey was carried out by levelling upto points well above any expeded flood stage.
River bed and bank sediment charaderistics were recorded. An estimate of water
surfacegradient at bankfull discharge was obtained by levelling between the highest
points on the banks owing evidence of flood erosion or deposition along the river

course.

Figure3.19: Surveying the dhannel cross adion, Afon Gain

Examples of surveyed sedions for the Eden subcatchment, and the Llanelltyd
subcachment of the lower Mawddad, are shown in figs 3.20 and 3.21.
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Figure 3.20(a)
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sedion surveyed
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Figure 3.21(a)
(above)

Line of cross gdion
surveyed on the Afon
M awddach north of
Cymmer Abbey,

L landlltyd.

photo: Lydia Y ates
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Figure 3.21(b)
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Llanelltyd Bridge,
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Hydrograph recrding

Prior to this projed, only one river gauging site existed at Tyddyn Gwladys on the
Mawddad, run by the Environment Agency. Additional hydrograph recording sites
were required for river flow datain the Mawddad and Wnion catchments.

The flash flood regimes of the Mawddad river system present severe problems for
flow measurement. Binnie and Partners (1985 report that two gauging stations have
operated for short periods on the Afon Eden, one upstream of Pont Dolgefeiliau and
the other near Ganllwyd. The Pont Dolgefeiliau site was taken out of use dter
blockage of the stilli ng well by river sediment, and the data from the Ganllwyd site

was considered too inacaurate for publication.

Figure 3.22

The Ganllwyd reach
of the Afon
Mawddach during
low flow and flood
conditions.
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Pradicd difficulties in flow measurement may be gpredated by considering fig.3.22
which shows the Ganllwyd read of the Afon Mawddad during low flow and flood
conditions:

» Water levels may rise by 2m or more during flood flow, making it impossble
to measure flows manually by entering the river.

* Even whereriver depths remain relatively shallow during flooding, the water
flow can considerably exceal the 2ms™ velocity considered to be asafe limit
for working in the river.

*  Overbank flooding is common, making accessto the main channel hazadous

during storm events.

Despite these problems, it was considered worthwhile to colled as much flow data &
possble from different parts of the river system. Hydrographs were cnstructed as
best-estimates for particular sites, ensuring that these were consistent with overall

river flows within the cachment.

Gauges were ingtalled at a series of sites on the Mawddad-Wnion system to provide
continuous logging of water depth. Assstance was receved from Malcolm
Murgatroyd, eledronics enginea in Dolgellau, who designed and constructed a
number of portable instruments (fig.3.23). These use apresaure sensor, seaured to the
river bed and conneded by heary duty cable to a module on the river bank housing
eledronic drcuitry, battery power suppy and adatalogger. Water depth is measured
as afunction of hydrostatic presaure, with the instrument design compensating for
variations in water temperature and atmospheric presaure which might affed river bed
readings. Intestsat four different river sites under widely differing flow conditions, it
was found that water depths were consistently recorded to an acairacy better than
1lcm. Thislevel of acaracy was considered adequate for recording on upland streams
of steg gradient, where turbulence mmmonly produces surfaceoscill ations of
amplitude 1cm or more. These sites were operated as 'rated sedions and cdibrated

for river flow as described below.



Reaorders were operated duing the projead (fig.3.13) at:
» Pont Dolgefeiliau, on the Afon Eden
* Pont Gwynfynydd, on the Afon Gain
* Hermon, on the Afon Wen
» Pared yr Ychain, on the Afon Ty Cerrig.
* Llanelltyd, at thetidal limit of the Afon Mawddadh
* Ponty Wern Dduy, at the tidal limit of the Afon Wnion
* Penmaepooal bridge, in the upper estuary

Figure3.23: Barometric water depth recorder

An example set of water depth recordingsis $own in fig.3.24 for the Pont
Dolgefeiliau site over the period Decamber 2002to April 2003 Thisis based on
measurements made & 5min intervals, so the timing of flood peeks may be cnsidered

predse.
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Afon Eden: Pont Dolgefeiliau

VoA

AR

L, | M

I

!

(N

i

250

200

150

=
=

—

50

[wa] yadap 1332 p

=

OrSE00L0 S0AE0M0
O'S1-S581 S0MLERED
0510530 S0E2AE0
O'SEGE21 020
O'SE0F90 S0Mb2iE0
OSEGER1 S0 20
O'SE0Ea0 S0ELIED
O'SEGER] 0D
O'SE0E90 S0Mb LIED
OSEGEEL S0 LD
OGS0k S0fe0ren
O'SE-G08 1 S0Ma00Ee0
'S E-00:90 S0M0rE0
0SG5S A1 S0 00
O'S10550 £0dL2020
OSEGELL E0Mb2i20
O'S0FS0 02220
OSEGELL EOE L0
OS0EE0 E0fL L0
OSEGELL E0Mb 20
O'S0EE0 E0AZ 20
oSEGEL L E0E0fE0
oS0 bS0 e0fi0fE0
OS50 E0M0fE0
OG00S0 S0f20020
O'S1-5591 0080
O'S105+0 S08210
O'S1-5F91 0052010
O'SL0F+0 E0ME2 0
O'SE-GEa1 0020
OGS0 +0 S0MELL0
O'S1-52:91 05140
OSE02+0 S0 LALD
OSEGEAL E00Lin
OGS0 +0 0080410
O'S1-50°91 050410
051000 S0AE0d L0
O51G5E] 20 HEEL
OS105E0 2MEEIEL
OS1GEE] 20A2EL
020950 20 EiE1
oA EE] 2dEEL

Figure 3.24: Water depth recordings for the Pont Dolgefeiliau site over the period Decanber 2002to April 2003
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Calibration of river discharge in terms of water depth was carried out by:
» Acaurately surveying the dhannel cross dion at the location of the depth
recorder,
* Measuring water flow rates at points acossthe channel during dfferent flow
conditions, using a propeller flow meter (fig.3.25).

» Computing river discharge a a product of cross dional area ad flow rate.

e ]
e |
]

o
Figure 3.25:
Propeller
flowmeter used in
hydrograph site
calibration

Under low flow conditions, it was possble to enter the river channel and make a

series of flow measurements at measured positions aaossthe dannel.

Under flood conditions it was not safe to enter the rivers, so flow measurements
were made with the propeller attadhed to along metal pole extended from the
bank (fig. 3.26). Flow rate was determined by integration over a 10 second
interval to reduce perturbations due to turbulence Threeflow measuring points
were dhosen, which were measured as the cettre and quarter-width points of the
channel. Flow measurement made & an estimated quarter-depth from the surface
A mean flow velocity for the aurrent river stage was obtained by averaging these

values.
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Figure 3.26:

(left) Flow meter in position above
theriver channel.

(below) Flow velocity measurement
in progress

Calibration data for the hydrograph sitesis given in Appendix D. The cdibrations

obtained from flow data ae imprease for a number of reasons:

* Velocity measurements were obtained mainly during low to moderate flow
conditions. Adequate data for high flow conditions were difficult to obtain,
due to problems in reading hydrograph sites during the brief intervals of
maximum flood discharge, and the difficulty of accessng central sedions of
the dhannel when river width was increased during flood conditions.
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* Water surfacegradient will be devated upstream during the period of arising
hydrograph and depressed upstream during the period of a falli ng hydrograph.
Flow velocities may therefore vary for the same river depth between the rising
and falling limbs of the storm hydrograph due to water surfacegradient.

»  Sediment processes may significantly influencewater velocities. Fig.3.27
illustrates the variability in suspended sediment between flood events on the
Afon Eden at the Pont Dolgefeiliau gauging site. A first storm flow after an
extended period of dry weaher may pick up large quantities of silt and sand
grade material from the dhannel bed and remove this from the river system,
leaving a dean gravel bed with different frictional resistance daraderistics
during subsequent flood events.

* Inamountain stream regime with a predominantly gravel-cobble bedload,
significant changes to bed profile may occur during individual flood events
due to erosion or deposition.

To augment the measurements of high flow rate and to reducethe arorsfrom field
observations, additional theoreticd cdculations of flood dscharge velocities were
caried out using two methods, Manning's equation and the Relative Depth method.

Manning's equation:
Bankfull discharge Q is cdculated from:

Q = 1 Ar%s}é
n

where A = cross ®diona area & bankfull stage
Ir = cross diona area/ wetted perimeter
s = water surfacedownstrean sope
n = Manning's roughnesscoefficient

Suitable values for roughnesscoefficient n can be obtained by comparison of the

hydrograph sites with ill ustrations of caibrated mountain streams provided by Barnes
(1967), and Arcement and Schneider(2003 .
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8.30am, 07 August 2001

8.30am, 10 August 2001

8.30am, 12 August 2001

Figure 3.27: Examplewater flowsat different river stages,
Pont Dolgefeiliau, Afon Eden
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Relative depth method (Pethick, 1980):

The dhannel relative depth F is caculated as:

F=2
B
where D = average water depth at bankfull

B = average bedload size
A roughnessfador R is obtained from the dhannel relative depth value, using the
logarithmic relationship:
R = 0.95In(F) + 0.95
Bankfull mean velocity is then caculated as
V = 886/D.sR

where s = water surfacedownstream sope & bankfull

Determination of water surfacedownstrean sope & bankfull has been relatively easy
for the Mawddad river system, as evidence of maximum water levels during the
3 July 2001 flood event is extensively preserved. This evidenceincludes: debris
acamulations (fig.3.28), deposition of sand and gravel on riverbank ledges, and

scouring of moss lichen and bark from trees adjacent to the dhannel.

Figure 3.28 Debris
accumulations around
trees, providing evidence
of maximum water levels
during the July 2001
flood, Afon M awddach,
Gwynfynydd
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The methodology for cdibration of the hydrograph recrding sites equipped with

portable water depth recorders was.

Determine river discharge a afunction of water depth under a range of flow
conditions by field measurements. Between 9 and 12 sets of flow
measurements were obtained at ead hydrograph site.

Determine bankfull depth and compute bankfull discharge using both
Manning's equation and the Relative depth method. In pradice these methods
were found to agreewithin 10%.

Produce provisional cdibration curves for the hydrograph sites as a best fit to
the observed and cdculated dscharge values.

Ched the discharge values for consistency aaossthe cachment during the six
test flood events. There isarequirement that water volumes are mnserved
during passage through the river system, allowing for reasonable inflows and
river/groundwater interadions.

If anomalies were identified which appeared to contradict the mnservation
principle, then minimal adjustments to the cdibration curves were dlowed:
The Environment Agency Tyddyn Gwladys gauging station was considered to
be providing acairate discharge values. Storm hydrograph pek flows at sites
using portable water depth recorders were required to be mnsistent with the
flows at Tyddyn Gwladys.

After analysis of the test storm events, cdibrations were atieved which were

considered internally consistent and adequate for use in rainfall-runoff modelli ng.
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Hydrograph sites

Afon Gain

Site description

A hydrograph recorder has been situated in the waterfall poal (fig.3.29)
approximately 1km upstream from Pistyll Cain. Flow is measured at the outlet from
the pool where the dhannel is constrained between rock outcrops. Accessto the river
isfrom the eat bank, with flow measurement possble during low water and flood
stages. The dhannel represents a bedrock read, with isolated bed cover of cobbles
and boulders of 0.5m to 1Im median dimension.

Figure 3.29: Afon Gain hydrograph recording site. Therecoorder islocated
on theriver bed at point A.

29¢€



Afon Gain: Waterfall pool above Pistyll Cain
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Pont Dolgefeiliau, Afon Eden

Site description

A hydrograph recorder has been situated approximately 20m downstream from Pont
Dolgefelliau (fig.3.31). Accessfor the measurement of flow velocities is possble
from either bank, except during high flood conditions when the river extends onto the
flood plain on both sides. The dhannel forms a plane bed read on bedrock, with
more than 90% cover of coarse gravel and cobbles in the range 0.1m to 0.5m median

dimension.

Figure 3.31: Afon Eden hydrograph recording site. Therecoorder islocated on
theriver bed at point A.
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Afon Eden: Pont Dolgefeiliau
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Figure 3.32 Example stage-discharge dhart for the Afon Eden hydrograph recording site for the period Decanber 2002— April 2003
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Afon Wen

Site description

A hydrograph recorder has been situated in the waterfall pool (fig.3.33) approximately
0.5km downstream from the vill age of Hermon. Flow is measured at the outlet from
the pool where the dhannel is constrained between rock outcrops. Accessto the river
isfrom the eat bank, with flow measurement possble during low water and flood
stages. The dhannel represents a step pooal read, with bed cover of cobbles of 0.1mto
0.5m median dimension.

Figure 3.33: Afon Wen hydrograph remrding site. Thewater depth recorder is
located in the pod at location A. Flow ismeasured at the pod outlet along the
sedion shown in red.
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Afon Wen: Waterfall pool below Capel Hermon
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Figure 3.34: Example stage-discharge dhart for the Afon Wen hydrograph rearding site for the period Decanber 2002— February 2003
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Afon Ty Cerig

Site description

A hydrograph recorder has been situated in a pool on the Afon Ty Cerrig, a principal
headwater stream of the Afon Wnion, at the location shown in fig.3.35. Thislies
within a forestry plantation at Pared yr Y chain on the slopes of Aran Fawddwy. The
channel is composed of cobbles and boulders of 0.5m to Im median dimension, with a
high gradient producing charaderistics of a cacade read. The dannel is relatively
narrow and confined within incised banks, making it accessble for flow measurement

during low flow and flood conditions.

Figure 3.35. Afon Ty Cerig hydrograph recording site. Thereaorder islocated
on theriver bed at point A.
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Afon Ty Cerrig
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Figure 3.36: Example stage-discharge dhart for the Afon Ty Cerrig hydrograph recording site for the period July 2003—
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Dolgellau

Site description

River stage height data has kindly been suppied by the Environment Agency for the
gauging ststion on the Afon Wnion approximately 40m upstream from Bont Fawr,
Dolgellau. The gaugeis stuated on a plane bed read, with coarse gravel in the size
range 0.05m to 0.30m meking upmost of the bed load.

Figure 3.37: Bont Fawr, Dolgellau, photographed from the Environment Agency
river gauging station.

A cdibration curve for conversion of river stage(m) to river discharge(m’s?) was
prepared in a similar manner to the cdibration curves for the portable hydrograph
recorder sites. The river crossprofile was surveyed, and flows measured at points
aaossthe river under different stage heights (appendix C). Field measurements were
augmented by cdculated flow rates for flood conditions when measurement was
impradicd. The cdibration curve function was then used to convert the stage height
chart of fig.3.38to the discharge dhart of fig.3.39.
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Afon YWnion, Dolgellau
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Figure 3.38 Example stage height chart for the Afon Wnion gauging station for the period November 2002— May 2003
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Afon YWnion, Dolgellau
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Figure 3.39: Example stage discharge dhart for the Afon Wnion gauging station for the period November 2002— May 2003
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Hydrograph corr elation

Whilst analysing hydrographs for consitency aaossthe cachment, an interesting
result was discovered. Hydrographs recorded at Pared yr Y chain in the sourceregion
of the Afon Wnion, and on the Afon Wnion 0.5km west of Dolgellau, can be dosely
linked by a smple mathematicd transformation:

water depth in Dolgellau = A * exp( B * water depth at Pared yr Ychain) + C

using the empiricdly determined parameters. A =0.05,B=8.2, C= - 0.15, as
shown in fig.3.40. Parameters were fitted manually by progressve refinement in an
Excd spreadshed and graph. This method was chosen in preferenceto the use of a
statisticd padkage, sincetidal spikes present in the Dolgellau hydrograph hed to be

ignored during curve fitting.

The significance of thisresult is that the water depth predicted for Dolgellau is

3 hours 30 minutes after the time of the Pont Ty Cerrig hydrograph observation,
providing a flood forecasting method of good acaracy. The successof the flood
forecasting method appeas to be due to two fadors:

» Pared yr Ychain lies on the NW-SE axis of high rainfall which crosses the
Mawddad cachment. Storm events at Pared yr Y chain therefore have a
particularly significant effed on flood levels downstrean on the Afon Whnion.

» TheAfon Ty Cerrig which isgauged at Pared yr Y chain is typica of the
streans draining the dopes of the Aran mountains. These slopes exhibit a
high degreeof hydrologicd uniformity over much of the murse of the Wnion
valley, with similar dope agles, cover by gladal deposits, and grasdand
vegetation. Hilllope runoff over thislarge aeamay therefore have asimilar
travel time to the Wnion trunk stream, and total flow in the Wnion is a smple
scding of the flow in the Afon Ty Cerrig tributary.

No smilar smple relationship between hydrographs was found for the Mawddach
sub-catchment. Contributions to total flow from the upper Mawddad, Gain, Eden
and Afon Wen may vary gredly in volume and timing between storm events. This
unpredicatability can be ascribed to: the variety of rainfal patterns, and locd
complexity of dopes, landuse and geology, and the different river routing times for

flow along the different tributaries.
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Figure 3.40(c). Hydrographs after transformation of the Pared yr Y chain data
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Soil shallow stormflow

Weyman (1973) has dudied the downsope flow of water in thick soils. Initia
infiltration occurs verticaly downwards, with lateral flow developing only within the
saturated zone of the soil profile. Low permeability bedrock or low permeabili ty soil
horizons are mnsidered esential for initiating lateral flow in the soil. Weyman
observes that shallow flow may contribute to storm discharge, and may continue for
several weeks after a storm event without further redharge. He states that lateral
downslope flow appeasto abey Darcy's law for fluid flow through porous media.

Hill ope water flow measurements have been carried out in the source aeaof the
Afon Whnion at Pared yr Y chain, to investigate mechanisms of hill Slope hydrology.
Threesites have been instrumented to record surfacerunoff to a depth of 10cm and

shallow stormflow (throughflow) at a depth of 1.5m, using a similar construction
method to Atkinson (1978) as sowninfig.3.41.

Figure 3.41(a) Figure 3.41(b)

Site prepared for instrumentation, Site after installation of water flow
showing peat soil on glacial till, recordersand data loggers, Pared
Pared yr Ychain yr Ychain
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Rainfall mmihour

The high rainfall of the aeapromotes prolific growth of ground vegetation —

principally mosses, ferns and grasses amongst a young conifer plantation. An

intermediate acdity ped soil is developed to a depth of 20— 25cm on sandy clay

gladadl till derived from aad volcanic rocks. Typicd results from flow measurements

are showninfig.3.42
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Figure3.42 Hilldope water flowsat Pared yr Ychain, 7 - 12 September 2003

It isfound that volumes of hill dope water flow are strongly controlled by antecedent

conditions. Nealy al downsope movement of water occurs as gormflow within the

glaaal till, with insignificant amounts of surfacerunoff recorded. This may be due to

the asorbent effed of ground vegetation and ready avail abili ty of pathways for

routing of water downwards through the thin ped layer. Streams are deeply incised

into the glaaal deposits of the Aran dopes, and shallow throughflow is discharged

through the banks of channels during storm events.

It is sgnificant that large volumes of sub-surfacestormflow occur some four to six

hours after the onset of heavy rainfall, which may be too late to diredly influence

flood peaks downstrean. Stormflow can, however, continue for up to two days after

rainfall and may control antecedent base flow levels for subsequent storm events. A
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series of rainfall events within afew days of one another in September 2003are seen
to produce progressvely greaer volumes of shallow stormflow, as the subsoil
beomes sturated and the watertable is raised.

Further insght into the importance of anteceadent conditions comes from another soil
throughflow experimental site set up at Tir Penrhos, nea Hermon in the Afon Wen
valey (fig.3.43). This ste is on a valley dope overlain by a thick successon of

periglada deposits in which 1.5m of scree overlies lifluction material and fluvia

sands and gravels.

Figure 3.43
Surfacerunoff and soil
throughflow monitoring
gte, Tir Penrhos, Hermon

Example data for surfacerunoff and soil throughflow is presented in fig.3.44. At

Tir Penrhos, ground vegetation below mixed woodland is poorly developed. Surface
runoff is relatively high in comparison to the Pared yr Y chain sites. Permeébili ty of
the periglaaal scree & shallow depth is high, so throughflow is not recorded for the
majority of rainfall events. At these times, the water table lies deg in the screelayer
below the level of monitoring. A prolonged period of heavy rain can, however, cause
the water table to rise, generating a very high volume of shallow throughflow for the

discharge point at the base of the experimental site.
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Results from the Tir Penrhos experiment are particularly interesting becaise the
instances of high volumes of shallow throughflow correspond exadly with periods of
extensive flooding of agicultural land around the heal of the Mawddad estuary,

some 5km downstream.

It is conjedured that under normal conditions:

» Gladal and periglada deposits on the valley sides are unsaturated, and allow
downwards percolation of soil water into groundwater storage.

* Dueto the stepped profiles of the Mawddad and its tributaries, the water table
lies below the river bed over a majority of reades within the middle curses
of theriversin Coed y Brenin. Water may be lost through the river beds into
groundwater storage.

* Groundwater isreleased into rivers over severa days following rainfall. This

timescde istoo dow to affed the flood pedk of a storm event.

After aprolonged period of heavy rainfall, hydrologicd conditions change:

* Gladal and periglaga deposits on the valley sides become saturated to a
shallow depth. Downwards percolation into groundwater storage can no
longer maintain drainage, and there is arapid increase in downslope water
transfer by shallow stormflow. Water isreadlily released through the banks of
streams, and quickly entersthe river routing system.

» Thewater table rises below the main channels, and groundwater is released
through the streambed to increase river flow.

* Further rainfall follows fast surfacerunoff pathways, contributing to the

buildupof aflood peak downstream.

Monitoring of subsurfacethroughflow below hill dopesin Coed y Brenin may provide
ealy warning of the saturation conditions needed to initiate flooding downstream.
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Watershed M odelling System

A first step in producing flood models for the Mawddad and Wnion subcachments
has been the use of the HEC-1 semi-distributed model, described previously in sedion
3.1 (fig.3.6). The model usesrainfall estimates to simulate infiltration, surfacerunoff
and river routing processs. Synthetic hydrographs can be generated for seleded
points within the dhannel network.

Clea limitations of HEC-1 are:
» lossof infiltration water from the model completely,
» the modelling of sub-cachments with uniform hydrologica properties, a
situation which does not acairately represent the small scde variationsin
dope, geology, vegetation and soil types observed in the field.

Despite these smplifying fadors, HEC-1 is found to produce aceptable hydrograph
simulations for individual storm events. The hydrographs generated can provide
input to sediment transport models as described in sedion 3.3, and to floodplain
inundation models as described in sedion 3.4. HEC-1 may be taken as a baseline
against which the performance of more sophisticated hydrologicd models sould be

judged.

Before running the HEC-1 model, data files must be generated to represent the
hydrologicd properties of the cachment, the geometry of the river network, rainfall
sequence, and the mathematicd options sleded to simulate infiltration, surface
runoff and river routing (Goldman and Ely, 1990). These files may be prepared
manually and input in alphanumeric format using atext editor, but the processis
grealy smplified by the use of data preparation software based on GIS techniques.
The Watershed Modelling System (Brigham Y oung University, 2004 has been used
for this purpose in the aurrent projed. The WMS program additionally provides
post-processng fadlities for graphicd display of the river network incorporating
output hydrographs at seleded points.
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Setting upa hill dope runoff model

A HEC-1 model is developed by dividing the overall cachment into a series of basins
which may be mnsidered hydrologicaly homogeneous. Rainfall, infiltration and
surfacerunoff will be averaged aadossead basin. Twelve sub-cachments were
chosen above the tidal limit for the Mawddad, and eight sub-catchments were diosen
for the Wnion. The sub-catchments are described in appendix B, and are outlined in
figures 3.17 and 3.18.

A digital elevation model isfirst loaded into the program, then used to define the river
channel network and sub-catchment boundaries (fig.3.45). For the Mawddad and
Whnion cachments, a 50m gridded DEM provided by the Centre for Ecology and
Hydrology has proved suitable.

R (i T VUEH T e
gl ) i g 5 e Al - =T e T )

Figure 3.45. Construction of the Watershed M odelling System model for the upper
Mawddach. Topographic contours, the stream network and sub-catchment boundaries
and have been determined geometrically from the digital elevation model.

The digital elevation model is now converted to a Triangulated Irregular Network to
simplify the cdculation of the basin parameters required by the HEC-1 program.
Triangles are anstructed to conform with the stream courses and basin boundaries
previously defined, in order to maximise the acaracgy of the model (fig.3.46).
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Soil and landuse overlays

An option available in HEC-1 isto determine infiltration rates by the SCS Curve
Numbers method (fig.69). This option has proved succesful when used in the
Mawddadh model.

Before using the Curve Numbers method, it is necessary to provide information on the
types and dstribution of soils and vegetation within the cachment. Thisis done by
setting up separate overlays, asin the land use example of fig.3.48 below.

* Land use has been divided into the main caegories of natural vegetation and
agricultural use identified ealier in sedion 1.2 and displayed in fig.1.88.

» Soilsare cdegorised on afour-point scde from: dry (type A) to wet (type D).
Four curve numbers A to D are dlocaed to eat land use cdegory, as iown
in Table 3.1. A curve number may then be seleaed from this group,
depending on whether the soil is: dry, moderately dry, damp, or wet.

» Soils developed on well jointed Cambrian grit would belong to a drier group
than those on poorly drained shales or basalts.

* The soils of the whole region belong to drier categories in the summer than in
winter months.
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The procedure for curve number alocaion isill ustrated in fig.3.47 for a hypotheticd

areaof sub-cachment:

moorland

impermeable
shale

rough grazing

Figure3.47(a). Land use and geology owerlays.

Land use and geology overlays are superimposed in the model to identify zones with
unique combinations of land use/geology. Curve Numbers are dlocaed acwrding to
the land use cdegoriesin Table 3.1. The soil moisture dass(A-D) chosen depends
partly on geology and pertly on antecedent soil moisture cnditions. For example,
soils on fredy draining grits are dlocated classB during periods of low rainfall, but
classC after a previous period of wet weaher. Naturally damper soilson
impermeable shales are dlocaed classC during periods of low rainfall, but classD
after aprevious period of wet wedaher.

Figure 3.47(b). Allocation of Curve Numbers
(left) dry antecedent conditions, (right) wet antecedent conditions
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Dired runoff (O). inches

The partition of rainfall between infiltration and surfacerunoff is determined by the
equation:
(P - 0.25)?

Q= P + 0.8S

using Imperial units, where Q is runoff (inches), P is cumulative rainfall during the
storm event (inches), and S is the soil moisture deficit (inches). A parameter termed
the Curve Number, CN, isrelated to S by the equation

_ 1000-10CN
CN

S

Example graphs for different curve numbers are shown in fig.3.49. Qualitatively, this
indicates that runoff increases during a storm event as the soil beames increasingly
saturated, and that zones of high curve number experience more runoff, and
correspondingly lessinfiltration, than zones of low curve number.
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Figure 3.49: Soil Conservation Service airve number chart
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Curve numbers are coomputed by superimposing vegetation and soil overlays, and
using atable to determine values for different soil/vegetation combinations.
Experimentation has led to the following values providing consistent results for storm

events in the Mawddacd cachment:

Land use ategory Sail A Soil B Sail C Sail D
Rough grazing 68 76 88 96
Heaher moorland 70 74 77 88
Coniferous woodland 76 78 80 92
Dedduous woodland 76 78 83 92
Improved grasdand 82 85 88 96
Clea fdled 90 92 92 98
Bog and marsh 83 84 87 96

Table3.1. SCS Curve Numbersused in the Mawddach catchment mode

An dternative gproacd to computing soil infiltration in the HEC-1 model usesthe
Green-Ampt equation. Experiments have been carried with this method, but it was
found that the SCS Curve Numbers approach provides more mnsistent results, with a
simpler fadlity for incorporating antecedent soil moisture cnditions.

Rainfall

To smulate water flows during a storm event, it is necessry to provide atime
sequence of rainfall for one or more stations aaossthe cachment. Where multiple
raingauge stations are used, the program is able to construct interlocking Thiessen
polygons around ead station to represent the zones of applicability for ead gauge.
Rainfall values can be computed for ead sub-basin by averaging adjacent raingauge
realings, weighted in proportion to the Thiessen polygon coverage within the sub-
basin. Fig.3.50 shows Thiessen polygons constructed for raingauge stations adive
around the Mawddad cachment at the time of the July 3, 2001 flood event.

Fig.3.51 illustrates the method of setting uparainfall sequenceto represent storm
ranfall at agauge site. Thetime interval between readings is chosen, in this case
15mins, and cumulative rainfall is entered for ead spedfied time & afradion of the
total stormrainfall at that gauge site. It then just remains to enter the storm rainfall
total for the gauge site.
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Figure 3.50: Construction of Thiesen polygonsfor the Mawddach sub-catchment
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Overland flow

Rainfall not lost from the model as infiltration is treaed as quickflow. Thisterm may
be taken to include both surfacewater shed flow and shallow fast soil throughflow
down hillslopes. Before running a HEC-1 model, the method to be used for
computing overland flow must be dhosen. The model provides both a Unit

Hydrograph method and a Kinetic Wave method for overland flow.

The mathematicd basis of the Kinematic wave method was outlined in sedion 3.1
above, and is discussed by Bevan (2001). The Kinetic Wave method tredas the
drainage system as composed of threeorders of flow path:

First order flow occurs aaoss $rips of hill dope, as at locaions A. No
permanent stream channels of this order are present.

Semond order flow occurs through feeder chanrels, as at locations B.
Permanent channels are present, though they may be dry between storm
events. These dhannels are too small to form part of the mapped river system.
Third order flow occursin river channelsasat C. Thisflow is handled by

river routing methods, and does not form part of the surfacerunoff cdculation.

< B .

hill lope
A

Figure 3.52 Ordersof surfacewater flow modelled by WM SHEC-1
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In order to determine flow volumes using the Kinetic Wave equations, the HEC-1
program caries out separate processng of the first order overland flow planes and the
seoond order colledor chanrels. In ead case, the data required for cdculations are:

* meanflow distance

* mean dope

e Manning roughness
Additionally, the mean cross ®aion shape of the wlleaor channels must be
spedafied.

Experiments were caried out using the Kinetic Wave method for storm eventsin the
Mawddad cachment. Whilst it was possble to produceresultsin close ayreament
with recorded hydrographs for single storm events, there was difficulty in obtaining a
single set of hill lope parameters which produced consistent results for different
storms. Consequently, the dternative method of Unit Hydrographs was sleded for
the Mawddadh HEC-1 model.

Unit Hydrograph methods

The Unit Hydrograph methods operate on the principle that runoff during stormsis
additive. For a given areaof hill lope,

* astorm of 20mnYh produces twice a much runoff as a storm of 10mnvh,

* astorm of duration 2 hours produces twicethe runoff of a storm of 1 hour with

the same rainfall intensity.

Runoff from different sub-caichments and time intervals can therefore be alded in a
simple way, allowing for the time of routing waterflows downstream between sub-

cachments.

Unit Hydrograph methods depend on obtaining a mathematicd relationship between
the runoff produced by unit rainfal in one time interval, and geometric charaderistics
of the sub-cachment. From the various linking equations avail able, the Espey Rural
method has proved succesdul for the Mawddadh model. This equation makes use of

the mean stream length and strean slope to compute the time for pe flow from the
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sub-cachment after the commencement of stormrainfall. The eguation for the Espey
Rura method is:

time to peak flow = 2.65 x (stream length)®*?

-0.52

X (stream slope)™“ minutes

The required measurements, amongst others, are determined automaticaly by the
WMS software (fig.3.53).
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Figure 3.53: Illustration of basin parameters computed geometrically for two of the
M awddach sub-catchments: A area, BS basin mean slope, AOFD average overland
flow distance, L basin length, MFD mean flow distance, MFS mean flow slope

River routing

River routing in the HEC-1 model can be caried out by various methods including
the Muskingham and Muskingham-Cunge ejuations, and the Kinematic Wave
equation. In eat case, the downstream water flow volume is determined from the
channel distance and flow velocity, with flow velocity being cdculated as sme
function of channel dlope, channel shape and Manning's roughness In pradiceit was
found that the model was relatively insensitive to the doice of routing method, with
all giving smilar routing times. The Muskingham method, requiring the least
parameters, was therefore dosen for the Mawddadh HEC-1 model.
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Model output

After preparation of input data filesis complete, the model may be run and output

files are generated.

The HEC-1 model operates on a series of sub-cachments, linked upstrean in a
branching treepattern (fig.3.54). When the model is run:
* hilllope flows are generated for ead sub-cachment for eat time interval,
» thehilldope flows are routed to the outflow of the sub-cachment,
* riverflows entering the head of the sub-catchment are routed downstream and
combined with the hill dope flows at the outlet,
» the combined riverflow isthen made available to the next sub-catchment
downstream at the start of the next time interval,

» riverflows are combined at confluence points and routed downstream.

| ik &

gl o \)ernan’[
ol —— @

Figure 3.54: River routing diagram produced by WM S for the upper Mawddach.

Green 'basin' symbols represent hilldope runoff from individual sub-catchments,

Blue linesrepresent downstream routing diredions, and 'flume’ symbols represent
points at which synthetic hydrographs have been generated by the model.

A anillveyd
[ 1/
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Results of model runs

Runs were caried out for the example rainfall events discussed ealier in
sedion 2.4:
« Squal line mnvedive storm: 3 July 2001
» Frontal storms: 8 November 2002 29 Decenber 2002 8 March 2003
21-22 May 2003 3-4 February 2004

The HEC-1 model was st up and configured to simulate the extreme storm event of
3 July 2001 associated with a squall li ne of convedive thunderstorm cdls aadossthe
Mawddad cachment. The storm was adive between 16:00 h and 2200 h.

At the time of the July 2001 storm, five raingauges were providing hourly totals
within or close to the Mawddadh cachment. From the pattern of river levels, it is
likely that the zone of maximum storm rainfall |ay within this ring of stations, over

the mountainous terrain around Moel Oernant.

P
.".f __'_,.o—'-"'f:l
1= Ffestiniog M
13.4 Arenig
D 21.6 @ C
H ki
Bagh / f:tlf
i B2l
4a0] OERNANT

0
LN I F TV
HARLECH Drws y Nant
7.6
&J _..gt&'\-"_-" !

Rhydymain

Fig. 3.55. Rain gauge sites, showing totals (mm)
for the period 18:00-1900 h, 3 July 2001
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The MM 5 mesoscde meteorologicd model has been used to dbtain further insight
into rainfall intensities and distribution during the storm (cf sedion 2.4). Modelling
corredly identifies the north-south orientation of the squall li ne (fig.2.113). Locdised
convedive cdls with maximum rainfall i ntensities during the storm of between 45

and 70mmh™ are produced.

Inacarades in the model are likely to be positional, rather than in intensity. Random
processes operating within a squall li ne make it difficult to predict the exad location
where a onvedive cdl will develop. On the basis of field evidence, the centres of
convedive cdls $ould be displacal approximately 12 km northwards to lie over the
southern Arenig plateau. A hypotheticd rainfall distribution at Moel Oernant close to
the cantre of the storm can then be @nstructed (Table 3.2). The Moel Oernant
synthetic data isincluded in the HEC-1 hydrologicd model which follows.

Ffestiniog Arenig Drwsy Nant Rhydymain  Llyn Cynnwch Oernant
15.00-16:00| 0.2 0.4 0 0 5.6 0
16:00-17:00| 23.6 0 0 6.2 216 20
17:00-18.00| 7.4 174 114 19.8 136 25
18.00-19:.00| 134 216 7.6 34 4 40
19.00-20:00| 16 214 29.4 258 12 35
20.00-21:00| 0.6 0.8 0 0 0 0
21:00-2200| O 0.4 0.2 0.2 18 0
storm total | 61.2 62 486 86 47.8 120

Table 3.2. Hourly rainfall totalsand total storm rainfall (mm)
during the 3 July 2001storm event.

The relative timing of rainfall isill ustrated in fig.3.56. This $ows the storm moving
dowly aaossthe cachment from Llyn Cynrwech in the west to Drwsy Nant in the
eddt, adistanceof 15km in 3 hours. The amulative rainfall curves, along with the
storm rainfall totals for ead locaion, were used to set up raingauge inputs for the
HEC-1 model.
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Figure 3.56. Cumulative airvesfor rainfall at gauge sites
during the 3 July 2007storm event

Runoff was determined in HEC-1 by the unit hydrograph Espey Rural method, with
predpitation losses estimated by SCS curve numbers. This gorm event occurred at
the end of adry summer period, so the model assumes il moisture level A (dry)

over the Cambrian grit outcrop and B (moderately dry) aaossthe remaining

Cambrian shales and Ordovician shales and volcanics. Rainfall was applied over the
model area acording to the Thiessen polygon method, weighted acarding to the aea
of the sub-catcchment covered by ead polygon, including estimated gauge totals for
the Oernant site in Table 1. River routing then used the Muskingham equation.

Synthetic hydrograph results are presented for the Tyddyn Gwladys gauging station

(fig.3.57) and the Bont Fawr gauging station, Dolgellau (fig.3.58), with recrded
hydrographs for comparison.
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Tyddyn Gwladys 3-4 July 2001
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Figure 3.58 Comparison of recrded and synthetic hydrographs.
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At Tyddyn Gwladys, a maximum flow of 340m® s* was recrded at 19:00 h. The
modelled hydrograph has arising limb in reasonable agreement, but the falling limb
drops off too steqly at the end of the rainfall event. A likely explanation isthe
temporary groundwater storage of storm water which is released over the following
24 hours to producethe long tail of the recorded hydrograph. Thisflow is not
represented in the simulation, sincerainwater infiltrating to groundwater storage is
lost from the HEC-1 model. The identification of fast storm runoff and slower base
flow volumes from the hydrograph pattern is discussd by Lindey, Kohler and
Paulhus (1988), and Wittenberg and Sivapalan (1999).

The hydrographs for the Wnion in Dolgellau show a similar relationship, with the
simulated curve falling off too stegply and not representing the slow release of
groundwater to the river system after the storm event. A further feaure of noteisthe
double pe& present on the recorded hydrograph which is not produced by the model.
Experience has gown that errorsin hydrograph recording are most likely to occur
around ped& flows, when hydraulic presaures are gredest. If we asume, however,
that the recording is acairate then a plausible explanation would be asequence of two
high intensity convedion cdls operating during the storm, sending successve waves
of water down the river. The limited coverage of raingauges for the Wnion sub-
cachment would have been insufficient to show the rainfall pattern in this amount of
detail during the storm event. The operation of multiple cnvedive cdls within the
sguall li neis consistent with both the Fovell and Tan theoreticd model (figs 2.31-
2.32), and the MM 5 results from modelli ng the storm (fig.2.113).

One purpose of carrying out the HEC-1 simulation of the July 2001 flood event was
to generate synthetic hydrographs for the ungauged outlets of the twelve Mawddacdh
sub-catchments and eight Wnion sub-catchments. Results graphs are shown in figures
3.59and 360. Thishydrograph dataisto be used asinput to a GSTARS sediment
transport model in sedion 3.3 below. It isappredated that the tails of the synthetic
hydrographs do not acarately represent the extended period during which the release
of groundwater will affed river level. However, since amgjority of sediment erosion
and entrainment is likely to occur at high river discharges, the HEC-1 hydrographs
were aonsidered adequate for use in the sediment model. Subsequent evaluation of
results of the sediment modelli ng indicates that this assumption was reasonable.
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Frontal storms

Runs of the HEC-1 Mawddad and Whnion sub-cachment models were caried out for
a series of storms asociated with frontal rainfall. With the exception of an event on
8 March 2003 these storms have al been analysed in sedion 2.2 and rainfall

modelling carried out in sedion 2.4 above.

Simulation methods and parameters used in this st of HEC-1 models were identicd
to the 3 July 2001 case study, with the exception of:

» Rainfal: Datawas available for a more numerous st of rain gauges, as
shownintable 3.3. For eat station, this table gives: threehour rainfall
totals(mm), cumulative storm rainfall(mm). In addition, cumulative rainfall
fradions are cdculated for use in the HEC-1 model.

» Soil charaderistics. For the storms occurring during the wetter winter months
between November and March, soil moisture level C (damp) was used for the
Cambrian grit outcrop, and moisture level D (wet) was used for the Cambrian
shale and Ordovician shale and volcanic outcrop aress. For the May storm
event, the asumed soil moisture levels were reduced to B (moderately dry) for
the Cambrian grit outcrop and moisture level C (damp) for the other areas of

the cachment.
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15-21 0] 20 1.00] 0 25| 1.00f of 16/ 1.00] 0] 36{1.00] 0O 45| 055) 0] 57 1.00{ 0) 57 085) 0 92| 0489
21-00 | O] 20 1.00f 0] 25| 1.00] 0] 16| 1.00f O] 36)1.00) 0| 45 085] O] 57| 1.00| 0] 57| 0585 0] 92| 089
09-Mar-03(00-03 | O 20] 1.00] 0] 25 100) 0) 16/ 100] 0Of 36(1.00] 1) 47| 100f of 57) 1.00) 0of 57] 055 1) 93] 1.00
03-06 | 0] 20) 1.00f 0] 25| 1.00) 0| 16[ 100 Of 36)1.00) 0| 47[100] 0] 57| 1.00] 1| 53] 100 0] 93] 1.00
05-09 | O] 20] 1.00f 0] 25| 1.00] O] 16] 1.00f O] 36)1.00) 0| 47[100] O] 57| 1.00] 0] 53] 1.00] 0] 93] 1.00
ey
Station
rainfallin  [cumulative |[cumulative
Jhours  [stormrain [fraction of
(mm) (mm) total storm rainfall
gt thiz station

Table 3.3: Storm event rainfall recorded at gauge sitesin and around the
M awddach catchment
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x coordinstes 272864 273939 279843 279792 280630 284819 271999
y coordinste IFTI2 321848 325367 325865 333400 323073 315021
_ - 5 - :
E £ % : 5 = c E:
5 5 = - 5 BE 5
& I & = T g5 5]
08-Mow-02 [03-06 E| K| 009 4 4] 005 3 3|006| 4 4| 0.08[ 4 4|0.06
05-09 | 12| 18| 027 7l 01s5] 5 g|0A7| 8] 12| 024 7] 11|08
09-12 | 22| 40| 0EO 17| 28| 0.38[13] 2M[044/13[ 25| 050]14] 25|0.37
1215 | 19| 59| 088 28| s5E| 077[18] 39foat |14 39|/ 078|21| 446|068
1518 4] B3| 094 9] E5S| 0839] 4| 43|090| B| 45| 040|13[ s9[0.87
15-21 4] 67| 100 El ™ 097 4| 47|oos| 5| s0)100f 7] BE|0OG7
21-00 0] 67| 1.00 2| ¥3] 1.00] 1] 481100 0| soj100] 2f B5[1.00
29-Dec-02 [00-03 1] 1] 002 0] O 0oo| 1 1 0.01] 1 1]002] 2 2| o004af 1 1/0.01] Oof 0] 0D.00
03-06 5] 9| 014| 4] 4 0o3| B 7l 010] 8§ 9|016| B 5| 014(10] 11|013]| 3| 3| 007
06-09 8] 17| 026| 8|12 027 7| 14| 020| 8 17|030] B 14| 025[11] 22|0.26| &| 11| 0.26
0912 | 17| 34| 052|12(24 053|16] 30| 043|114 3 |054)15[ 29| 0.51(18]) 40|0.47[13] 24| 0.57
1215 | 10| 44| 065|11[35 075|14| 44| 064 5| 39|063| 9| 35| 067[16]| 56|066| &| 32| 076
15158 | 12| 56| 0B86| 7|42 093|16| 60| 0O&57|11| S0|055)10( 45| 084[(20) 76|0.89] 5| 40[ 0.95
158-21 9] 65| 1.00] 3|45 100] 9] 69| 100) 7| s7100) 9 57| 1.00f 3] 85|1.00] 2| 42[ 1.00
21 -May-03[09-12 0] 0] 000 u] 0] 000] 0 0]|0.00 1 1/0.01] Oof 0] 0.00
1215 1 1] 0mM 1 1 0.0z2| 0 0]|0.00 1] 1/0.01] Oof 0] 0.00
1518 | 14| 15| 015 7 8] 012 7 7|04 i] 9/012]|10[ 10| DAB
18-21 21| 36| 037 14| 22| 0.34(10] 17[0.35 16| 25(0.34[13] 23| 0.38
21-00 | 10| 46| 047 100 32| 049 8| 25(051 7] 32|0.44| 6| 29| 048
22-May-03 [00-03 1] 47| 048 1] 33| 051] 2| 27055 1] 33|0.45] 1] 30f 049
03-06 4] 51| 0.52 2| 35| 0.54] 1] 28057 2| 35|0.458| 5] 32| 0.57
06-09 | 15| 66| 07 G| 43| 066| 7| 35|07 G| 43|0.59]10] 45| 0.74
0912 | 15| 81| 083 7| 50| 07| 5| 40|0.52 9] 52)|0.71| 5| 50 0.82
1215 | 15| 96| 0835 12| 62| 095 8| 48[0895 17| 69(0.95[10] 60| 0.95
1518 2] 93| 1.00 3| B5| 1.00] 1] 49]1.00 4] ¥3|1.00] 1] &1 1.00
03-Fek-04 (0003 | 12] 12| 0410 11 1 00712 12|008[10] 10] 007 9 9|0.06
03-06 | 17| 29| 023 11| 22| 0A4|18] 30f019[17[ 27| 019]17]| 26|018
05-09 | 16| 45| 036 12| 34| 021|16| 4602916 43| 0.30]17]| 43|0.30
09-12 9] 54| 044 12| 45| 0.28[13] 5s9[035[15] s8[041]16| S9|0.41
1215 | 14| 68| 055 16| B2| 0.38[18] 7704916 74|/ 052]|14] 733|051
1515 7] 75| 0E0 12| 74| 046[11]| 88[oss| 9] 83| 058|11] S54|0.58
15-21 0] 75| 0EO0 0| 74| 04| 0| 88056 1| 84| 053] O B4[058
21-00 0] 75| 0EO0 2| ¥YB| 047| 1] 89057 0| 84|0583] 1| 85[059
04-Feb-04 [00-05 0] 75| 0OEO0 0| ¥6| 047| 0] 899|057 0| 84| 059| 0O 85[0.59
03-06 3| 78| 063 4| 80| 048] 3| 92|059| 2| 86| 061 3| &5[061
06-03 | 11| 89| 072 17| 97| O060[15|107[065[12 95| 069| 9| 97|067
09-12 | 13|102| 082 24121 0.y5|20(127|081]19] 117 082[16]|113|0.75
1215 | 15|117| 094 26| 147 0891|21|148[094| 16| 133| 0.94]|15]|131|0.91
1518 7124| 1.00 15| 162 1.00] 9]157[1.00] 9] 142 1.00|13]| 144]|1.00
05-Mar-03 |00-03 3] 3| 004 0] O noo) 2 2| 003 B E|011] 5 5| 010f 2 2|0.05) Oof 0] D.00
03-06 | 15| 18| 023] 3[ 3 04015 17| 02411 17|030) 8 13| 0.26(10] 12|0.28] 3| 3| 015
06-03 | 21| 39| 050| 5[ & 025)11| 28| 039|710 27|048) 9 22| 044 3] 21|048] 3| 7| 029
0912 | 20| 59| 0OY6| 7[15 045]|23] 51 0.y2)|15| 42|075(14]| 36| 072|11| 32074 7]13] 058
1215 | 17| 76| 087 9[23 076|119 70| 0939)|13| 55|0893)13[ 49| 0.93[10] 42|095| 5| 15[ 0.78
1518 1] 77| 089| 7|30 093] 1| 1 1.00] O] 55|0.83| 0| 49|085| O] 42095 5] 23| 043
18-21 0] 77| 089| 0|30 093] of 1 1.00 55085 0| 49/ 083| 0 422|095 Of 23| 099
21-00 0] 77| 089| 0|30 099] of 1 1.00] O] 555|098 0| 49|0835| O] 42(095[ 0] 23] 099
09-har-03 |00-03 1] 78| 1.00[ 0|30 099] o ¥ 1.00] 1| S6|1.00| 0] 49]085] 1| 43[1.00f O] 23] 0499
03-06 0] 78| 100 O|H 1.00] af ¥ 1.00] 0| SE|1.00] 1] S0]1.00] O] 43[1.00f O] 23] 1.00
05-09 0] 78| 1.00] 0]3H 1.00] af ¥ 1.00] O] S6|1.00] 0] 50]1.00] O] 43[1.00f O] 23] 1.00
Key
Station
rainfall in |cumulative  |cumulative
Jhours  |storm rain [fraction of
LImim ] LImim ] total storm rainfall
at this station

Table 3.3: Storm event rainfall recorded at gauge sitesin and around the
M awddach catchment
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8 November 2002

A comparison between the recorded and modelled hydrograph for Tyddyn Gwladysis

showninfig.3.61. Asinthe cae of the July 2001 convedive storm, thereis

reasonable agreament in the ascending limb and pe& of the hydrograph. The
descending hydrograph limbs of both the field data and the model show astep. A

second period of increased rainfall is not evident from the gauge datain table 3, so

this feaure islikely to represent the relative delays of waterflows on the upper
Mawddad and Gain in reading the Tyddyn Gwladys ste. Although HEC-1
performs corredly qualitatively, the model again shows an excessvely rapid fall in

river level after the storm event becaiuse it ignores processes of groundwater storage

and release.

The program provides a fadlity for entering a value of constant river base flow which
will be added to the cdculated storm discharge, off setting the synthetic hydrograph

upwards. Redistic base flows have been applied in the cases which follow.

Figure 3.61: Comparison of modelled and recorded hydrographs for
Tyddyn Gwladys, Afon Mawddach, 8 November 2002
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flow (m*3/s)

29 Decanber 2002

Hydrographs for four recording sites are given in figs 3.62-3.65, with HEC-1

synthetic hydrographs for comparison.

Tyddyn Gwladys  29-30 December 2002
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Figure 3.62 Comparison of modelled and recorded hydrographs for

Tyddyn Gwladys, Afon Mawddach, 29 Decanber 2002
FPont Dolgefeiliau 29-30 December 2002
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Figure 3.63. Comparison of modelled and recorded hydrographs for
Pont Dolgefeiliau, Afon Eden, 29 Decanber 2002
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Water depth [cm])

Figure

Afon Wen: Waterfall pool below Capel Hermon 29 Dec 20032
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.64: Comparison of modelled and recorded hydrographs for
Hermon, Afon Wen, 29 Decanber 2002
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Figure 3.65: Comparison of modelled and recorded hydrographs for
the Afon Gain near Pistyll Cain, 29 Decenber 2002



The modelled hydrographs in ead case show good correspondence with the rising
limbs and time to pe&k of the field data but, as in previous examples, the falling limbs
are excessvely steep. It may be significant that this effed is most pronounced for
hydrograph sites in the stegoly descending gorge sedions of the Mawddadh, Gain and
Afon Wen where resurgence of groundwater following the pe& of aflood event
might be expeded. Field evidence of this processis presented in sedion 3.4 below.
The discrepancy is lesspronounced at Pont Dolgefelli au in the wider floored Eden
valley.

8 March 2003
The intense storm of 8 March 2003was centred on the vill age of Trawsfynydd, with a

band of heary rainfall extending to the south east as iowninfig. 3.66. This
represents atype A rainfall event in the dasgfication of sedion 2.2.
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Figure 3.66:. Total storm rainfall(mm), 8 March 2003
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Tyddyn Gwiladys 8 March 03

a0

Hydrographs are available for threeriver sites for the 8 March 2003storm, as $iown

infigs 3.67-3.69.
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Figure 3.68. Comparison of modelled and recorded hydrographs for



Gain 8 March 03
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Figure 3.69: Comparison of modelled and recorded hydrographs for
the Afon Gain near Pistyll Cain, 8 March 2003

Modelled hydrographs for Tyddyn Gwladys and Pistyll Cain give reasonable
approximations for the rising hydrograph limbs and flow maxima. As expeded, the
falling limbs descend too rapidly due to ladk of groundwater resurgence

The model result for Pont Dolgefeiliau on the Afon Eden is unusual in significantly
over-estimating the flood pe&. Thisisthe only occasion on which thistype of error
was observed duing the modelling of simple storm events. A likely explanation lies
in the very locdised nature of the rainfall distribution. A rapid fall-off in rainfall total
occurs over the Rhinog mountain range and the Crawcwellt plateau to the south of
Trawsfynydd. It may be the case that the Thiessen polygon method has overestimated
rainfall for the Eden sub-catchment. A distributed rainfall model such as MM5 which
provides rainfall forecasts for ead 1km grid square might be expeded to provide a
more acairate result than averaging rainfall between widely separated rain gauges.
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21-23May 2003

The rainfall event of 21-23 May 2003 dffers from previous examplesin being a pair

of storms occurring on successve days. Threehydrograph records are avail able for

this period, as $ownin figs 3.70-3.72.
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Figure 3.70: Comparison of modelled and recorded hydrographs for

Tyddyn Gwladys, Afon Mawddach, 21-23 M ay 2003
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Figure 3.71: Comparison of modelled and recorded hydrographs for

Pont Dolgefeiliau, Afon Eden, 21-23 May 2003

341



Afon Gain 21-23 May 2003
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Figure 3.72 Comparison of modelled and recorded hydrographs for
the Afon Gain near Pistyll Cain, 21-23May 2003

A significant feaure of ead of the hydrographsis that the second storm pe&k is
significantly overestimated by the HEC-1 model. This appeasto be aresult of the
method used to determine infiltration rate based on total cumulative rainfall sincethe
commencement of the rainfall event. The method asaumes no reavery of soil water
storage cgpadty during the interval between storms. The HEC-1 model appeasto
lose acaracy when modelling closely separated rainfall sequences.

3-4 February 2004

Another pair of closely spaced rainfall events occurred during the period 3-4 February
2004 as discussed previoudy in sedions 2.2 and 24. A comparison of the recorded
hydrograph at Tyddyn Gwladys and the HEC-1 modelled hydrograph is $1ownin
fig.3.73. Asinthe May 2003example, the second flood pe&k is overestimated by the
model, but the extent of the aror islessthan inthe May case. A likely explanation is
that lessrecvery of storage cgaaty would occur during the colder and wetter
February period, so the mathematicd basis of the model is closer to redity.

The HEC-1 hydrographs generated for sub-cachments of the Mawddadh and the
Whnion (fig.3.74) are used in a sediment transport model in sedion 3.3 below.
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Tyddyn Gwladys 2-4 February 2004
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Figure 3.73. Comparison of modelled and recorded hydrographs for
Tyddyn Gwladys, Afon Mawddach, 2-4 February 2004
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Figure 3.74: Hydrographsgenerated by theHEC-1 model for sub-catchments of
the Afon Wnion, storm eventsof 2-4 February 2004
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Summary

* Field data has been colleded from sites within the Mawddad cachment for
use in cdibrating and validating hydrologicd models. This data includes
measurements of river flows and hill lope runoff.

» Hydrograph data has also been made available by the Environment Agency for
the Tyddyn Gwladys gauging station on the Afon Mawddad in Coed y
Brenin.

» For the purpose of hydrologicd modelli ng, the Mawddad above the tida
limit has been divided into twelve sub-cachments and the Wnion has been
divided into eight sub-catchments. A number of river crosssedions have
been surveyed within ead sub-cachment.

»  Hydrographs have been produced for six sites within the river system by
barometric water depth recording. Calibration for river discharge has been
caried out by a combination of dired flow measurements and theoreticd
cdculations using flow formulae

*  Within the Wnion sub-cachment, a relationship was found between the
hydrograph for a headwater stream and the hydrograph at the river mouth with
atime delay of 3 hours 30 minutes. No similar relationship could be found for
hydrographs in the Mawddad sub-cachment.

» Hilldope runoff and shallow storm flow measurements were made & sitesin
the Wnion and Mawddad sub-cachments. During storm events, the volumes
of shallow subsurfacedownsope flow gredly excealed surfacerunoff.
Periods of very high subsurfacehill ope flow corresponded exaaly with
times of flooding downstream nea the head of the Mawddadh estuary.

* TheHEC-1 hydrologicd model within the Watershed Modelling System has
been used to model a variety of convedive and frontal storms over the
Mawddad cachment. Synthetic hydrographs produced by HEC-1 were
evaluated againgt field recordings for ead storm event. It was possble to
seled values for infiltration, hill lope runoff and river routing functions which
give mnsistently acairate smulations of flood pe&k flows and times to flood

ped for different storms.

344



* Inorder to model storm events at different times of the yea with different soil
antecadent moisture conditions, a smple aljustment of soil moisture
caegories can be made within the SCS curve number system.

* Limitations of HEC-1 have been demonstrated. The model assumes
infiltration water islost from the model, leading to an inability to model the
dow release of stored groundwater badk into rivers during the period
following a storm. Consequently the recaling limbs of the modelled
hydrographs are found to be too steep.

*  Where storm events follow in rapid successon, the model fails to reaver
soil moisture cgadty. Saturation of increasingly large proportions of the
cachment are assumed, and subsequent storm hydrograph pe&s are
overestimated.

* Notwithstanding the @ove limitations, HEC-1 could provide abasis for a
reliable flood forecasting model for simple isolated storm events if provided
with suitable rainfall forecasts from a model such as MM5. 1t would be
necessry to spedfy the antecalent soil moisture condition through seleding
an appropriate SCS Curve Numbers parameter: A (dry), B (moderately dry),
C (damp) or D (wet). This could be dosen, for example, by examination of
throughflow sites at key locations in the gorge sedions of the Mawddad
system in Coed y Brenin.

» Theintegrated meteorologicd/hydrologicd model to be developed in
Chapter 5 addresses the limitations of HEC-1 identified above, and attempts
to overcome these to allow the modelling of multiple-storm sequences.

e Limitations with the Curve Numbers method for speafying soil properties
will be addressed by using a method based on the Hydrology of Soil Types
(HOST) clasgfication (cf. figs 1.65-66).
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