5. Discusson
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Thisreseach projed had the following objedives:
» to develop a methodology for an improved ealy warning system for flood
prediction within the Mawddacd cachment (discussed in sedion 5.1),
» to identify environmental options for reduction of flood severity through land
use management (discussed in sedions 5.2, 5.3),
» to develop aredistic hydrologicd computer model for the Mawddacdh
cachment which embraces both climatic/hydrologicd and the various

cachment charaderistics (discussed in sedion 5.4).

5.1 Development of afloodforecasting system

Different approadiesto flood prediction are possble:

* Readcing to current water flows,

* Reading to current rainfal by predicting future water flows,

* Predicting future rainfall, and consequently predicting future water flows.
In moving through this sequence, the anount of advance warning possble for aflood
event increases, but so does the difficulty of acairate forecasting.

Monitoring of curr ent water flows may provide an acairate prediction of flooding

on atimescde of several hours:

It was down that water depth of the Afon Ty Cerrig in the headwaters of the Afon
Whnion provides a very acairate predictor of water depth in Dolgellau 3 hours 30
minutes later (fig.3.40). It would be smple and cost effedive to install an automatic
river gauge on the Afon Ty Cerrig, transmitting data by telemetry to aflood
monitoring centre for Dolgellau.

No simple relationship was found to link waterflows in the headwaters of the

Mawddad to future water levelsin the lower cachment.
It was observed that arise in groundwater levels within perigladal valley dope

depositsin Coed y Brenin was always a preaursor to flooding some 5km downstream
around Llanelltyd. It isnot thought that the rise in groundwater in itself causes
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flooding — rather that this represents a dosing of the slower water transmisson
pathways through superficial deposits, so that subsequent rainfall has to follow afast
surfacerunoff route into rivers. Monitoring of groundwater levelsin Coed y Brenin
could not give alvancewarning of flood events, but would provide avaluable
indicaor of the likelihood of further rainfall causing flooding. Locd organisations
and individuals could therefore be derted when potential flood risk was high.

Monitoring o curr ent rainfall can provide inputs to a hill slope runoff model for the

prediction of flooding, and may extend the period of flood warning to around 6 hours.

Current rainfall patterns over the cachment may be:
» measured dredly using raingauges linked by telemetry to aflood forecasting
centre,
* determined from analysis of rainfall radar images,

e computed by means of a numericd weaher model.

Analysis of frontal rainfall events over the Mawddad cachment has identified two
principal rainfal patterns, termed Type A and Type B. To provide the most effedive
input to aflood model, gauges $ould be situated at points of rainfall maxima for
these patterns. It is suggested that three citicdly sited gauges could guantify Type A
rainfall, at Trawsfynydd, on the upper opes of Rhobell Fawr and at Pared yr

Y chain. Two gauges would be needed to quantify Type B rainfall, at the head of
Cwm Mynad and on the upper slopes of Rhobell Fawr. This snall array of gauges,
equipped with telemetry, should be adequate for synthesis of an overall rainfall
distribution pattern for the cachment.

Comparison of indired methods of rainfall monitoring suggests that numerica
weaher modelling is currently to be preferred to rainfall radar image interpretation.
Thisisdueto the complexity of rainfall generation mecdhanisms over the mountain
cachment and the limited visibility of some of these mechanismsto radar.

A numericd weaher model can be runin red time, with regular updates of
atmospheric variables from the NCEP GDAS system and error reduction through
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observational feedbadk in a neura network. A rainfall acaracy to within 20% error

should be adievable on a 1km grid for frontal storm events.

Prediction of river flows and consequent flooding will depend on acaurate hill lope

runoff, river routing and overbank discharge models. During the projed, various

software padkages have been assessed individually and as components of an

integrated system:

Hill lope runoff modelling was $own to be aiticaly dependant on soil
antecalent moisture nditions.

Satisfadory results could be obtained using the HEC-1 program for individual
storms, but errors were introduced when sequences of storms occurred over a
period of afew days. Thiswas due to limitations in the way the program
handles il saturation and drainage through the SCS Curve Numbers method.
An dternative hill ope runoff model was developed which employs the

van Genuchten function to model soil hydraulic conductivity at different
moisture levels. This smulates the processes of soil drainage verticdly and
down slope, with consequent changes to soil moisture levels over a period of
time. The program provided more acairrate runoff values than HEC-1 when
tested over a sequence of closely spaced storms.

The software padages GSTARS and River2D were found to work well for the
river routing and floodplain overbank discharge components of the model
respedively.

Investigations indicate that neither groundwater resurgence nor tidal flooding
have asignificant effed on flood risk for the lower Wnion valley around
Dolgellau and lower Mawddadh valley above Llanelltyd, so may be omitted
from aflood warning model for the non-tidal cachment. Groundwater
resurgence, whilst locdly significant in Coed y Brenin, operates on a longer
timescde than hill lope runoff and would not affed river levels until after a
flood peak had passed. Tidal flooding is of short duration at the hea of the
estuary, and tidal peaks were found to have no additive badkwater effed on

river flows upstream.
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Significant problems were identified in predicting flooding from convedive
thunderstorms. These events, whilst rare, can produce the most serious flood damage
in the Mawddad and Wnion cachments. The difficulty arises from the very
locdised nature of convedive cdls:

* Itisunlikely that the position of a mnvedive cdl would correspond with a
rain gauge locaion, so maximum storm intensity has to be estimated from
inadequate data.

* Numericd weaher models have varying amounts of successin predicting the
locaions and intensities of convedive cdls. It isnecessary to run multiple
models using dfferent convedive physics £hemes as a means of obtaining a
suitable weighted average rainfall distribution for input to a hill lope runoff
model, but significant inacairraaes would still be expeded.

* Itispossblethat rainfal radar might have the best chance of acairately
determining rainfall intensity during a wnvedive storm, sincerainfall
production in towering cumulonimbus cloud is readily observable to the radar
beam. However, the grid resolution of rainfall radar is not yet adequate to

charaderise intense rainfall centres whose diameters may be lessthan 1km.

Prediction of future rainfall with consequent modelling of hill lope runoff and river
flows gives the greaest opportunity for advance warning of flood events.

Options for future prediction of rainfall are limited:

» Itispossbleto extrapolate future rainfall patterns from current patterns,
using data from raingauges or rainfall radar. Much will depend on the sKill
and experience of the forecaster in predicting acarately the spatia
movement and temporal evolution of the rainfall system asit crosses the
cachment.

* Numericd weaher modelling is probably the best option currently available
for rainfall forecating. NCEP GDAS 6-hour predicted atmospheric data
may be used in conjunction with a high resolution loca model such as MM5
which can incorporate topography and land surface taraderistics to
acarately smulate microclimate dfeds. A main areaof current reseachis

an effort to improve onvedive rainfall prediction by weaher models.
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5.2 Meteorology

From data wlleded duing the projed, it appeas that rainfall patterns assciated with
different meteorologicd events are more complex than previously expeded. The
generaly accepted pradice of estimating rainfall aaossthe cachment from
interpolation between a small number of raingauges is inadequate, even if an altitude
corredion fador is applied to the estimates. Rainfall patterns may vary widely
between events, and between adjacent valleys during the same event. Within an
individual storm the total rainfall may differ by afador of four or more between
different locations within the Mawddadh catchment, and zones of highest rainfall do
not necessarily correspond with the highest ground.

Sengitivity analysis during modelli ng has $own that rainfall i s the single most
important fador controlli ng flooding in the Mawddad cachment. The aeais one of
generaly low permeability bedrock, and the distribution of superficial deposits, soils
and vegetation have only a subsidiary modifying effed on flood events. Obtaining
the most acarrate forecasts possble of detailed rainfall patternsis crucial to the
successof flood forecasting for the rivers Mawddacdh and Whnion.

Aninitial task carried out during the projed was to determine the spatial variabili ty of
rainfall aaosstheregion. At the commencement of the projed in late 2007, five rain
gauges were being operated in or nea the Mawddadh cachment. The cdachment
covers an areaof approximately 400km?, with mountainous terrain rising from sea
level to over 800m, so the small number of gauges could not provide an adequate
representation of rainfall patterns during storms. For the extreme flood event of

3 July 2001, it was apparent that the centre of maximum rainfall lay in the aeaof the
Oernant valley at a mnsiderable distance from any existing rain gauge site.

Over the period of 2002 3, an additional 24 eledronic raingauges with data loggers
were installed, providing progressvely more detailed rainfall distributions for storm
events (fig.5.1). Storm isohyets were plotted after eat significant period of rainfall,
and locations were identified where alditional gauges could help resolve anbiguities
inthe rainfal pattern.
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Figure5.1: Example storm rainfall maps, illustrating the development of the
raingauge rearding network in the Mawddach catchment over the period 20023

64¢



Care was taken in the plaang of rain gauges. Open country was chosen, to avoid
sheltering of gauges by trees or rock outcrops. Instruments were generally attached
to fence posts to avoid splashing from the ground surface and as protedion against
grazng sheep or goats.

It is possble that wind turbulence aound fence posts on open moorland could reduce
the volume of water colleded by gauges. Pradicd aspeds of raingauge operation are
discussed in the Institute of Hydrology report on the Plynlimon instrumented
cachment (Institute of Hydrology, 1990. Use of aground grid of open matting is
advocated to reduceturbulance aound raingauges. Despite no spedal precaitions of
this type for the Mawddad raingauge installations, it is not considered that lossof
rainfall through turbulancewill have significantly affeded the results. It was
observed that the heaviest rain storms were not acampanied by very strong winds.
Rain lossthrough turbulanceis quoted by Institute of Hydrology (1990 as between
2% and 18% for sites on Plynlimon.

The tipping bucket raingauges and the accompanying eledronic data loggers could
operate reliably for long periodsin the field. In pradice gauges were dedked and
data downloaded once afortnight to allow the prompt analysis of ead storm event.
Very occasiondly, lossof data occurred from an individual gauge through a
medhanicd fault in the tipping bucket medhanism, or through water le&ing into the
casing of the datalogger. The fault was always obvious, and the dfeded dataset
could be excluded from the overal analysis.

Two raingauges were installed in close proximity to one another at the Pared yr

Y chain and Hermon soil throughflow experimental sites, to ensure uninterrupted
rainfall records for these sites. It was found that the raingauge records were
consistent to within Immduring any spedfied time period, and the instruments
recrded equivalent total storm rainfall values. A discrepancy of Immfor any time
period isto be expeded, due to unpredictability in the exad moment of tipping of the
colleaing spoon of ead instrument.
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Figure5.2: Comparison of rainfall at the valley location of Allt Lwyd
and the nearby mountain location of Waen y Griafolen
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Whilst the focus of the reseach was to identify regiona patterns of storm rainfall,
interesting locdised topographic éfeds were dso discovered. Raingauges were
installed at the head of the Allt Lwyd valley at an dtitude of 300m, and at the
watertable monitoring site on the Waen y Griafolen banket bog at an altitude of
425m. The gauges were 2km apart. It was found that rainfall was consistently higher
at the valley site than on the aljacent blanket bog plateau. Typicd storm rainfall
reardings are given in fig.5.2. An explanation may be that the prevailing moist
westerly airflow channelled along the Allt Lwyd during stormsis forced to rise & the
valley head, initiating the condensation of raindrops. A relatively thick layer of moist
air infilli ng the valley then provides conditions suitable for rainfall enhancement by

the seader-feeder mechanism.

Further insight into the microclimate dfeds of dego valleys within the Mawddad
cachment is provided by wind data. Automatic weaher stations were operated at
Coleg Meirion-Dwyfor in Dolgellau and Aran Hall School, Rhydymain, during the
yeas 20023. At both locaions, wind dredion shows a bimodal distribution up and
down valley, with crossvalley winds relatively infrequent. Periods of heavy rainfall
are strongly correlated with up-valley winds, asin the example graphs for February
2003 More than 90% of rainfall events during the recording period occurred with
winds from the NW in Dolgellau and SW at Aran Hall. During the same period, the
airflows at middle troposphere levels siow awide variety of trgjedories from the
northern, western and southern quadrants.

By the end of 2003 the rain gauge array appeaed to be alequate to determine the
detailed rainfall distribution patterns for individual storm events. Although ead
raingauge sSite nealed to be reasonably accessble by four-whed drive vehicle and
mountain path, it was possble to add key upland sites nea mountain summitsin the
Rhinog and Aran mountains. Isohyet maps for storm events appeaed as snooth
contoured surfaces aaossthe region, with no apparent anomalies in the data.
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Threerainfall distribution patterns were identified for storms within the Mawddach

cachment:

Inthe Type Al pettern, a 2one of high rainfall crosses the Mawddad
cachment on a diagonal axis from Trawsfynydd in the NW to Pared yr Y chain
inthe SE. A single rainfall maximum occurs in the centre of the cachment,
around Coed y Brenin and Rhobell Fawr. This pattern is asciated with a

dominantly west-south-westerly airflow.

In the Type A2 variant, rainfall maxima ae locaed at the two ends of the acis
of high rainfall from Trawsfynyddto Pared yr Ychain. This patternis
asociated with a dominantly south-westerly airflow.

Both of these patterns represent situations in which the gproacing moist airflow is
channelled upthe Mawddad estuary and into the Wnion and Mawddach valleys. The
locaions of maximum rainfall correspond with the dosures of the valley systems on
the Trawsfynydd dateau and at the head of the Wnion at Drwsy Nant. It may be the
case that the valley air flow isforced upwvards at these points, causing further uplift in
unstable midde troposphere layers and initiating rainfall by a seeder-feeder

medanism.

In the Type B pattern, a 2one of high rainfall is oriented north-south along the
line of the Rhinog mountain range. This pattern is asociated with a

dominantly south-south-westerly airflow.
Wedaher systems approaching from the SSN crossover the Mawddad estuary and

Whnion valley, impading instead on the long ridge of the Rhinog mountain range

where rainfall is concentrated.
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Dominant wind diredions may be linked to the orientation of warm fronts. Type Al
rainfall patterns are typicdly produced by N-S oriented warm fronts. Type A2
patterns are typicdly produced by NW-SE oriented warm fronts. Type B patterns are
typicdly produced by W-E oriented warm fronts. During an individual rainfall event,
the orientation of afront may change ait crosses the Mawddad cachment, leading
to a dhange inrainfall pattern between the ealy and late stages of the rainfall event.
The rainfall patterns generated aaossthe cachment are therefore seen as a mmplex
interadion of mesoscde weaher systems with the mountain topography to generate
short-lived microclimate dfeds within individual valleys or over individual mountain

blocks.

It is apparent that an axis everal kilometres wide of consistently high rainfall exists
aaossthe Mawddach cachment from Coed y Brenin, through Rhobell Fawr to Pared
yr Ychain. Within this axis, the growth of natural vegetation is exceptionally prolific
(fig.5.4). Thisisthe aeawhere cachment management pradices can be most
effedive in controlling downstream flooding whilst at the same time conserving
important natural habitats.
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Figure5.4: Localitieson theaxisof high rainfall acrossthe Mawddach catchment.
(above) Forestry plantation at Hermon, with prolific Polytrichum mossgrowth,
(middle) Waen y Griafolen blanket bogwith Sphagnum mossand Juncus (soft rush),
(below) Pared yr Ychain, with prolific growth of Vaccinium (bilberry).
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In the high rainfall zone of the Mawddad cachment, it is common to observe douds
of water vapour drifting uphill sdes into the forestry plantations (fig.5.5), where the
saturated air remains for extended periods, condensing on branches and treetrunks.
This medhanism might be termed 'cloud catching'.

Figure5.5: Mist driftinginto forestry plantations. (above) Pared yr Y chain,
(below) Hermon

Relative humidity was recorded over a one yea period at two sitesin forest
plantations at Hermon on the high rainfall axis. Results are presented in fig.1.81 of
chapter 1. Relative humidity was close to 100% for long periods within the forest. It
appeasthat the damp mossground vegetation was both maintaining this humidity
and benefiting from it to promote growth.
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M eteorological modelling

The MM 5 model uses global atmospheric gridded data which is avail able for Internet
download from the US National Centre for Environmental Prediction (NCEP) at
6-hourly intervals. Whilst the model gave satisfadory 6 hour rainfall predictions, the
acauracy of 12 hour or 24 hour predictions were not investigated. It is anticipated,
however, that these longer forecasts would gve genera indicaions of developing

criticd situations.

In the wurse of the projed, various options have been chosen within the MM 5
padage for cloud microphysics and planetary boundary layer physics shemes, and a
combination found which gives best results for the Mawddad model. A neural
network was examined as a method for improving initial rainfall forecasts. This could

produce asmall but useful increase in acarragy.

The general patterns of frontal rainfall are reproduced well, both temporally and
gpatialy. Rainfall distributions obtained from MM5 are in better agreanent with field
raingauge realings than rainfall radar over the North Wales area It is difficult to
asessthe model results with absolute cetainty, sincethey are being compared to a
rainfall distribution based on a widely spacel network of raingauges over aregion
where microclimate dfeds may be locdly significant. Rainfall predictions using

MM5 in a6 hour forecating mode for frontal events are likely to be in the order of
30% acairacy for individual point values, or 15% acairacy if rainfall averaging

aaossthe cachment is allowed.

MM5 proved to have greaer difficulty in predicting convedive erents acarately.
Alternative amnvedive physics s£hemes within the MM 5 padkage gave very different
analyses for the 3 July 2001 storm, ranging from afairly acairate squall li ne rainfall
representation to a complete failure to predict the storm rainfall.

The Anthes-Kuo scheme arresponded well to the sparse rain gauge data avail able,

and gve aranfal distribution which was largely consistent with field observations of
flood damage and maximum river levels. The Grell scheme considerably
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underestimated rainfall volumes. It may be the case that the Grell scheme is more
suited to modelli ng isolated convedive storms rather than structured pre-frontal
squall li ne adivity.

Due to the scarcity of convedive storms within the Mawddad region, it has not been
possble to test whether the nvedive physics shemes are consistent in their abilities
to predict stormrainfall. In view of the uncertainty over the modelling of convedive
storms, the best approadh appeasto be a1 ensemble run when thunderstorm adivity
is anticipated; multiple models will be run using dfferent convedive schemes, with
attention paid to the prediction of a mnvedive storm by any individual model. It
seansthat MM 5 ismore likely to missan event than to overestimate rainfall.

A pleasing feaure of the MM 5 model isits ability as a processmodel. Diagnostic
plots could be obtained to ill ustrate and explain the structure of frontal storm rainfall
and sgquall line onvedive erents. The model can redisticdly reaede the valley and
mountain microclimate dfeds which were evident from field monitoring, giving
confidencein the acarracy of the amospheric physics shemes implemented by the
model .
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Future developmentsin meteorological modelling

Sincethe start of the projed, considerable developments have taken placein the field
of numerica weaher prediction in the USA. Several software systems including
MM5 were in use, but a deasion was taken to combine work into a single model by
collaboration between NCAR (National Center for Atmospheric Research) and
NOAA NCEP (National Oceaographic and Atmospheric Administration National
Center for Environmental Prediction). The new system being developed is WREF, the
Wedaher Research and Forecasting model (Scamarock et al., 2007 Wang et al., 2006.

WRF makes use of many of the physics and mathematics concepts developed in

MM 5, and extends these to produce astandard software system suitable for both
operational weaher forecasting and theoreticd studies of weaher systems. The
model can operate on resolutions down to a 1km grid, and can be run in fast parall el
processng mode on a wide range of computer systems from stand-alone and
networked microcomputers to mainframe computers. An increased range of
atmospheric physics modules are being produced for smulating cloud microphysics,
cumulus convedion, and planetary boundary layer processs. It isrecommended that
current users of MM 5 make atransition to the WRF model where future development
efforts will be concentrated.

WREF has many similarities with MM 5 in the way that the model domains are set up
and ground surface daraderistics are initialised. Running the model follows a
similar sequence, and output can ke displayed graphicdly in a smilar manner to
MM5. There should be no technicd difficulties in establishing a WRF model for the
Mawddadh region.

WREF is currently being used as the daily operational weaher forecasting system for
Shanxi province, China (Chen et al., 2007). The system uses nested grids of 45km,
15km and 5km. It produces forecasts up to 48-72 hourstwice aday. The model is
initialised using the NCEP global forecast system. The Kain-Fritch cumulus
parameterisation scheme has been chosen, and the authors find that it produces



acceptably acaurate forecasts of rainfal locaion and amount for summer convedive
predpitation events.

Various gudies have been carried out to compare the forecasting abili ties of MM 5
and WRF. Deng et al. (2007 compared high-resolution MM 5 and WRF weaher
simulations for the 2006 Torino Winter Olympics in Italy, concluding that there was
no significant differencein acaracy between the two models. Ha d al. (2007
compared preapitation forecasts by MM 5 and WREF for the Korean Peninsula during
the summer monsoon season. They concluded that the acaracgy of the two programs
was smilar, but that an ensemble of the MM 5 and WRF models together could
produce better forecasts than either single model. Perhapsit isalittle ealy for WRF
to have developed the improved physics sshemes which should utimately increase its

forecating acaracy.

The problems of modelling convedive rainfall becane gparent in the Mawddach
MM 5 model for the July 2001storm. Convedive modelli ng is perhaps the most
adive arrrent areaof reseach in numericd weaher forecating. Redelsperger et a.
(2000 and Bedtold et al. (2000 discussthe TOGA-COARE projed to investigate
and model tropicd squal lines. Takemi (2006 examines the modelling of stability
and shea in squall-lines using WRF. 1t islikely that progresswill soon be made in
developing improved convedive schemes for incorporation into the WRF model.

The main advantage of WRF over MM5 lies in its ability to provide atest bed for
modelli ng idedi sed cases of meteorologicd processes on avariety of scdes. This
allows reseachersto investigate and understand the physics involved, to identify
discrepancies between the model and observed behaviour, and to formulate
improvements to the WRF physics code in order to better smulate red weaher
systems in operational mode. A number of idedised cases have been developed so
far, and additional cases are being added. The aurrent cases include two convedive
examples. atwo-dimensional squall li ne smulation and a three-dimensional supercel
simulation (fig.5.6).
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2D squall line simulation

Squall-Line Simulations, T = 3600 s
dx = dz = 250 m, v = 300 m2/s
+«——75km
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3D supercell simulation

Height coordinate model
(dx =dy =2 km, dz = 500 m, dt = 12 s, 160 x 160 x 20 km domain )
Surface temperature, surface winds and cloud field at 2 hours

Figure5.6: ldealised convedive ase studiesfor the
WRF meteorological model




Progressin acarately forecasting rainfall over North Wales seans to depend on an
improved understanding of the interadions of mesoscde weaher systems with the
mountain topography, which in turn can lead to modificaions in the physics £hemes
used in the meteorologica model. The WRF system provides an opportunity to
undertake experimental work of this nature.

An example of idedised modelling of the orographic dfeds of the mountainsis the
study by Schneidereit and Schér (2000 of the Alpine Piedmont extreme flood of
1994 They use ahigh resolution mesoscae meteorologicd model to effedively
smulate the dfeds of the Alpine mountain range on predpitation patterns, thereby
gaining insight into the meteorologicd processes responsible for the storm rainfall. A
key feaure of the study is that the dpine mountain rangeisinitialy modelled as a
smplified geometricad shape. Complexities caused by locd topography can be
eliminated at the first stage of analysis, but can be progressvely reintroduced as the
model is developed in an increasingly acairate smulation of the red case.

Figure5.7: Exampleresult from the idealised Alpine model of
Schneidereit and Schar (2000
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5.3 Hydrology

A principal objedive of the projed wasto gain an understanding of the hydrologicd
processes operating in the Mawddacdh cachment, as a basis for developing a flood
forecasting model and to help in identifying management options which could reduce
the severity of flood events. It was anticipated that a m@mpromise would be necessary
when developing the model, between including al possbly relevant hydrologicd
aspeds of the cachment, and producing a system to run reasonably reliably on atime

scde suitable for operational flood forecasting.

A starting point for field investigations was the examination of run-off and
throughflow processes. This was done by the mnstruction of a series of hill lope
waterflow monitoring sites which were operated during the period 20023.

River hydrograph data was esential to the cdibration and validation of hydrologicd
models. At the mmmencement of the projed, one hydrograph recrding station was
operating on the Afon Mawddadh at Tyddyn Gwladys, and one on the Afon Wnion in
Dolgellau. 1t was necessary to augment this data with hydrographs for other points
within the river system, and a search was made for a suitable hydrograph recording
instrument which could operate on steg and fast flowing mountain reades. After
initial experiments with an ultrasonic device proved unreliable, a good solution was
found in the barometric water depth recorder developed by Malcolm Murgatroyd.
Hydrographs were recorded at a further six locaions around the Mawddach

cachment.

The deep river gorge topography of Coed y Brenin suggested the possbility of
groundwater resurgencethrough river bed gravels during and after storms, which may
have some dfed on flood events. To investigate this theory, ariver bed temperature
monitoring experiment was carried out for six months during 2003on the Afon Wen
at Hermon.

Remnnaissance surveys of the Mawddad cachment identified a number of areas of

pea blanket bog with the largest, Waen y Griafolen, forming the source aeafor the
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Mawddad itself. It was expeded that these aeas of pea would ad as sgnificant
water absorbing stores which would gradualy fill over the wetter winter months and
drain down dowly over the drier summers. Boreholes fitted with eledronic water
level recorders were established at Waen y Griafolen, and at Cefn Clawdd in a blanket
bog at the foot of the Rhinog escarpment, in order to examine changes in water table
over the ourse of ayea.

A main focus of the modelling was to determine the timing and extent of overbank
flooding in the lower valleys of the Wnion and Mawddadh, particularly in so far asit
affeds the town of Dolgellau. It was of interest that flood plain forestry has been
advocaed as a method of enhancing temporary water storage and reducing the
severity of ped flooding downstream. Opportunities may exist for re-establishing
floodplain wet woodland in the lower Mawddadh and Wnion valleys, and an
evaluation of possble schemes becane apart of the projed. In order to cdibrate
floodplain models for different land use scenarios, field mapping was caried out at
threelocaions on the Mawddad where pe& flood levels from the July 2001flood
could be reaily identified.

Over the murse of the projed, it becane increasingly apparent that large volumes of
sediment were being eroded, transported and re-deposited within river system during
flood events. This materia rangesin size from fine sand to coarse gravel and
cobbles. Concern had been expressed in Dolgellau at the large acamulations of
sediment in the aeaof Bont Fawr which were thought to increase flood risk for the
town. This materia is periodicdly removed by the Environment Agency, but
acaimulations oon re-appea. Modelling of sediment movement was caried out for
two mgjor flood events on the Mawddad and Whnion, and field evidence olleded to
asessthe acaragy of the model.

The mastal nature of the cachment allows for the further complication of river-tidal
interadions. At the commencement of the projed, it was expeded that high tides
might combine with flood flows on the rivers Wnion and Mawddadh to produce
exceptionally severe flooding around the head of the estuary. To test the extent of
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river-tidal interadion, a series of hydrographs were recorded within the estuary and at
the river tidal limits.

Hilldope runoff

It was expeded that hydrologicd modelling of the Mawddad cachment would
present a onsiderable dalenge. Events sncethe Devensianiceretred have left a
mosaic of gladal, perigladal and recent deposits with contrasting hydrologicd
properties on an aready complex pattern of bedrock. Subsequent agricultural and

forestry pradices have further modified soil profil es.

Field observations provide anple evidence of the operation of both shallow
throughflow and surfaceoverland flow processes during storm events (fig.5.8).
Release of throughflow at rock outcrops and cuttings is common, and may continue
for long periods after arainfall event. Wet flush areas are frequently found at the
bases of hill sopes where water is released to surfaceoverland flow during storm

events.

In order to quantify the hill slope processes operating in the cachment, a series of
experimental sites were mnstructed on hill slopes of differing perent material: boulder
clay till at Pared yr Y chain and perigladal sands, solifluction deposits and scree &
Hermon. The design of the monitoring sites is described in chapter 3 above.

The experimental site & Tir Penrhos, Hermon, was cut into a thick successon of
sandy solifluxion deposits flanking the valley side and now forested. Moderate
volumes of surfacerunoff were recorded duing ead rainfall event, but throughflow
down to adepth of 1.6m below the surfacewas generally absent. Only after a series
of heavy and closely spaced storm events did throughflow appea, but then in grea
quantities which were beyond the recrding limits of the tipping bucket gauge in use.
It was of grea significancethat these periods of heavy throughflow corresponded
exadly with periods of flooding of the lower Mawddadh valley some 8km
downstream. It appeas that saturation of the substantial quantities of periglaaal
valley deposits in the middie @urse of the Mawddad is a necessary antecedent
condition for flooding Oncethese deposits can no longer deeply absorb and slowly
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release rainwater, a switch occurs to afast shalow stormflow and surfacerunoff

medanism. Subsequent rainfall rapidly enters sirfacewatercoursesto crede a

Anwnaraam flnnd nedce

Figure5.8:

Examples of sub-surface
throughflow and overland flow.
(left) Throughflow in ranker soil
released over arock outcrop,
Pared yr Ychain. Flow is
continuing after a period of four
weeksin summer with no
rainfall.

(below) Hillslope locations
around Rhobell Fawr where
surfacewater flows emerge after
rainfall. Thesewet flushesare
marked by Juncus soft rush.



An opportunity exists for instrumenting a soil throughflow site in the Coed y Brenin
area as ameans of predicting the preaursor conditions for flooding during the next
rainfall event.

Threesites were established around the vill age of Hermon to monitor surface runoff
only for hill lopes of different land use: conifer plantation, clea felled hill side, and
grasdand. Results are presented in chapter 1. The mogt striking feaure of this
investigation was the antrast in soil profile between the forest and clea felled sites.
It isapparent that athick forest brown eath, originally present at both sites, was
washed out from the felled areaover a short period after the trees were harvested.
Thisislikely to have followed the die-off of the mossground vegetation in dry
conditions. The increased runoff rates observed for the dea felled hillsidein
comparison to the forest appea to be diredly related to the differences in soil profile,
with reduced absorption cgpaaty resulting from the soil erosion process

Runoff from the grasdand increased significantly in comparison to the forest site dter
a aop of grasswas cut from the field for silage during the summer. It was

unexpeded that such aminor and normal agricultural adivity could have anoticedle
affed on hydrologicd processes, and makes it doubtful that the predse cdibration of

a hydrologicd model for a dynamic landscepe is ever possble.

Soil throughflow sites were constructed at Pared yr Y chain in glagal till, with
colleding points at the surface &d at a depth of 1.6m. During construction, the
gladadl till appeaed to be very hard and compad grey clay containing pebbles and
rocks of varying sizes, and it was anticipated that little or no throughflow would be
possble through this material. It was with gred surprise, therefore, that substantial
amounts of throughflow were recorded during almost every storm event: often
excedaling the volume of surfacerunoff by afador of ten or more. On closer
examination it was found that the glaaal till was derived from add igneous rock, and
has a substantial sand fradion ac@unting for its permeabili ty when wet. It seemsthat
scientists dould be caitious in ascribing hydrologicd properties on the basis of map

descriptions alone.
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After a series of closely spacel rainfall events, the flow through the Pared yr Y chain
till was 0 gred that it excealed the recording rate of the gauge in use. Modificaions
were made to the throughflow colledion system, so that the flow was equally divided
amongst nine outflow tubes. Only one fradion was measured (fig.5.9). This
arrangement provided a satisfadory method of estimating total throughflow at the
ste.

Figure5.9:
Modificaions caried out

to throughflow monitoring
Stesat Pared yr Y chain
by the introduction of a
flow divider to increase

measurement cgpadty.

Substantial difficulties exist in measuring hill lope throughflow. The sites could not
be excavated down to bedrock due to the thicknessof the superficial deposits, and
substantial volumes of hill lope throughflow would have been passng beneéh the
colleding point. Flow paths may also be disturbed by construction, with the
possbility of water being drawn to the mlledion point from adjacent bands of the
hillside. Nevertheless the experiments have provided a valuable understanding of
throughflow processes and produced some unexpeded and important results which
have consequences for hydrologicd modelling. From a quantitative point of view, the
experiments provided evidence for the relative volumes of throughflow and surface
runoff for different storm events, and provided an estimate of the timescae over
which the throughflow and runoff processes would continue &ter the storm event.
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River flows

Hydrograph recording was undertaken at six sites in the Mawddad and Wnion
cachments to augment the data available from the Environment Agency gauging
stations at Tyddyn Gwladys and Dolgellau:

* Anadequate mverage of storm hydrographs was nealed for cdibration and
validation of the hill lope runoff models used in the projed, so additional
hydrograph recording sites were diosen on the middie aurses of the Afon
Gain, Afon Wen and Afon Eden.

* Hydrographs were recrded during the investigation of particular
hydrologicd processes within the cachment: monitoring the outflow from
the Waen y Griafolen banket bog, monitoring the river flow at the Pared yr
Y chain hil lope runoff experimental site, and investigating river-tidal
interadions at the head of the Mawddadh estuary.

Hydrographs have been produced by barometric water depth recording. The
measurement technique depends on a series of stages. A relationship isfirst found
between the water depth at the recording point and the voltage output by the
instrument. A surveyed cross gdion of the dannel is used to determine the aoss
sedional areaof the water flow for the particular water depth. The final stageisto
estimate the flow velocity, and thereby cdculate the river discharge (m®/s).

It was found that a stable linea relationship existed between water depth and output
voltage, allowing depth to be recorded with confidenceto the nearest centimetre.

Valley and channel crossprofile surveying was caried out at times of low water

when it was sfe to enter the river with surveying equipment. Points were recorded at
intervals of 0.5m aaossthe dannel, with more frequent spadng where bregs of
dope occurred. In mountain rivers, there isared possbility of the river crossprofile
changing between or during storm events. Sites were chosen where the bed and banks
appeaed relatively stable, and cross profiles were resurveyed on several occasions.

In pradice no significant changesin cross aion occurred at the hydrograph sites

during the recording periods.



The gredest uncertainty arises from the measurement of flow velocity in the river
channel. A propeller flow meter was used for measurement, and appeaed to be
acarately cdibrated by the manufadurer to atolerance of better than 0.1nmv/s.
However, the atua measurement of flow within the river could present serious
pradicd difficulties:

* Water velocity would vary significantly at different points within the aoss
sedion. Flowswere not necessarily stable, with flow velocity changing at the
same point over short time periods through turbulence. Under low flow
conditions it was possble to largely overcome these difficulties by taking
multiple recordings of flow at different points aaossthe width and depth of
the dhannel, and by integrating the flow measurement over a period of 30
seaonds to eliminate short interval perturbations in the flow.

* Under conditions of storm flow, difficulties in flow measurement becane
much more severe. It is generaly not safe to enter the mountain rivers of the
Mawddad cachment when they arein flood. Water depth and velocity can
increase dramaticadly, and overbank flooding can make accssto the recording
stes difficult. A technique was developed for lowering the propeller
flowmeter into the dannel by means of along metal pole, then making a
series of readings at different positions aadossthe diannel. Velocity values
were often obtained which varied by afador of four or more acossthe flow,
so there must be significant uncertainty in data olleded under flood

conditions.

In order to evaluate the quality of the data obtained in the field, additional theoreticd
cdculations of flow velocities were made using Manning channel roughnessand
dope euations. It was found that a reasonable agreement between field data and
theoreticd flow rates existed, and satisfadory cdibration curves for eat hydrograph
Site were oonstructed.

There was gill some concern asto the acaracy of the hydrograph data, so results for

individual storm events were arrelated with the hydrographs recorded at the Tyddyn
Gwladys gauging station. This ste operates at a sedion of artificialy straightened
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river channel within a plane bed read, giving agood degreeof acairacy in both
water depth measurements and river stage — flow velocity cdibration. The Tyddyn
Gwladys measurements were acceted as corred, and the projed hydrograph
cdibrations were ajusted as necessary to ensure @nsistency within the river flow
system. Only minor adjustment of the Afon Gain and Afon Wen cdibrations were
necessry, with the Afon Eden cdibration appeaing satisfadory for ead storm event.

In general, anatural river cross £dion had to be acceted for the hydrograph
reaording site, and the amnsequent complexitiesin flow patterns accgpted. The single
exception was at the outlet stream of the Waen y Griafolen peda bog, where it was
possble to crede aV-notch weir from rocks in order to faalitate flow measurement
(fig.3.207).

Hydrograph recorders were equipped with data loggers which stored output voltages
at intervals of 5 minutes. Clocks were synchronised eledronicaly between the data
loggers to within a cuple of seconds. The response of the instruments was amost
instantaneous when water levels changed. Considerable confidence ®uld therefore
be placal on the relative timings of flood hydrograph peéks for the different gauging
points within the river system. This provided avaluable died on the suitabili ty of

the river routing functions in the hydrologicd models.
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Groundwater effeds

There is widespread evidence of the importance of shallow throughflow in superficial
deposits during storm events in the Mawddad catchment, so it was of interest to
investigate whether water flow through bedrock could also play a part in flood events.
A number of major fault lines control the orientation of river reades within Coed y
Brenin, and may provide conduits for groundwater resurgence d times of elevated
water table.

Experimental investigation of groundwater resurgencewas caried out by river bed
temperature monitoring in the Afon Wen at Hermon. River bed gravel was
excavated, and a metal bar was used to penetrate through the river sediment until
bedrock was encountered at a depth of 1.5m. Plastic tubing carrying an eledronic
temperature probe was threaded down to the rock interface River gravel was
repadked around the tubing, taking care not to allow dired channel flow by bending
the route taken by the tube. A second tube carying atemperature probe was
emplaceal in gravel on the upper surfaceof theriver bed. Both instruments were
conneded to a datalogger which recorded temperatures at 5 minute intervals using
the same clock. A chedk on cdibration of the temperature probes prior to installation
showed that they were consistent with one another, and appeaed acarate to within 1

degreeC in comparison to an alcohol thermometer.

Results from the river bed temperature experiment are reported in chapter 3. The
experimental results are aonsistent with a MODFLOW groundwater model for the
Afon Wen valley, suggesting that groundwater release can increase storm river flows
by between 5% and 10% in the deeply incised valleys of the Mawddad and its
tributariesin Coed y Brenin. However, this water release occurs over a period of 12
to 24 hours. Thisis largely after the peak storm river flow has passed, and it is
concluded that groundwater release has a negligible dfed on the pe& discharge
during storm events.

The river bed temperature monitoring experiment was very limited in its ope, but
gave interesting results. The tedhnique muld be extended to other river readies where
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bedrock faulting or topography suggest that storm water resurgenceis likely. The
gorge sedions of the Gain and Mawddad within Coed y Brenin would be gpropriate
sites for further work.

Groundwater resurgence has been modelled using MODFLOW. This program is
based on Darcy's flow equation, and is intended primarily for use in models of
permedble strata such as sandstones.

Figure 5.10(b). Theoretical model of
fractured impermeable material with
groundwater flow planes intersecting
cell boundaries, as used in the
Svensson (2001) model

Figure 5.10(a). Theoretical model of
permeable material with interconnecting
pore spaces, as used by MODFLOW

A more sophisticaed representation of flow through fradured hard rock is provided
by the model of Svensson (2001). The model treas the bedrock as a solid substrate
interseded by afradure system conneding the faces of cdls. Flow throughthe cdl is
determined from

Q:KAhz¥

where asum is obtained of the height (H), width (W) and length (L) dimensions of
fradures interseding the cdl boundaries. A constant thicknessh and hydraulic
conductivity K is assumed for the fradure planes. This approadc appeas promising
as ameans of modelling water flows within the Mawddad fault zones, where the
orientation and density of fracures could be estimated from well exposed rock
outcropsin the gorge sedions of the rivers.
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Peat blanket bogs

The projed investigated the hydrologicd charaderistics of upland pea bogs by
carying out adetailed survey at Waeny Griafolen at the headwaters of the
Mawddad.

The study began with geophysicd and auger surveys to determine the stratigraphy and
depositional history of the blanket bog. Results are reported in chapter 3. Two
contrasting pea types were found: older pea which is highly humified and gelatinous
in texture, and younger peda which has an open texture of undecomposed plant
material. The older ped formsthe higher areas of the blanket bog, with the younger
pea infilling arelict river channel system incised into the upper surfaceplateau
surfaceof the bog.

A sample of treeroot was colleded from a palaeosoil at the base of the older pea and
sent for dating by the Radiocarbon Accderator Unit, Oxford University. An age was
obtained of 8905+ 45 yeas before the referenceyea AD 195Q plaang the date of
first pea acawmulation as sortly following the retrea of the Devensian valley
gladgers. By correlation with other pea locaions, it is likely that the dhannel system

containing the younger peds was cut during awet climatic period at 2 800.p.

Weater levelsin the pea were monitored over a period of 12 months using a central
borehole with continuous water level recrding, augmented by aring of eight dip

wells around the margins of the bog.

The site dhosen for the central borehole was on a plateau surfaceof older humified
peda with heaher vegetation. The borehole caing consisted of a 2 metre length of 4
inch diameter plastic tubing, perforated with small holes over its full length. The
lower end of the pipe was closed to prevent entry of gelatinous pea. The pipe was
emplace in ahole drilled by auger. The borehole was equipped with a barometric
depth recorder of the type used for river hydrograph recording. The instrument was
found to read acaurately to within 1cm. Readings were mlleded over the 12 month
period without interruption, and no problems were experienced the egquipment.
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A tipping bucket raingauge and datalogger were installed on alow wooden post
adjacent to the borehole.

The aray of dip wells consisted of 1.5 metre plastic tubes of 1.5 inch diameter,
perforated with small holes over their full length. These were inserted into holes
drilled by auger. Water levelsin the dip well tubes were read manually
approximately one month.

The water table & the borehole was found to rise by approximately 1cm per hour
during astorm event. The pea could become totally saturated in the wurse of a
couple of days heavy rainfall following along period of dry weaher. Thislad of
long term storage cgadty was a onsderable surprise. Following rainfall, the water
table showed adow linea fall of approximately 1cm per day over the subsequent dry
period. It was apparent that the older pea areas quickly became saturated with pools
of standing water appeaing during rainstorms. Runoff appeas dow due to the very
gentle dopes of the cantral areaof the bog.

The outflow stream from Waen y Griafolen was monitored during the survey period.
Outflow remained amost constant for long periods between rainfall events, and may
be dtributed to deep penetration of streansinto the low permeability gelatinous older
pea which releases water dowly and steadily.

During storm events, water acaimulates in the dannel system infill ed by younger
ped. Thiswet massof mosses, rushes and sedges ads as a reservoir, regulating water
flow out into the river system. An array of shallow ploughed drainage ditches were
cut on the surfaceof the older pea in the mid 20" century with the intention of
producing improved grazng, but these have been largely ineffedive in draining the
bog. Theditcheslocdly increese the rate of surfaceflow into the incised channel
system, but flow through the younger pea appeasto control overall discharge to the
outlet streams. Modelling usng MODFLOW has suggested that alossof the younger
pea and reversion to gpen gravel river channels would almost double the pegk storm

discharge from the blanket bog.
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Floodplain overbank discharge

A central objedive of the projed wasto determine the relationship between river
flows and the extent of flooding in the lower Mawddad and Whnion valleys,

particularly around the town of Dolgellau.

Photographic evidence was colleded for a series of flood events of different severity
in Dolgellau duing the projed. The extents of flood plain inundation were related to
flow rates of the Afon Wnion. Models were nstructed for the lower Wnion valley
using River2D software and gave predicaed flood patterns around the town of
Dolgellau consistent with field observations.

It seams possble to acarrately predict the extent of flooding in Dolgellau during a
storm event based only on an acarate forecast of flow rate for the Afon Wnion.
Flooding of low lying fields begins at a flow rate of 150m°s™. Flood waters enter the
Marian and Bont Fawr areas of the town at aflow rate of 200m°s?. At aflow rate of
300m°s?, the road system is disrupted and buildings close to the river will be flooded.
In aworst-case scenario for Dolgellau, the shopping areaof Bridge Stred, the
Industrial Estate and the aea aound the Leisure Centre would be inundated.
However, the sedion of the town considered to be & any concevable risk from
flooding is substantially lessthan the aeamarked on the Environment Agency Flood

Map.

A number of authors, for example Peterken and Hughes (1995 and Thomas and
Nisbet (2004 advocate the planting of wet woodlands on floodplains as a means of
enhancing flood water retention and reducing pe&k flood river flows downstream. It
was of interest to determine whether such a method could be used to reduceflood risk

for the town of Dolgellau.

Limited datais available amncerning the hydrologicd effeds of floodplain forests. It
islikely that water flow modelling based simply on the ground surfaceroughnessof
the woodland will be oversmplified, failing to take into acmunt the turbulence
creded by the upstanding treetrunks and branches within the flow. The River2D
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model provides an opportunity to add lateral turbulence, but it was necessary to
determine an appropriate value for this coefficient. An opportunity to undertake this
cdibration came from a study of two floodplain areas in Coed y Brenin where wet
woodland had been inundated duing the July 2001Mawddadh flood, leaving clea

evidence of maximum flood levels.

Detailed surveying of the Coed y Brenin floodplains at Tyddyn Gwladys and Cefn
Deuddwr was caried out by levelling and triangulation, including detail of the
channel bed and floodplain to beyond the maximum extent of flooding. Floodplain
models were mnstructed with River2D software and smulations of the July 2001
flood were run, using recorded hydrograph data from the Tyddyn Gwladys gauging
station. It was then possble to adjust floodplain ground roughnessand latera
turbulence parametersin order to obtain a best fit between the modelled river

boundary and the known maximum extent of flooding.

Modelling was caried out to evaluate two possble flood plain forestry schemesin the
Whnion valley as a means of reducing flood risk in Dolgellau. A lower basin scheme
between Dolgellau and Dolserau would have minimal benefits and is not considered
feasble. Anupper basin scheme between Dolserau and Bontnewydd could
substantially reduce pesk flood flows on the Afon Wnion by up to 50m®s*. The
scheme may provide a ost-effedive ad environmentaly preferable dternative to

flood defence engineaing works within the town.
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River sediment

The valleys of the Mawddadh locdly have extensive infilli ng by poorly consolidated
gladal and perigladal material. This sediment is easlly eroded from riverbanks
during storm events. Large volumes of sand and gravel are caried downstream, and
may be redeposited within the river system. There is concern in Dolgellau that the
acaimulation of river gravel may increase the risk of flooding in the town. It was

important, therefore, to investigate river gravel deposition as part of this projed.

The GSTARS program was chosen for sediment transport modelling. Two flood
events on the Afon Mawddad and Afon Wnion were seleded for analysis. the
intense short duration flood of 3 July 2001, and the less gvere but extended flood
sequence of 3-4 February 2004 The intention was to determine the relative volumes
of sediment transported, and to assessthe likely extent of deposition along the
Dolgellau reat of the Afon Wnion as aresult of the flood events.

In order to configure aGSTARS sediment mode!, it is necessary to obtain channel
crossprofiles and sediment size distribution data for eat representative read of the
river system. The Mawddad above the tidal limit was divided into twelve
sub-catchments, and the Wnion into eight sub-cachments. Over a period of time,
around eight crosssedions were surveyed by levelling within ead of the sub-
cachments. At points along ead crosssedion, estimates were made of the
percentages of different sizefradions of sediment in the river bed or banks. Results

of the modelling are reported in chapter 3.

The program was surprisingly succesdul in simulating the locaions and extents of
erosion and deposition which occurred during the July 2001flood event, giving

confidence that sediment transport was being computed redisticdly.

The pe& rates of sediment discharge estimated by the GSTARS model are
approximately one hundred times greaer for the July 2001flood, in comparison to the
February 2004flood. Thisis consistent with field observations of exceptional river
bank erosion to a height well above normal flood levels, and extensive deposition of
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fine sediment aaossagricultura land in the lower valley of the Mawddad. 1t must

be taken into acount, however, that the February 2004flood continued for
approximately ten times the duration of the July 2001flash flood, so the overall
movement of sediment was considerable. Floods approading the magnitude of the
February 2004 event are an annual occurrence within the Mawddadh cachment. Over
aperiod of time, the volume of sediment redistributed by annual river processes may
be equal to, or greaer than, the volumes of sediment redistributed duing rare extreme

events.

It is evident that significant amounts of gravel and finer sediment can be deposited
along the river sedion through Dolgellau in the aurse of a single storm event.
Modelling indicated that the prolonged sequence of stormsin February 2001 could
deposit over 1m of gravel in the murse of one week. Gravel deposition raisesthe
river bed level and increases flood risk. Deposition of 1m of gravel generatesa

similar increase in flood risk to a 50m°stincrease in river flow rate.

The problem of gravel deposition in Dolgellau ought to be given serious attention.
The arrent strategy of removing gravel periodicdly from the aeaof Bont Fawr is
probably not adequate, since acamulation along the whole length of the lower Wnion
will i nevitably increase the river bed level throughout the town. Alternative
proadive gproades are:
* tolimit gravel supdy by stabilising river banks which are aitting into soft
gladal and perigladal deposits,

* tointercept gravel by means of weirs upstream of the town.



Tidal estuary

At theinitial planning stage of the projed, it was uspeded that interadion between
tidal and river flows could be potentially important in increasing the severity of
flooding around the heal of the Mawddadh estuary and upstream towards Dolgellau.
Hydrograph recordings were caried out in order to test this theory.

Water depth recorders were operated at Penmaenpool bridge, and close to the tidal
limits on the rivers Mawddacdh and Whnion at the head of the estuary. Results are
reported in chapter 3.

It was of considerable surprise that there gopeasto be no interadion at all between
tidal and river flows. Tidal pe&kstravel up the estuary and beyond the confluence of
the Mawddad and Wnion rivers with no change in water height. Flood pe&ks
travelling down the rivers can, in turn, passthrough tidal pegs without any apparent
effed. Both perturbationsin water level continue in upstrean or downstrean notion
asif the other were not present. The answer to this apparently counter-intuitive
Stuation seemsto be the difference in medhanisms causing the perturbations. River
flood pe&ks represent a general elevation of the water surfacewhich gradually builds
and dedines over a period of several hours caused by a dhange in the water supgy
rate. Thetidal pe, however, isalocdly adveding gravity wave on the water
surfacetravelling with a velocity of several metres per second. The céderities of the
two waveforms are so different that no interadion can occur.

Although no additive dfed occurs between river and tidal flows, it is gill possble
that an exceptionally high tidal pe& could cause flooding around the heal of the
estuary. It isknown that land redamation has occurred in the upper estuary basinin
historic times, and is gill continuing on asmall scde & the present day. It was
considered important to evaluate the possble dfeds of further land redamation of
tidal flows in the upper basin.

Modelling of a scenario with additional redamation of tidal marshes was carried out
using River2D software, with the results reported in chapter 3. No increasein tida
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ped& was found to acampany land redamation. The land redamation did, however,
have mnsequences in restricting the outflow of river floodwaters during storm events,
and would worsen the dfeds of river flooding in the lower valleys of the Mawddacd

and Whnion.

The modelling of sediment transport during floods on the Mawddach and Wnion has
been discussed. Large volumes of sand and gravel are caried downstream, and may
be discharged into the tidal estuary. It appeasthat gravel becomes immobile ashort
distance downstream of the tidal limit, and large gravel banks are acamulating at this
point. Gravel deposition around the head of the estuary increase river base levels.
Thisin turn will reduceriver gradients and flow velocities in the lower valleys of the
Whnion and Mawddadh, acceerating the rate of sediment deposition in these aess.
The pradicad consequence of this observation is that gravel originating in the
Mawddad sub-cachment may have on effed on future flood risk for Dolgellau, in
addition to gravel originating in the Wnion sub-cachment.

The River2D program has been satisfadory for most of the work on floodplain
modelling in this projed, but has limitations in smulating the inundation arees of
enclosed redaimed land which lie below river level. For further detailed hydrologicd
modelling of the upper estuary basin, it may be desirable to use aprogram spedficdly
designed to smulate the dfeds of overtopping of seawalls during flood events. A
suitable dhoice might be the two dimensional flood plain flow model of Beffa and
Conrell (2001).



5.4 Catchment modelli ng

Field investigations indicated that the main components of a mnceptual flood model
for the Mawddadh catchment are: surfacerunoff, lateral flow at shallow depth,
transfer between surfacewater and groundwater stores, river routing, and overbank
flooding.

An objedive of the projed has been to establish a methodology for an integrated
meteorologicd/hydrologicd model of the Mawddacd cachment. It was considered
esentia to use aprocessmodelling approad, in order that model parameters could
be related to observable dharaderistics of the cachment and to allow the testing of

aternative cachment management options.

In the wurse of the projed, a series of software padages smulating dfferent stages
of the hydrologicd cycle have been examined and evaluated. A starting point was the
HEC-1 hydrologicd model within the Watershed Modelling System. This program
has performed well in smulating a variety of flood events over the Mawddach
cachment. Synthetic hydrographs produced by HEC-1 were evaluated against field
recordings for ead storm event. It was possble to seled values for infiltration,

hill Slope runoff and river routing functions which give mnsistently acairate

simulations of flood pe&k flows and timesto flood pe&k for different storms.

Limitations of HEC-1 have been demonstrated. The model assumes infiltration water
islost from the model, leading to an inability to model the low release of stored
groundwater badk into rivers during the period following a storm. Consequently the
recading limbs of the modelled hydrographs are found to be too stegp. Where storm
events follow in rapid successon, the model fails to recver soil moisture cgadty.
Saturation of increasingly large proportions of the cachment are assumed, and
subsequent storm hydrograph peks are overestimated. Notwithstanding the dove
limitations, HEC-1 could provide abasisfor areliable flood forecasting model for
simpleisolated storm events if provided with suitable rainfall forecasts from a model
such as MM5.
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River routing within the Mawddad cachment must take acount of variationsin flow
regimes of mountain streans. The Mawddacd and its tributaries are dominantly gravel
streans with steg gradients, locdly flowing over bare rock or forming waterfalls.
Modelling of river routing should be &le to handle both subcriticd and supercriticd
water flows. It was found that the spedalist river package GSTARS could handle
river routing well, in addition to its main function as a sediment transport model.

Crucid to aflood forecasting system is the provision of afloodplain model which can
predict the extent and depth of overbank flooding in response to storm events.
Several floodplain models were examined; of these, River2D proved to be the most
mathematicdly stable in modelling the dhanging boundary of the river channel during

flood events.

Initially it was considered that a groundwater component would be needed in the
overall integrated system being developed for the Mawddad catchment. In
particular, it was thought that groundwater modelling would be nealed for areas of
dee blanket ped, and also to represent river resurgencein the gorge sedions of the
Mawddad and its tributaries in Coed y Brenin.

Both fieldwork and simulations using the MODFLOW groundwater model suggest
that the large pea blanket bogs of the Mawddadh catchment rapidly become saturated
during storm events, and most storm water flows occur by shallow throughflow or

surfacerunoff.

Riverbed resurgence during storm events was $own to occur in the Afon Wen gorge,
and by implicaion aso occursin the deeply incised valleys of the Mawddach and
Gain. The volumes of water being released from bedrock appea to be relatively
small, and are released over along time period after the main pe&k of flooding has
pas=ed. It wastherefore considered unnecessary to incorporate aregiona
groundwater model into the integrated flood forecasting system.

Investigations of tidal processes operating at the heal of the Mawddadh estuary
indicae that no tidal effeds on river flow will be experienced above the tidal limits at
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the Mawddad — Wnion confluence It therefore gopeas unnecessary to incorporate a
tidal flow model into the flood forecasting system.

The design of an integrated model could now proceeal. For mesoscde basins of the
size of the Mawddadh, detailed rainfall distributions and detailed land surface
charaderisations are both required. The MM 5 model had been configured and was
producing satisfadory rainfall forecasts, so could provide the meteorologicd
component of the system. Meteorologicd models, including MM 5, have been
succesdully incorporated into hydrologicd systems and provide more acarate
rainfall distributions than interpolation between widely spacel raingauge sites.

The full hydrologicd analysis of the cachment could be caried out by two different
approadies. the development of a single integrated model, or the linking of a series of
speaalist models to generate an integrated system. Suitable speaalist programs had
already been identified for the river routing and overbank flooding components. In
addition, an interfaceprogram would be required to link the rainfall and river routing
components, and to handle surfacerunoff and shallow throughflow processes.

Digital elevation data was avail able with a spadng of 50m and could provide agrid
basis for the hill sope model. Infiltration and downslope throughflow could be
modelled by Darcy's equation and surfacerunoff modelled by the Kinematic wave
eguation. The model makes use of the van Genuchten function to determine soil
hydraulic conductivities at different levels of saturation.

A major difficulty in modelling alarge and complex cachment like the Mawddad is
the determination of soil hydraulic parameters on a sufficiently detailed scde. It is
impradicd to colled this data by soil mapping in the field, and it has been shown that
air photography does not provide asufficiently acarate means of delimiting soil
hydrologicd zones.

An automated approacd to soil mapping has been developed in the hill sope program.

An assumption is made that the principal fadors affeding soil hydrologicd properties
are water flows, parent material and vegetation. The Kirkby index provides a means
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of asessng the likely wetnessof a soil site, and can be combined with digitised
geologicd and vegetation datato generate asoil classficaion acwrding to the HOST
system. The soil HOST classin turn alows hydrologicd properties to be allocated to
the soils of ead map grid square.

The integrated system, incorporating MM 5, the hill lope model, GSTARS and
River2D, has been tested for the flood events of 3 July 2001and 3-4 February 2004
The model was run by distributed processng on a group of twelve networked
microcomputers, and produced output sufficiently quickly to be operationally useful.

The hill dope model was cdibrated satisfadorily by adjustment of the soil depths and
hydrologicd properties of the HOST soil clases. The model appeasto corredly
handle fast surfacerunoff and slower throughflow, and is able to model changesin
antecadent conditions over dry and wet periods. This overcomes the inability of
HEC-1 to smulate multiple storm events corredly.

An improvement to the redism of the model would be to distinguish the dfeds of
additional classes of vegetation on soil development and surfacerunoff. In particular,
it may be gpropriate to separate dwarf shrub heah from grasdand, and to model
forestry plantations at different stages of growth.

Modificaions may be needed to the soil classficaion scheme to distinguish boulder
clay till with different parent materials and dffering hydrologicd properties.

Evapotranspiration has not been treaed explicitly in the model, but is implicitly
included with groundwater losss. By cdibrating the hill lope model against river
flows for known storm events, overal water lossfrom the hill lope system has been
satisfadorily modelled from the perspedive of flood forecating. However, some
losses allocaed to groundwater recharge should adually have been alocaed to
evapotranspiration, with a mnsequent overestimate of groundwater recharge. The
error is not thought to be large, but thisis an asped that will be addressed duing
further development of the integrated model.
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