4. Integrated cachment modelling
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4.1 Integrated meteorologica-hydrologicd models

The goproach required for hydrologicd modelling depends largely on the size of the
drainage basin being modelled. Uhlenbrook, Roser and Tilch (2003 identify three
Size caegories:

« Micro-scde basins of up tolkm?. At this sde, the patterns of soil types and
land use play a mgjor role within the model. Rainfall may be considered
constant aadossthe basin at any particular time, so input from asingle
raingauge will be sufficient.

« Mesoscde basins, between 1km? and 1000k, Patterns of soil types and land
use ae gain important, but rainfall may now show considerable variation
aaossthe basin at any particular time. Steps must be taken to represent
rainfall sequences with sufficient spatial acaracy.

« Magaoscde basins over 1000kr?. At this de, the pattern of rainfall
bemmes the mgjor fador controlling river flows. Soil and landuse
charaderistics can be represented by averaged parameters over large regions
of the model.

The Mawddadh catchment above the tidal limits of the Mawddad and Wnion has an
areaof approximately 280km?. This clealy fallsinto the cdegory of amesoscde
basin, where the spatial patterns of both rainfall and land surfacecharaderistics
aaossthe basin will be important fadors.

Within a mesoscde basin, a number of hydrologicd processes will be operating,
including: hill lope surfacerunoff, shallow throughflow, infiltration to groundwater
and resurgence from groundwater, river routing, and overbank flooding. To these
may be alded river-tidal interadions for ariver system reading the wast. Attempts
have been made by various hydrologists to combine the different processes into single
integrated models.

Thefirst step towards a fully integrated cachment model is often the linking of

hill lope, river routing and groundwater processes. A succesdul exampleisthe
System Hydrologique European (SHE) model. This uses a surfacegrid, groundwater
grid, and river channel model aligned along the grid (fig.4.1).
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Figure4.1: Schematic diagram of the grid-based catchment discretisation in the
SHE model. From: Refsgaad J.-C. and Storm B., 1995

An evaluation of the SHE model by Heahcote, Lewis and Soley (2004 concludes
that the large number of parameters which neel to be defined can make the model
costly intimeto colled field data. Some parameters cannot be measured dredly, so
cdibration against recorded hydrographsisrequired. The model then startsto loose
its independence & a processhbased system. A further limitation is that locdised
variations in rainfall in a complex terrain may not be represented when rainfall input
is averaged from alimited field dstribution of raingauges.

Another approad to integrated modelli ng is the Soil Moisture Distribution and
Routing (SMDR) model developed by Cornell University (2003. Central to this
program is the representation of the hill Slope soil zone & superimposed systems
(fig.4.2):
* Functiona layers, giving an upper zone of adive evapotranspiration and a
lower zone of water transmisgon.
e Structural layers, with properties of hydraulic conductivity, residual and

saturated water cgpadty dependant on soil parent material and morphology.
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(a) 2 Functional layers (k) N Seructwral layers

Figure4.2: Soil zone representationsin the SM DR model

A downward linkage is maintained with a groundwater model. Soil water may
infiltrate to groundwater storage, and groundwater may re-enter the base of the soil
zone when the water table rises sufficiently.

Surfacewater moves downslope by kinematic wave. Shallow throughflow within the
soil zone moves downslope in ac@rdance with Darcy's equation for flow through
porous material. River routing then completes the model.

An dternative gproad to integrated modelli ng is to incorporate industry-standard
models for different stages of the hydrologicd cycle a modules of alarger system:

Heahcote, Lewis and Soley (2004 present a combined runoff and recharge model
which links the MODFLOW groundwater model to their 4R code for handling
hill lope runoff and river routing. The purpose of this g/stem is primarily for

evaluating fluctuations in water resources within aguifers over atimescde of months.

The 4R model separately models the fast surfacerunoff and slower downsope
throughflow within the soil zone, in addition to infiltration to groundwater storage
(fig.4.3). Evapotranspiration is caculated using the Penman-Monteith equation.
River routing is carried out within the 4R padkage by applying appropriate flow delay
times between river cdls. River bed water lossor resurgence from groundwater is
handled by the STREAM module of the MODFLOW padage (McDonad and
Harbaugh, 1988.
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Different approadies may be used to link rainfall patternsto hydrologicd models:

* Anasaumption of uniformrainfall distribution over the cachment area Thisis
generaly valid only for micro-scae basins.

» Determining rainfall distribution as an average of rain gauge realingsin and
around the cachment. Thisisthe method used by the HEC-1 model (see
sedion 3.2) in which rainfall is averaged using the Thiessen polygon
technique.

» Cadculating rainfall distribution as a base value plus an altitude @rredion, on
the asumption that rainfall increases predictably with height. This approad
has been investigated by Lloyd (2005 to improve estimation of monthly
predpitation in Britain.

Field studies of rainfall distribution in the Mawddadh catchment suggest that none of
these methods can provide an adequate solution. Locdised variations in rainfall
pattern occur between storm events, which can be only poorly correlated with atitude.
Meteorologicad modelling appeasto provide abetter method of generating reliable
rainfall input values for hydrologicd models. In chapter 2, the MM 5 model was used
to generate rainfall distributions for the Mawddacd cachment.

Incorporation of rainfall models

Integrated systems have been developed by several authors which incorporate
meteorologicd models for rainfall input during individual storm events:

Yu et al. (1999 used the MM 5 mesoscde model in aflood prediction system for the
Susquehanna River, Pennsylvania. Rainfall distribution patterns provide input to the
authors Hydrologic Model System. Three example MM 5 smulations for storms have
been provided (fig.4.4). In ead case the MM5 rainfall patterns are cmpared with a
rainfall distribution inferred from alimited array of raingauges aaossthe cachment.

e TheApril 1986MM5 result gives smilar hourly predpitation totals. The
onset of heavy rainfall occurs dightly too ealy in the model.
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Figure4.4: MM 5rainfall smulationsfor stormsin the Susquehanna catchment.

From: Yu et al. (1999
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* TheMay-June 1984MM5 result again gives smilar preapitation totals.
However, the seaond heavy rainfall period duing the storm is substantially
underestimated and a third heavy rainfall event is predicted but not
observed.

* TheMay 1988MM 5 result overestimates rainfall i ntensity but
underestimates rainfall duration for the seand heavy rainfall period duing
the storm.

If the distributions inferred from gauge readings are taken as acairrate, then the MM 5
simulations capture the essential patterns of rainfall but show significant variationsin
detail. The authorsdo not provide rainfall maps to show where arors may be
concentrated in relation to catchment topography.

The Hydrologic Model System of Yu et a.(1999 alows for rainfall runoff/infiltration
partitioning to be caried out using either the SCS curve numbers method or the
Green-Ampt method. It was found the aurve numbers method generated results
which were more consistent with recorded hydrographs over a range of storms.

Benoit et al. (2000 used the Canadian MC2 meteorologica model for flood
prediction around the Grea Lakes areaof North America Operating in a similar way
to MM 5, this mesoscde model was able to provide high resolution rainfall input to a
hill slope and river routing model. The authors carried out evauations of the
meteorologicd model in comparison to rainfall plots generated by rainfall radar. It
was found that the meteorologica model provided more acarate rainfal intensities
and distribution patterns than the radar. However, rainfall radar patterns were not
affeded by errorsin the timing of rainfal events as smetimes occurred in rainfall
modelling. It was suggested that a cmbination of the two techniques, with radar used
to adjust the timing of rainfall eventsin the model, could lead to an overall
improvement in input quality for the hydrologicd model.
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Requirementsfor a Mawddach integrated model

On the basis of work carried out in previous dions, a anceptua model has been
constructed for hydrologicad processes within the Mawddad catchment, and forms
the basis for an integrated meteorologicd/hydrologicd model. The cmponents of the
model are shown in fig.4.6:

» Rainfall patterns are sufficiently complex to require ameteorologicd model.
The MM 5 mesoscde model has proved suitable, as $1own in sedion 2.4.

» Hillslope runoff and shallow stormflow are central to the model, and are
dependant on topography, soil type and vegetation.

* River routing within the upland catchment may involve both sub-criticd and
super-criticd flows.

» Groundwater interadions with surfacewater were shown to take place
particularly in the deeply incised valleys of Coed y Brenin. However, the rate
of groundwater resurgence gpeasto betoo dow to affed the extent of
flooding duing storm events.

* Modelling of overbank discharge onto floodplainsis the primary purpose of
the flood prediction system, and is an essential component of the integrated
model.

» Tida interadion with river flow appeas to be of negligible importancein
influencing flooding above the tidal limits of the estuary, as determined by
modelling in sedion 3.6.

*  Sediment movement causes periodic revisions to channel profiles. Modelling
of long term sediment transport can be important from areseach perspedive,
but within a single storm event the dannel profiles may be wnsidered

constant.
The core model for use in operational flood forecasting is therefore considered to
consist of: rainfall input, hill lope runoff and storm flow, river routing and overbank

discharge onto floodplains.

The software padkages MM5 (meteorology), GSTARS (river routing) and River2D
(overbank flooding) have proved succesgul in modelling particular elements of the
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hydrologicd system. A new hill lope hydrology module isrequired to link the
functions of these padkages. The hill dope module has been developed as part of this
research projed, and is described in the following sedions.

Meteorological model
MM5

rainfaNA
Hillslope model

percolation

surface runoff
downslope throughflow

gaining reach

Groundvater-imodel — > River routing model
MODELOW. GSTARS
4
losing reach

stream energy

changes to
channel profile

v
Sediment-transport:mode| Floodplain discharge model
GSTARS River2D

Estuary-tidalmadel
River2b

Figure4.6: Components of the Mawddach integrated model. Operational
modules unshaded. M odules not incorporated in the operational model are
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M athematical basisfor the hillslope model

Fadors important to surfacerunoff and shallow subsurfaceflow were found to be:
dope agle, upslope @ntributing areg and soil type - which isin turn dependent on
the underlying geology and the vegetation/land use.

Digital elevation data for the Mawddad cachment is available on a50m grid. The
size of the cachment predudes field mapping of soils at a similar grid spadng, so an
automated approach to assgning soil charaderisticsis required.

The problem of efficient soil mapping was addressed by Mew and Ball (1972 ina
study in the Rhinog mountains. The authors evaluated a technique of field inspedion
on agrid with 300m spadng, augmented by analysis of air photographs to identify
probable soil boundaries. The map produced was then chedked by detailed field
mapping. It was found that very few soil boundaries could be inferred acairately
from the ar photographs, and that some soil types present were missed completely by
the sample points. Difficulties arise because soils $1ow alateral gradation in
charaderistics, rather than sharp boundaries. Air photographs could, however,

identify suitable transed lines along which to examine variations in soil type.

It was $rown in sedion 1.2 that the HOST (Hydrology of Soil Types) system
developed by the Institute of Hydrology (Boorman et a., 1995 is suitable for usein
hydrologicd modelling. Each HOST soil classhas charaderistic properties of texture
and depth for topsoil and subsoil layers. Thisin turn allowsthe dlocation of
parameters for use in the cdculation of hydraulic conductivity

(van Genuchten, 1980.

An automated mapping algorithm has been developed to alocae HOST soil clasesto
eadt 50m grid square of the Mawddad cachment (figure 4.7). Allocations to soill
classes can then be chedked by field observations, and corredions to the map can be

made where necessary.
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Figure4.7: Stagesin the determination of soil parametersfor the
hillSope model

Rainwater reading the ground will i nfiltrate verticdly or run-off laterally at the
surfaceor at shallow depth, depending on soil hydraulic conductivity.

Hydraulic conductivity of the soil is not constant, but varies gredly with effedive
saturation (fig.4.8). Conductivity valuesfall rapidly to low levels as ilsdry, and
pore water is retained increasing strongly by capill ary forces. An equation has been
proposed by van Genuchten for the cdculation of soil conductivity as a function of
effedive saturation, depending on a parameter m related to soil texture. Typicd
values of m are 0.274for coarse sandy soil, down to 0.094for fine silty soil. The van

Genuchten equation is:

O
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where
0 is il moisture mntent,

subscript srefersto moisture ontent at saturation, and
r refersto soil water retained when the soil is dry.
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Figure4.8: Relationship between soil conductivity and effedive saturation

A sequence of soil typesistypicdly developed down a hill lope, with drier soils at

higher levels where downslope drainage is rapid and upslope cntributing areais

small (figure 4.9). By contrast, wetter soils develop at the bases of hill sopes where

drainage is often ower and the upslope wntributing areaislarge. A quantitative

index of wetnessat any point is given by the Kirkby index (Bevan, 1997)
In(a/tanP)

where ais upslope contributing area and 3 is dope agle.

steep slope, small
) catchment area =
............................ ——— low wetnhess index

gentle slope, large
catchment area =
high wetness index

Figure4.9: Factorsdetermining Kirkby wetnessindex
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The digital elevation model can provide slope angles and upslope cdachment areas for

ead 50m grid square, allowing the Kirkby wetnessindex values to be cdculated.

Clasgficaion of geologicd parent material has also been prepared on a 50m grid for

the cachment. The Kirkby wetnessindex, represented on a three-point scde dry —
intermediate -wet is related to geology through alookup table (fig.4.10) to generate

HOST soil classes.

=101 x]

SUBSTRATE HYDROGEOLOGY MINERAL SOILS PEAT S0ILS
Groundwater or - [Maoimpermeable | Impermeable laver within 100cm Gleyed laver within 40cm
aquifer or gleyed layer or gleved layer at 40-100cm
within 100cm IAC>7.5  IAC<=75 IAC<125  IAC>=125 Drained  Undrained
Chalk
1
Limestone 2
Mormally
‘weakly conzolidated, macioporous, present
by-pass flow uncommaon and at >2m 3 13 14 15
Strongly conzolidated, non- ar slightly)
porousz, by-pass flow comman 4
Uncongolidated macroporous,
by-pass flow very uncommon 3
Unconzolidated microporous,
by-pass flow comman 3
Uneonsolidated macroporous, Marmally 7
by-pass flow very uncommon present
Unconsolidated microporous, and at <= Zm ] ] 10 11 12
by-pazs flow commaon
Slowly permeable 16 18 21 24 26
Impermeable (hard) Mo significant 17 19 22 27
graundwater
Impermeable (soft) . 20 jexc] o5
or aquifer
Eroded peat 28
Faw peat 29
T Form12 =]
CLOSE
Diry Intermediate | et |
Geology 1D | Material |Grassfmool |F0rest Grassdmoor | Farest | Grazz/moor | Farest |.-‘-‘«LL | ﬂ
a peat 29 29 29 29 29 29
1 sores 5 g g g g 5
2 boulder clay 4 4 4 4 4 4
3 alluvium 8 g g g g a
4 aravel 10 10 0 10 1o 1o
a3 b aentwrog 22 22 22 22 27 22
g Clogau 22 22 22 22 27 22
7 Flestiniog 22 22 22 22 27 22
g dolerite, diorite 19 19 19 14 15 15
9 Fhinog siltstone 15 15 158 15 15 15
10 Gamlan 22 22 22 22 27 22
" Barmouth 15 15 15 15 15 15
12 Mant Hir 22 22 22 22 27 22

Figure4.10: Lookup tablefor allocation of HOST soil classsto hilldope

grid squares
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Field investigations have shown that thick soils gradually develop on hillslopes
beneath both deaduous and coniferous forest, reaching their maximum
thicknessasthe woodland becomes mature after 30 years. Forest soils can be
rapidly eroded after clear felling. Grass'moorland and Forest variants giving
different HOST classs are therefore allowed for each soil/wetnessgrouping.

HOST classs provide alink to the vanGenuchten infiltration equation. Each HOST
classis charaderised by itstypicd topsoil and subsoil texture and depth. Data
provided by Nemes, Woésten and Lill y(2001), and Kumar and Purandara (2003 is
used to al ocae vanGenuchten parametersOg 6s o, N, M, L and Ksto ead HOST
class based on soil texture (fig.4.11).

=
| Theta-R | Theta-5 iAIpha | ¥ | I | L |KS | porasity residual store |
Topsols i Coarse 0.025 0403 00383 13774 02740 12500 BO.OD0 (035 0.05
Medium o.mo 0439 0034 11804 00528 2321 12080 040 010
| Medium fine 0.010 0430 00083 |1.2533 (02025 05884 2272 045 0.20
Fine 0.mo 0520 0% 11012 00mM9 1972 24800 050 0.3
Very fine o.mo 0E14 00265 11033 0093 25000 15000 055 0,50
Subsols | Coarse 0.025 0.365 00430 15206 03424 12500 70000 035 0.05
Medium o.mo 0392 00243 19689 01445 07437 10755 040 010
Medium fine 0.010 0412 000s2 12179 01783 05000 |4.000 045 0.20
Fine o.mo 0,481 0019 10861 00733 |-a7iz4 8500 050 0.35
Very fine o.mo 0538 001E8 10730 0080|0000 8235 055 050
Organic | 0.010 0766 00130 12039 01634 04000 8000 050 0,35

save parameters |

L L L L Il 1. SO,
80 F0 &0 50 40 a0 20 10

)
e %0

Percent sand (S0-2000 pm|

Figure 4.11. Soil and subsoil hydrologicd properties related to texture

Charaderistic values for soil and subsoil porosity and resdual water cgpadty are dso
related to texture, using data provided by the Open University (1995.
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Water flow

The hill lope model determines the surfacerunoff and throughflow which is able to
enter the river system. Water released into river cdls provides an input to the separate

river routing code. Drainage may also occur downwards to groundwater storage.

Uhlenbrook, Roser and Tilch (2003 provide a onceptual model for their study of a
mesoscae basin in the Bladk Forest, Germany, which has ¢rong similarities with the
Mawddad cachment in terms of topography, hard rock geology, (peri)glaaa
deposits and a combination of forest and grasgmoorland vegetation. The aithors use
a grid of 50m cdls, with ead cdl allowing the computation of shallow throughflow
and surfacerunoff as appropriate (fig.4.12).

slope angle
6-25%

| Weathered soil profile,
i deep perkolation

Boulder fielg En P 4 .
#:| Penglacial dnft cover, basal layer
lateral macropare flow base flow generation ’

Periclacial drift cover, upper layer, =p red h r
bbbl il Weathered hard rock, base flow generation

[ ] Perigiacial drift cover, mean layer, [.F-] Hard rock base flow generation
delayed lateral subsurface flow -

Figure 4.12 Conceptual cascade store model for the BruggaBasin,
Black Forest, Germany. From Uhlenbrook, Roser and Tilch (2003
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Following the gproad of Uhlenbrook et al., and also the SMDR model of Cornell
University (2003, the Mawddadh hill lope model uses 50m grid elements. Eadhis
composed of four topsoil layers and four subsoil layers, with adual thicknesses
determined by the soil depth (fig.4.13). Inflow consists of rainfall at the grid square,

plus downdope flow from adjacent cdls.

rainfall
surface runoff during
saturated conditions
soil
downslope downslope
inflow outflow

subsoil

11l

infiltration to
groundwater

Figure4.13 Water flows asociated with a cdl of the Mawddach hillSope model

Computational processs alow the downwards movement of soil water to
groundwater storage or lateral downslope outflow acording to the Darcy equation for
porous media:

) 9 on ohf, O OhE oh
W=S—
Ox [ axm ay yay%azm 29z ot

where h termsrefer to hydraulic head, K parameters are hydraulic conductivities, W is

asink and sourceterm, and Siswater storage (seesedion 3.1).

The diredion of maximum slope is determined, and outflow is partitioned to a
maximum of two downslope cdls (fig.4.14) acmrding to angle.
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Figure 4.14: Partitioning of downslope flow depending on dopediredion

If complete saturation of the topsoil |ayers occurs during atime interval, the excess
water isreleased to downslope cdls as surfacerunoff. Flow is determined using the
Kinematic wave relationship

a_'A\ + a_Q =
ot 0X
where:
9A  istherate of change of water depth on the hill lope surface
ot

‘;_Q is the variation in discharge with distance down the hill lope,
X

r iswater gained or lost per unit area
The use of Darcy's equation for throughflow in combination with the Kinematic wave

equation for surfacerunoff is discussed by Lee ad Chang (2005, and used in a
hill lope model for a mesoscde cachment in Taiwan.
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Summary

* The gproad required for hydrologicd modelling depends on the size of the
cachment. For mesoscae basins sich as the Mawddadh, detailed rainfall
distributions and detailed land surface daraderisations are both required.

» Thefull hydrologicd analysis of a cachment may be caried out by two
different approades. the development of a single integrated model, or the
linking of a series of spedalist modelsto generate an integrated system.
Spedalist programs have been developed for particular stages of the
hydrologicd cycle, including: rainfall modelli ng, hill lope runoff,
groundwater, river routing, sediment transport and channel morphology, and
estuary and coast tidal modelli ng.

* The main developments in hydrologicd modelling are favouring high
resolution distributed systems, in which model parameters represent physicdly
redistic and measurable properties of the cachment. Digital elevation data,
typicdly with a spadng of 50m, can provide agrid basis for the model.

* Meteorologicd models, including MM 5, have been succesdully incorporated
into hydrologicd systems and provide more acairate rainfall distributions than
interpolation between widely spaced raingauge Sites.

* Anoperationa flood forecating system for the Mawddad cachment requires
a series of processmodules: rainfall, hill ope runoff and throughflow, river
routing, and overbank discharge. Additional modules may be incorporated for
reseach purposes. groundwater flow, estuary tidal interadions, and river
sediment transport.

* Anautomated system is proposed for the determination of soil hydrologicd
properties, based on: Kirkby wetnessindex, geology, and vegetation.

* A hillSlope model has been designed, in which infiltration and downslope
throughflow are modelled by Darcy's equation and surfacerunoff is modelled
by the Kinematic wave equation.

* Insedion 4.4, the hill sope model will be combined with the MM 5 rainfall
model, GSTARS river routing and River2D overbank discharge models, to
produce an integrated flood forecasting system for the Mawddacdh cachment.
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