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Abstract

This thesis explores a range of uncertainty issues within the commonly used
hydrological modelling framework. It assesses the extent that choices made during
model construction and calibration result in different model outputs and aims to assess
whether it is possible to develop a modelling protocol better than the rest.

Using the 876.36 km? Tern catchment, Shropshire, UK, and the physically-based,
distributed modelling code, MIKE SHE, the research draws on large volumes of
secondary data and provides a comprehensive catchment review and conceptual model.
Two hydrological models of differing spatial complexities are developed and subject to
different parameterisations, sensitivity analyses, and calibration methods (manua and
automatic). Results are assessed at different locations within the catchment.

Six models developed with different protocols result in minimal intra-model
uncertainty. Nash-Sutcliffe NSE varies between 0.69-0.79 for discharge at the
catchment outlet. Differences between spatial representations are more apparent at
internal gauging stations; despite this similar performing models are devel oped for both
spatial representations. Multi-objective automatic calibration produces models which
provide more balanced representation of observed data as shown by results of
validation. However, it is not possible to statistically identify any of the modelling
protocols as better than the rest. Results suggest the amount a particular statistic is used
within the calibration will influence other performance statistics. Therefore an

independent summary score measure is also devel oped to assess performance.

Intra-model uncertainty is assessed for the six models for eight UKCIPO2 climate
change scenarios. Results suggest increases in intra-model uncertainty at a similar
magnitude as potential impacts of climate change. The research suggests careful choices
about the modelling protocol need to be addressed at the outset of any hydrological
modelling, with attention given to the uncertainties that may result of decisions made by
the modeller — especialy if using models in impact studies.
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Glossary of termsused in thethesis

Automatic calibration at basin outlet — One of two automatic calibration methods
used in this thesis. The calibration is carried out within Autocal, a component of the
MIKE ZERO framework. Using the Shuffled Complex Evolution method, the
optimisation of the parameters are assessed using the performance of the RM SE statistic
of river flow at the basin outlet gauging station, Walcot. This automatic calibration
method is undertaken for both the homogenous and distributed models.

Automatic calibration at multi-location and criteria — The second of two automatic
calibration methods used in this thesis. The calibration is carried out within Autocal, a
component of the MIKE ZERO framework. Using the Shuffled Complex Evolution
method, the optimisation of the parameters are assessed using an objective function that
equally weights the performance of the RMSE statistic of river flow at four gauging
stations and seven groundwater level boreholes. This automatic calibration method is

undertaken for both the homogenous and distributed models.

Automatic sensitivity analysis — A procedure undertaken within the Autocal
component of MIKE ZERO for the distributed model in which the values of 60 model
parameters are individually perturbed and the resulting RMSE of the simulation
compared to an initial control simulation in which none of the parameters are perturbed.

Data uncertainty — Although not directly assessed in the thesis, reference is made to
this form of uncertainty which is defined as potentially suspect or erroneous data (as
well as general inherent uncertainty associated with any data collection) and

subsequently input into the hydrological models.

Distributed model — The second of two spatia complexities of model types
documented in this thesis and described in Chapter 4. Within this type of model many
of the variables and parameters (although not all) vary spatially at the grid cell scale of
1km 1km.

Expert Elicitation — A term expressed by Refsgaard et al (2006) and developed in this

thesis. It refers to a subjective but specialist evaluation of model performance by the
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hydrological modeller. The expert elicitation is undertaken by assessment of simulated
hydrographs and groundwater levels and includes evaluation of key components such as
peak flows, base flows and timing of hydrological events compared to the observed
data. The summary score is a quantitative measure that has been developed in

association with expert dicitation.

Grid cell — The division used within the models to define one element of the model to
which different parameter values can be attributed. The grid cell scale used in the

modelsis 1km 1km.

Homogeneous model — One of the two spatial complexities of model types documented

in this thesis and described in Chapter 4. The model is not lumped, as it still includes

1km gridded topography data, and is coupled to a 1D hydraulic MIKE 11 model.

However, the mgjority of other input data use the catchment average value in each 1km
1km grid cell.

Indirect acquisition of parameter values — The process of deriving parameter values
or extents from pre-published literature. The values are often representative of typical
values rather than specific to the catchment. For example, specific yield measurements
for different media published by Johnson (1967).

Initial manual calibration — One of three calibration methods documented in the
thesis. This calibration method required supervised variation of each separate model
parameter, until representative values were defined and found to result in the model

with the best quantitative and qualitative performance possible.

Manual sensitivity analysis — A procedure undertaken for the homogenous model in
Chapter 5 where the values of 12 model parameters are subject to individual percentage
perturbations to assess the extent to which each parameter influences the ssmulation of
river flow and groundwater levels.

Mode Equifinality — A term describing the recognition that there may be more than
one modelling protocol in which resulting model performance is quantitatively and
qualitatively similar.

-12 -



Modelling Protocol — Defined in this thesis as the methodological framework chosen
by the hydrologica modeller to represent the catchment and calibrate the model. These
choices include the way in which variables are spatially represented, the adopted grid
size used in the model, the method used to calibrate and test the models and the choice
of performance measures used to assess the models.

Optimal models— Are the best calibrated model from each modelling protocol assessed
in this thesis. For the automatically calibrated models, the optima mode is the
statistically best model derived from the optimisation method. In total there are six
optimum model s developed in this thesis.

Optimisation — The procedure of improving the performance of the models during the
calibration process to the best level achievable. The optimisation is iterative and
governed by a pre-defined criteria (e.g. improving the RM SE to the lowest score).

Parameter — The second type of two inputs into the hydrological models. Defined as
attribute data that often require calibration or are acquired indirectly from literature
defined typical vaues. For example, the four types of required soil hydraulic

information that describe each soil classin the models.

Parameter Equifinality — Recognition that there may be more than one set of
parameter values within the parameter space that result in models which are
quantitatively and qualitatively similar, all of which can be described as calibrated.

Parameter space - the hypothetical region defined by the lower and upper values of all
optimisable parameters.

Parameter uncertainty - A type of uncertainty in hydrologica modelling due to a
result of defining parameter values that are not representative of the attributes or
processes they seek to describe. Parameter uncertainty may be due to scaling effects (the
value not being representative at the grid cell scale), or may also be due to data

uncertainty.
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Qualitative performance — Includes all descriptive assessment of model performance.
This is undertaken in detail in chapters 5 and 6 where any results of daily, monthly and

annual river flow or groundwater levels are anaysed in comparison to observed data.

Quantitative performance — Includes al numerical assessment of the model
performance. This may include specialist statistics such as the Nash-Sutcliffe R2 or
simple statistics such as mean river flow or groundwater levels. The summary score
measure that is developed in the thesis is a means of assessing the quantitative

performance of qualitative indicators.

Summary score — A method of model performance developed within the thesis. The
score provides a means of quantifying the qualitative performance of the models by

means of ‘expert elicitation’.

Variable — One of two types of input into the models. Defined as ‘input data’ such as
precipitation, evapotranspiration, or the geographical distribution of data such as for
solid geology or topography. Variables are not subject to calibration.

-14 -



List of Tables

2.1

2.2.

2.3.

24.

2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

2.13.

2.14.

2.15.

3.1

3.2.

3.3.

3.4.

3.5.

Review of a selection of widely used hydrological models

Validation statistics for Peak flow, Volume and Time to Peak (Michaud and

Sorooshian, 1994)

Review of studies associated with distributed hydrological model grid cell

resolution

Recent developments of MIKE SHE in the 2008 edition (summarised from

dhigroup.com)

Parameters and conditions used in OLF calculation in MIKE SHE

Description of the different engines available in MIKE SHE to compute UZ

flow

Specification of Saturated Zone parameters when using the 3D finite

Groundwater approach in MIKE SHE

Review of general MIKE SHE developmental and model comparison studies

Review of MIKE SHE input data uncertainty research

Review of MIKE SHE research assessing issues of calibration and

parameterisation

Selected applications of MIKE SHE from the literature

An overview of input data uncertainty issues

Summary of methods to estimate areal rainfall

Statistical tests: RMSE, R2 and R

Review of operationa testing of hydrological simulation models (Klemes,

1986)

Topographical catchment characteristics of the Tern Catchment

Stratigraphy of Sherwood Sandstone and Mercia Mudstone. Compiled from

(LOCAR, 2000)

Core hydraulic conductivity of the Sherwood Sandstone Formations (Allen,
1997, summarised by LOCAR, 2000)

Anisotropy of Sherwood Sandstone and Kinnerton Formation

Bulk hydraulic conductivity data for

Shropshire (LOCAR, 2000)

Permo-Triassic Sandstones of

50

56

58

61

64

65

66

71

72

73

75

78

79

83

91

96

99

101

101

102

-15-



3.6.

3.7.

3.8.

3.9.

3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

3.21.

3.22.

3.23.

3.24.

3.25.

3.26.

3.27.

3.28.

3.29.

Core porosity of Permo-Triassic Sandstone in Shropshire (LOCAR, 2000)
Typical values of specific yield (Johnson, 1967)
Soil map units and associated soil descriptionsin the Tern Catchment

Summary of dominant soil associations that cover more than 2% of the Tern
Catchment

Characteristics of HOST classes and percentage areas in the Tern Catchment
Parcel and land use analyses within the Tern Catchment

Meta data of precipitation records for the River Tern and surrounding area.
Mean, maximum and minimum rainfall and elevation of each raingauge

Quantitative comparison of stations to be used for profiling and infilling
missing precipitation data

Suspect daily precipitation records within the modelling period
Summary statistics of total annual precipitation 1999-2003

Locations and data availability for meteorological stations providing daily
minimum and maximum temperature

Missing periods of temperature data from the meteorological stations
Extraterrestrial solar radiation calculated for 53°N

Comparative Eto statistics (Eto mm d™)

Summary statistics for the eight primary river flow gauging stations
Profile of Eaton-on-Tern river flow gauging station

Profile of Bailey Brook at Ternhill river flow gauging station

Profile of Roden at Rodington river flow gauging station

Profile of Strine at Crudgington river flow gauging station

Profile of Meese at Tibberton river flow gauging station

Profile of Tern at Walcot river flow gauging station

Profile of Potford Brook at Sandyford Bridge river flow gauging station

Profile Tern at Ternhill river flow gauging station

103

103

106

109

110

113

117

119

126

127

130

133

136

137

137

148

149

149

150

150

151

151

152

152

-16 -



3.30.

3.31.

3.32.

3.33.

3.34.

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

5.1.

Selected groundwater level records and attribute information
Summary groundwater level statistics

Statistics of the Shropshire Groundwater Scheme (Source: Environment
Agency, 2009)

Water balance in the Tern catchment (all units mm yr™)
Summary of datafor the Tern catchment

Summary of components included within the catchment models and the
choice of solvers used for each component

Settings of time step control for different components of the Tern Catchment
models

Representation of topography in the two hydrological models
Representation of precipitation in the two hydrological models

Comparison of land use representation between the homogenous and
distributed models

Attribute parameters of land use in the homogenous and distributed Tern
models (land use descriptions of agriculture type and woodland type were
obtained from Ragg et al, 1984)

Comparative representations of the surface roughness coefficient used in
both models

Comparative representation of overland flow in both models

Comparison of the different set-ups of the unsaturated zone in the two
models

Comparison of the parameter value limits used for unsaturated zone
representation

Summary of unsaturated zone classes and governing HOST classes from
which parameter limits are defined

Conceptualisation of saturated zone parameters for the homogenous and
distributed models and associated minimum and maximum parameter ranges

Summary of branches, connections and chainages within MIKE 11

Summary of available cross-section data for channels within the Tern
Catchment

Performance criteria used to test the hydrologica models of the Tern
Catchment

160

164

166

168

170

173

174

176

177

179

180

181

182

183

184

185

188

192

194

201

-17 -



5.2.

5.3.

5.4.

5.5.

5.6.

S.7.

5.8.

5.9.

5.10.

5.11.

5.12.

5.13.

5.14.

5.15.

5.16.

5.17.

5.18.

5.19.

Overview of the ‘summary score’ performance measure

Parameter ranges, values and input data used in manual calibration of the
homogenous model

Selection of river flow gauges used in model calibration

Results of summary score for manual river flow calibration of the
homogenous model

Comparative summary statistics of the manually calibrated homogenous
Tern model (observed valuesin bold, simulated valuesin normal text)

Selection of groundwater level boreholes used in model calibration

‘Summary score’ at the seven groundwater level boreholes used in the
manual calibration of the homogenous model

Statistical summaries of groundwater level simulations (for dates where
simulations can be compared to observed between 01/01/2000 — 31/12/2003)
for the manual calibration of the homogenous model

Summary statistics for the four river flow gauging stations used in testing of
the manual calibration of the homogenous model (observed values in bold,
simulated values in normal text)

Summary of groundwater level performance statistics for the seven
boreholes used in the model testing phase

MIKE SHE parameters selected for sensitivity analyses of the homogenous
and model parameter ranges assessed.

Criteriafor classifying model sensitivity in the homogenous model

Summary % ranges in sensitivity at each gauging station for each parameter
assessed

Summary % ranges in sensitivity at each borehole and parameter assessed

Initial, lower and upper parameter values used in automatic calibration for
the homogenous model

Summary of algorithmic parameters and stopping criteria used in the
automatic calibration of the homogenous model

Parameter values for ten sampled models within the context of minimum and
maximum parameter ranges for the homogenous model automatically
calibrated at the basin outlet

Results of summary score of river flows from automatic calibration at the
basin outlet for the homogenous model

202

204

205

209

210

211

212

216

220

222

226

244

244

245

247

249

253

254

-18 -



5.20.

5.21.

5.22.

5.23.

5.24.

5.25.

5.26.

5.27.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

Summary performance statistics for the homogenous model calibrated at the
basin outlet

Summary score results for groundwater levels at seven boreholes for the
automatic calibration at the basin outlet for the homogenous model

Selection of 5% from optimal RM SE threshold of calibrated models

Parameter values for ten sampled models within the context of minimum and
maximum parameter ranges for the multi-objective automatically calibrated
homogenous model

Summary score for four river flow gauging stations in the multi-objective
automatic calibration of the homogenous model

Summary score at seven groundwater level boreholes in the multi-objective
automatic calibration of the homogenous model

Statistical performance results from the automatic calibration of the multi-
objective homogenous Tern model, for river flows and groundwater levels
used in the objective functions/calibration. Results show the upper and lower
(max and min) bounds for the range of the ten sampled models

Statistical performance results from the testing/validation of the multi-
objective homogenous Tern model, for river flows and groundwater levels
not assessed within the calibration methodology. Results show the upper and
lower (max and min) bounds for the range of the ten sampled models

Review of the distributed model set-up and parameterisation resulting from
the manual calibration

Results of summary score for manua river flow calibration of the
distributed model

Summary statistics of manually calibrated flow in the distributed model

Summary score for the groundwater level boreholes used in manual
calibration of the distributed model

Summary manual calibration statistics for distributed model groundwater
levels (for dates where observations exist for a comparison)

Summary statistics for the four river flow gauging sites used in the testing
and validation of the distributed model

Summary groundwater level performance statistics for the seven boreholes
used in the testing and validation of the distributed model

Parameters and ranges for sensitivity analysis of the distributed model in the
unsaturated zone

258

259

261

264

265

267

269

273

279

286

287

290

291

295

298

300

-19-



6.9.

6.10.

6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6.17.

6.18.

6.19.

6.20.

6.21.

6.22.

7.1.

Parameters and ranges for sensitivity anaysis of the distributed model in the
saturated zone

Selected parameters resulting from the sensitivity analysis (note the river
flow values appear smaller as the initial aggregate flow RMSE is smaller
than for groundwater levels)

Initial, lower and upper parameter values used in automatic calibration of the
distributed model

Summary of Algorithmic parameters and stopping criteria used in the
automatic calibration of the distributed model

Parameter values for ten sampled models within the context of minimum and
maximum parameter ranges for the distributed model automatically
calibrated at the basin outlet

Results of summary score for river flows from automatic calibration at the
basin outlet

Summary performance statistics for the distributed Tern model calibrated at
the basin outlet

Summary score results for groundwater levels at seven boreholes for the
automatic calibration at the basin outlet for the distributed model

Selection of 5% from optima RM SE threshold of calibrated models

Parameter values for ten sampled models within the context of minimum and
maximum parameter ranges for the multi-objective automatically calibrated
distributed model (unless stated, units are fractions)

Statistical performance results from the automatic calibration of the multi-
objective distributed Tern model, for river flows and groundwater levels
used in the objective functions/calibration. Results show the upper and lower
(max and min) bounds for the range of the ten sampled models

Summary score for four river flow gauging stations in the multi-objective
automatic calibration of the distributed model

Summary score at seven groundwater level boreholes in the multi-objective
automatic calibration of the distributed model

Statistical performance results from the testing/validation of the multi-
objective distributed Tern model, for river flows and groundwater levels not
assessed within the calibration methodology. Results show the upper and
lower (max and min) bounds for the range of the ten sampled models

The six calibrated models highlighting the spatial complexity and method of
calibration for each.

301

311

314

315

319

320

322

325

326

327

334

335

338

340

346

-20 -



7.2.

7.3.

7.4.

1.5.

7.6.

1.7.

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.

8.7.

Summary score statistics for river flows for the six optimal calibrated
models

Summary score for groundwater levels for the six optimal calibrated models

Compilation of performance statistics for the six optimally calibrated models
for river flows

Compilation of performance statistics for the six optimally calibrated models
for groundwater levels

Model performance classification for each performance criteria

Mean performance of the different protocols according to each performance
measure for river flow gauging stations and groundwater level boreholes for
calibration and validation sites

Summary of UKCIP 02 scenarios and relation to SRES emission scenarios

Projected climate changes to precipitation (%) and temperature (min and
max °C) in the West Midlands region (Box 332)

Average monthly, and total seasona and annua precipitation, potentia
evapotranspiration and net precipitation for each climate change scenario
(mm)

Monthly, seasonal and annual ranges in simulated river flows (m* s%) for
each climate change scenario, at four gauging stations, to compile
hydrological model uncertainty

Monthly, seasonal and annual ranges in simulated groundwater levels (m)
for each climate change scenario, at three boreholes, to compile hydrological
model uncertainty

Compilation of the mean annual impact of climate change versus uncertainty
between model ssmulations for four river flow gauging stations for the
baseline and extreme climate change scenarios

Compilation of the mean annual impact of climate change versus uncertainty
between model simulations for three groundwater level boreholes for the
baseline and extreme climate change scenarios

351

352

356

357

358

359

382

387

390

400

402

405

405

-21-



List of Figures

1.1

1.2

2.1

2.2.

2.3.

24.

2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

2.13.

2.14.

The steps in the hydrological modelling protocol

Conceptua research strategy to explore the thesis research questions and
chapter division of thesis

Example of rainfall runoff relationships that show average catchment
characteristics (Law, 1953, cited in Shaw, 1994)

The typical Artificial Neural Network (ANN) conceptualisation (Caudill and
Butler, 1992a)

The O'Donnell Model as represented by Shaw (1994)

Conceptualised views of spatially representing the catchment with the
lumped, semi-distributed and distributed approaches

Conceptualisation of the spatial descretisation of the Geer basin using a finite
element mesh (Goderniaux et al., 2009)

Example of the finite difference or grid method as a means of spatially
distributing hydrological models

Hydrologically Similar Unit (HSU) concept as a method of semi-distributing
amodel (Karvonan et al.,1999)

Bailey Brook, Shropshire, represented with a) 100m grid and b) 500m grid

Conceptualisation of the distributed structure of MIKE SHE (Refsgaard and
Storm, 1995).

Schematic view of the processes in MIKE SHE. Available numeric engines
are shown for each processes as well as the available exchange pathways for
water between the process models. Source. Graham and Butts (2005)

Conceptua structure of the linear reservoir approach for the saturated zone in
MIKE SHE

MIKE SHE and MIKE 11 coupling (DHI-WE, 2005)

Results of multi-criteria validation (Refsgaard, 1997) illustrating the need for
the incorporation of a rigorous methodology in the validation of distributed
models. @) displays the results of the calibration at the catchment outlet, and
b) the validation at another internal gauging station for which there was
observed data.

Integrated multi-objective calibration and validation, a case study of the
Swedish meteorological Hydrological Institute

32

36

42

43

45

46

47

48

57

60

63

68

69

90

91

-22 -



2.15.

3.1

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

3.9.

3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

River flow calculated with parameter calibration for specific sub-basins
compared to Liard (basin outlet). Shown for two internal gauging stations a)
Fort Nelson sub-basin and b) Kachika basin (Van der Linden and Woo, 2003)
Location of the River Tern Catchment

Topography and stream network of the River Tern Catchment (@) denotes the
location of the Wrekin, the highest point in the catchment

Hypsometric curve for the Tern Catchment

Fault-lines in the Tern Catchment

Solid Geology of the Tern Catchment (a) formations in the permeable
Sherwood Sandstone group, (b) Mudstones & formations of low
permeability, (c) formations of mixed permeabilities

(a) Spatial extent and type of drift, (b) drift thickness (m)

Distribution of NATMAP vector soil associations within the Tern Catchment
'Soils Data based on NATMAPvector © NSRI Cranfield University and for
the Controller of HM SO, 2010

Dominant HOST classes on a 1km grid in the Tern Catchment

Land use within the Tern Catchment

Distributions of the predominant land cover classes

Location of rain-gauge sites within and near to the River Tern Catchment

Long-term (1975-2000) mean monthly precipitation at individual gauges and
the catchment mean

Total annual precipitation Isohyet map (1975-2000)

Relationship between mean annual rainfall and elevation of gauge
Inter-annual rainfall at individual gauges in the Tern Catchment

Long term precipitation deviation from long term annual Tern mean (1975-
2003) and long term average UK precipitation data — percentage deviations

from the long term mean.

a) Spatia distribution of gauges used in 1975-2000 rainfall analyses, b)
distribution of gauges for the 1999-2003 anaysis and modelling period

Double mass analyses for each gauge for precipitation data quality
assessment

Rain gauges within 1999-2003 period with missing data

92

9

96

96

98

99

100

105

111

112

114

115

118

119

120

121

122

122

124

125

-23-



3.20. Locations of the rain gauges with missing data (red) and rain gauges to be 126
used for infilling (blue)

3.21. Daily precipitation records 1999-2003 128
3.22. Elevation-precipitation relationship for 1999-2003 rain gauge distribution 129
3.23. Locations of meteorologica stations with daily minimum and maximum data 133

3.24. Daily time series of maximum and minimum temperature recorded from 134
Keele, Bradely Green and Newport (1991-2003)

3.25. Relationships between minimum and maximum temperature at different 135
meteorological stations (axes are all °C)

3.26. Calculated Hargreaves-Samani evapotranspiration for the Tern Catchment 139

3.27. Comparison of monthly MORECS, MOSES-PDM and Hargreaves-Samani 141
Eto

3.28. Comparison of calculated Hargreaves-Samani and modelled MOSES-PDM 141
data

3.29. Relationship between Hargraeves-Samani derived Eto and MOSES-PDM Eto 141
(1999-2001)

3.30. Key locations along the course of the River Tern 144

3.31. Storage area at Walcot, Photo by R. Rochester 4/4/2007. The confluence of 145
the Roden with the Tern is shown in the foreground

3.32. Tern at Walcot, in Flood. Photo by Christopher Bayley (BBC news website) 145
12/11/2005. The area shown is the same as above in Figure 3.31.

3.33. Locations of river flow gauging stations in the Tern Catchment 146
3.34. Presentation of daily river flow data 154
3.35. Mean monthly river flows for each gauging station 155
3.36. Long-term flow duration curves for tributaries within the Tern 156

3.37. Normalised (flow/mean flow) flow duration curves (1999-2003) for 156
tributaries within the Tern

3.38. Rainfal runoff relationships for the gauging stations within the River Tern 158
Catchment

3.39. Groundwater level monitoring boreholes 160

3.40. Groundwater level data from the Wildmoor & Wilmslow Sandstone 161
formation

=24 -



3.41.

3.42.

3.43.

3.44.

4.1.

4.2.

4.3.

4.4.

4.5.

5.1.

5.2.

5.3.

5.4.

5.5.

5.6.

S.7.

5.8.

5.9.

5.10.

Groundwater level datafrom the Kidderminster and Chester Pebble Beds
Groundwater level data from the Bridgnorth and Kinnerton Formation
Groundwater supply in the UK (source: UK Groundwater Forum)

Conceptua model of the spatial variation of key processes at the sub-
catchment scale in the Tern

Comparison of a) al Ordnance Survey line water features and b) the refined
stream network used in the river network delineation

Comparative width and elevations of 41 selected River Tern cross-sections

Comparison of synthetic profiled cross section and the reduced synthetic
cross-section at the upstream boundaries

Locations of cross-sections input to the MIKE 11 river model
Network delineation in MIKE 11 Network editor

Observed and ssimulated daily river flows at four gauging stations used in the
manual model calibration of the homogenous model

Observed and simulated mean monthly river flows for the four gauging
stations used in the manual model calibration of the homogenous model

Observed and simulated annual river flow regimes (2000-2003) for the four
gauging stations used in the manual model calibration of the homogenous
model

Observed and simulated groundwater levels at seven boreholes used in
manual model calibration of the homogenous model

Relationships between observed and simulated groundwater levels for dates
between 2000-2003 for the manually calibrated homogenous Tern model

Observed and simulated daily river flows at four gauging stations in the
model testing/validation of the homogenous model

Observed and simulated annual river flow regimes at four gauging stations
used in model testing of the manually calibrated homogenous model

Observed and simulated groundwater levels at the seven boreholes used in the
model testing for the manually calibrated homogenous model

Sengitivity of the homogenous model to overland flow parameters, shown on
outputs of four flow gauging stations and three groundwater levels

Sensitivity of the homogenous model to the Manning surface roughness
overland flow parameter, shown on outputs of four flow gauging stations and
three groundwater levels

162

163

165

171

191

195

195

196

197

207

208

209

213

214

217

219

223

228

229

-25-



5.11.

5.12.

5.13.

5.14.

5.15.

5.16.

5.17.

5.18.

5.19.

5.20.

5.21.

5.22.

5.23.

5.24.

5.25.

Sengitivity of the homogenous model to unsaturated zone flow parameters,
shown on outputs of four flow gauging stations and three groundwater levels

Sensitivity of the homogenous model to soil water content at saturated
conditions, unsaturated zone flow parameter, shown on outputs of four flow
gauging stations and three groundwater levels

Sensitivity of the homogenous model to soil water content at field capacity
conditions, unsaturated zone flow parameter, shown on outputs of four flow
gauging stations and three groundwater levels

Sensitivity of the homogenous model to soil water content at field wilting
point, unsaturated zone flow parameter, shown on outputs of four flow
gauging stations and three groundwater levels

Sensitivity of the homogenous model to infiltration, unsaturated zone flow
parameter, shown on outputs of four flow gauging stations and three
groundwater levels

Sensitivity of the homogenous model to the depth of evapotranspiration (ET
depth), unsaturated zone flow parameter, shown on outputs of four flow
gauging stations and three groundwater levels

Sensitivity of the homogenous model to saturated zone flow parameters,
shown on outputs of four flow gauging stations and three groundwater levels

Sensitivity of the homogenous model to horizontal hydraulic conductivity, a
saturated zone parameter, shown on outputs of four flow gauging stations and
three groundwater levels

Comparative objective functions for the different set-ups of homogenous Tern
model automatic calibration

Optimisation of RMSE at the basin outlet for the automatically calibrated
homogenous Tern model

Optimisation of each parameter during automatic calibration at the basin
outlet of the homogenous model

Observed and simulated calibration bounds at four gauging stations from the
homogenous model, calibrated at the basin outlet. The model is calibrated at
Walcot and tested at the further three internal river flow gauging stations

Results of calibration bounds derived by autocalibration of the homogenous
model of river flow at the basin outlet, for seven groundwater level sites that
were not used in the calibration

Example of the Pareto front
(a) Mean river flow and groundwater level RM SE identifying the optimal and

sampled ‘calibrated models (b) Optimised mean river flow RMSE (c)
Optimised mean groundwater level RM SE

232

233

234

235

237

238

240

241

249

251

252

255

256

260

262

-26 -



5.26.

5.27.

5.28.

5.29.

5.30.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

6.10.

Parameter ranges tested within the automatic calibration using the multi-
criteria approach and selected sample set of ten models for the homogenous
model

Observed and simulated daily river flow at four calibrated gauging stations.
Cdlibration bounds (minimum and maximum daily flow) are shown for the
ten sampled models, automatically calibrated with the multi-objective
approach for the homogenous model

Results of the multi-objective automatic calibration of the homogenous
model, manual calibration and observed levels from the range of ten sampled
model s are shown within the calibration bounds

Validation/testing of the multi-objective automatic calibration of the
homogenous model. Plots for four ‘non-calibrated’ gauging stations show the
observed and simulated river flows (calibrated bounds derived from the min
and max daily flow from the ten sampled models)

Testing/vaidation of the multi-objective automatic calibration for the
homogenous model. Plots show observed and ssimulated levels at seven ‘non-
calibrated’ boreholes (calibrated bounds derived from the simulated min and
max levels from the sampled ten calibrated models)

Observed and ssimulated daily river flows at four gauging stations used in the
manual calibration of the distributed model

Observed and simulated mean monthly river flows for the four gauging
stations used in the manual calibration of the distributed model

Thiessen polygon areas in the distributed model
Comparative July 2003 daily precipitation record for the eight rainfall gauges
used in the distributed model and the catchment mean as a comparison to the

data used in the homogenous model

River flow regimes at the four gauging stations for the manual calibration of
the distributed model

Manual calibration of groundwater levels for the distributed model

Relationships between the manually calibrated groundwater levels and
observed data for the distributed model

Observed and ssimulated daily river flows at four gauging stations used in the
model testing and validation of the distributed model

Observed and simulated annual river flow regimes used in model testing /
validation for the distributed model

Observed and simulated groundwater levels at the seven boreholes used in the
model testing and validation phase for the distributed model

263

266

268

271

272

282

283

285

286

287

289

292

294

295

297

-27 -



6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6.17.

6.18.

6.19.

6.20.

6.21.

6.22.

6.23.

Sengitivity of model parameters at eight gauging stations after a 5%
perturbation (forward and back) from the parameter interval. The dashed red
line indicates the assessed threshold (0.5% from initial run) that defines
whether the parameter is sensitive to model performance

Sensitivity of parameters at 14 boreholes after a 5% perturbation (forward &
back). Dashed red line indicates the threshold (0.5% from initial run) that
defines whether the parameter is sensitive to model performance

Aggregate sensitivity analysis for (a) river flows and (b) groundwater levels

Optimisation of RMSE at the basin outlet for the automatically calibrated
distributed Tern model

Optimisation of each parameter during automatic calibration of the distributed
model. (Units for y axes: SWC Sat and SWC Fwp (fractions), horizontal
hydraulic conductivity (m s%), ET Depth (m))

Observed and simulated calibration bounds at four gauging stations for the
distributed model calibrated at the basin outlet. The model is calibrated at
Walcot and tested at the further three internal gauging stations

Results of calibration bounds derived by autocalibration of the distributed
model of river flow at the basin outlet, for seven groundwater level boreholes
that were not used in the calibration

(8 Mean river flow and groundwater level RMSE identifying the optimal
and sampled ‘calibrated models (b) Optimised mean river flow RMSE (c)
Optimised mean groundwater level RMSE

Parameter ranges tested within the automatic calibration and selected sample
set of ten models. Units for y axes: SWC Sat and SWC Fwp (fractions),
horizontal hydraulic conductivity (m s), ET Depth (m)

Observed and simulated daily river flow showing the calibration bounds
(minimum and maximum daily flow) for the ten sampled models
automatically calibrated with the multi-objective approach. Plots shown for
the four gauging stations used in the calibration

Results of the multi-objective automatic calibration of the distributed model.
Observed and simulated groundwater levels from the range of ten sampled
models are shown within the calibration bounds

Testing of the multi-objective automatic calibration. Plots for four ‘non-
calibrated’ gauging stations show observed and simulated river flows
(calibrated bounds derived from the min & max daily river flows from ten
sampled models)

Testing/validation of the multi-objective automatic calibration. Plots show
observed and simulated groundwater levels a seven  ‘non-calibrated’
boreholes (calibrated bounds derived from the simulated min and max
groundwater levels from the sampled ten calibrated models)

304

307

310

317

318

321

324

328

330

332

337

339

342

-28 -



7.1.

7.2.

7.3.

7.4.

1.5.

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.

8.7.

8.8.

8.9.

Uncertainty bounds in calibrated river flow at four gauging stations derived
from six calibrated models of different modelling protocols

Uncertainty bounds in calibrated groundwater levels derived from six
calibrated models of different modelling protocols

Annual river flow regimes (2000-2003). Uncertainty in calibrated river flow
in four gauging stations derived from six calibrated models of different
modelling protocols

Comparative groundwater level regimes (2000-2003) derived from six
calibrated models of different modelling protocols

Method of calibrating and selecting six optimal calibrated models from
different modelling protocols

UKCIP02 50km? grid of the UK highlighting box 332 in which 91.7% of the
Tern Catchment is located

Monthly precipitation, minimum and maximum temperature projections for
the eight UK CIPO2 climate change scenarios

Mean monthly precipitation, PET and net precipitation projections for eight
climate change scenarios in the Tern Catchment

Daily ssimulated river flows for the six hydrological models for the eight
climate change scenarios for the characteristically wet 2000-2001 year

Daily ssimulated river flows for the six hydrological models for the eight
climate change scenarios for the characteristically dry 2002-2003 year

Deviations of monthly mean river flow of 50L and 80H climate change
scenarios from the calibrated baseline for each of the six hydrological models,
and at four gauging stations

Deviations of monthly groundwater levels of 50L and 80H climate change
scenarios from the calibrated baseline for each of the six hydrological models,
and at three boreholes

Simulated annual river flow regimes of the baseline period, 50L and 80H
scenarios for the six models, at four gauging stations

Simulated groundwater level regimes at three boreholes for the baseline
period, 50L and 80H scenarios, compared for the six calibrated models

349

350

353

354

365

385

386

389

393

394

396

397

399

401

-29-



Chapter 1 — Introduction

Chapter 1

I ntroduction

1.1. Introduction

Water management is increasingly recognising the need for integrated approaches to
problem solving (Thompson and Hollis, 1997; United Nations, 1992). Hydrological
models can provide a framework for this approach as they have the ability to couple and
include all components of the hydrological system. They are also beneficial as they can
be used to examine a range of scenarios whether that is, for example, to assess the
impacts of climate change or alternative water resources management issues. As a
result, hydrological modelling research and application are being driven by the
increasing pressure being placed on global water resources as aresult of rapid growth in

population, economy and climate change.

The stress on water resources is exacerbated by alack of co-ordinated management and
governance (UNESCO, 2003) and there are numerous issues that urgently need
attention ranging from water pollution and flooding, to problems of water scarcity and
drought. Catchment hydrological models are therefore frequently being employed when
seeking to address these global problems and issues.

The growth in research and application of hydrological models in recent years has

therefore been primarily application driven, with the end users pushing for answers to
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problems. Emphasis has not always been on careful and structured development that
seeks to minimise uncertainty and error within the modelling protocol outlined below
(Silberstein, 2006).

As defined by Klemes (1986, p.14) ‘a hydrological simulation model is a mathematical
model aimed at synthesising a (continuous) record of some hydrological variable Y, for
aperiod T, from available and concurrent records of other variables X, Z..”. The concept
of ahydrological model is considered to be based on the foundations of the hydrological
system as a simplification of reality, and allows the genera flows and stores of water to
be expressed diagrammatically.

Figure 1.1 provides a summary of the protocol usualy followed when undertaking
hydrological modelling. After the identification of the research question, the first
requirement in the modelling process is model conceptualisation (Lee, 1993), where the
modeller is required to understand the basic hydrology of the system or catchment,
review the available data and to decide on the basic structure of the model. Thisis often
undertaken by consideration of the processes and stores associated with the land phase
of the cycle in space and time. The hydrological model is usually represented by
parameters (the parameterisation) that together make up each process or store within the
model. Following model conceptualisation, a suitable model code must then be chosen
that best suits the research problem and the available data (Refsgaard, 1997; 2000).

The process of modelling subsequently employs the ability of computers to manipulate
large volumes of input data, and is based on careful logical programming (Shaw, 1994).
Once the hydrological model has been constructed, performance criteria are defined in
order to assess model performance. These criteria should once again best reflect the
purpose of the research. For example, if the objective is to model flood discharges then
suitable statistics that are concerned with error of peak flow simulation should be
employed. In contrast, if the aim is to accurately simulate river flows over the full range
of observed conditions then alternative performance criteria may be selected
(Refsgaard, 2000). Both quantitative and qualitative performance criteria can be used
including specific river flow test statistics such as the widely used Nash-Sutcliffe
coefficient (Nash and Sutcliffe, 1970).
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Figure 1.1. The steps in hydrol ogical modelling protocol
(modified from Refsgaard, 1997)

The following stage is to calibrate the model which involves the refinement of
parameters to values that are best representative of catchment characteristics, whilst at
the same time seeking to maximise the ability of the simulation with regard to the
defined performance criteria. Calibration methods can be manual (e.g. Refsgaard, 1997)
or automatic using optimisation agorithms (Madsen, 2003). Once the model is
calibrated, a testing or validation stage is necessary to assess model performance with
an independent observed set of data outside of that used in the calibration. For example,
testing is typically undertaken by the ‘ split sample’ (Klemes, 1986) approach of using a
separate time period and then re-assessing the performance criteria for that period.
Additionally this phase can be undertaken with additional observed internal site data
within the catchment not originally used in the calibration stage (such as river flow,

groundwater levels, soil moisture or snow depth).

The initial stages of conceptualisation, model development and testing are critical
within hydrological modelling and can often require a large proportion of the total
project time taken. As shown in Figure 1.1, the modelling protocol indicates that only in
the last two steps are hydrological models used for simulation and application purposes
(Refsgaard, 1997). It is important to choose the correct modelling code for the problem
and represent the catchment in a way that will result in the best solution for the initia
objectives. Figure 1.1 shows that the calibrated hydrological model is then frequently

used for simulating alternative scenarios in order to address the objectives of the
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research. For example, in cases where the aim is to assess potential impacts of climate
change on catchment water resources, perturbed input climate data of a particular future
scenario are used to drive the model, and the output measure of river flow/groundwater
level then compared to the original model output (Arnell and Reynard, 1996; Thodsen,
2007; Mernild et a., 2008; Christensen et al., 2004; Thompson et al., 2009). Estimated
changes can then be derived and passed on to decision makers that seek to manage the
impact of climate change. Other scenario testing that is also undertaken includes the
modification to internal model structure, for example with scenarios of different
groundwater abstraction (e.g. Shepley et al., 2009).

1.2. Aims and objectives of theresearch

As aresult of the need for problem solving driving the development of hydrological
models; many different model codes have been constructed with aternative spatial and
process complexities in order to address the needs of specific research objectives.
Added to the need for problem solving, continued quests to formalise knowledge and
advance scientific understanding of processes within the hydrological system has
resulted in the development of an increasing number of refined and more complex
models. This has aso been facilitated by the rapid development of computing power
(Singh et a., 1995). As the number of models in operation increases however, the
choice of which hydrological model code to use becomes greater and there appears to be
comparatively few studies which compare model codes, methods of model set-up, and
types of uncertainty in comparison to the volume of application driven modelling. As a

result of thisidentified problem, the main aim of thisthesisis:

To assess using an ensemble approach, the extent to which different choicesin the
construction and calibration process (key aspects of the modelling protocol) result
in differencesin simulated model outputs, and consequently whether it ispossible
to select a best modelling protocol from those assessed.

The research is undertaken using the 876.36 km? Tern Catchment in Shropshire, UK, as
a case study. The key questions below have been highlighted in the literature as
fundamental issues of uncertainty within the hydrological modelling protocol, and are
used in thisthesisin order to achieve the main aim of the research:
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1. What effects do different spatial representations have on model outputs?

This is undertaken by the construction of two catchment scale hydrological models for
the same catchment using the same model code, but with different levels of spatial
descretisation. River flow and groundwater levels simulated by the models, and the
model performance statistics are compared at a number of locations, both at the basin
outlet and internally within the catchment.

2. How do different methods of model calibration affect the performance of river

flows and groundwater levels?

For both models of different spatial complexities, arange of different methods of model
calibration (manua and two automatic methods) are employed. In order to ensure the
results can be compared, the two models of different spatial complexities are, as far as
possible, subject to the same calibration methods. The performances of different
methods of calibration are assessed using the same criteria — for river flow and
groundwater levels at a number of sites internally, and at the basin outlet in the case of
river flow. As a result of the different calibration methods six optimally calibrated
models for the catchment are established (three calibrations for each spatial

representation).

3. How different are river flows and groundwater levels as a result of parameter
equifinality?

For the models that are subject to automatic calibration, the equifinality of the parameter
space is investigated by the selection of a suite of calibrated models, each with different
parameter values. The objective is to recognise that parameter equifinality exists and is

an important uncertainty within hydrological model development.

4. To what extent do different performance statistics suggest different abilities of

model s?

Routinely used quantitative performance statistics such as Nash-Sutcliffe (NSE) (Nash
and Sutcliffe, 1970), Root Mean Square Error (RMSE) and Correlation coefficient (R),
are compared. An assessment is undertaken to assess whether results suggest that any

one of the modelling protocols is better than the others. A further statistic, the summary
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score, a measure which attempts to score more qualitative aspects of simulated river

flow hydrographs and groundwater levelsis also included in the assessment.

5. How do measures of performance internally within the catchment, as well river
flow at the basin outlet suggest different abilities of models?

Assessment of model performance is undertaken for both river flows and groundwater
levels at a number of locations, therefore using the multi-objective framework that is
suggested for distributed models (Refsgaard, 1997; 2000). Assessment of river flow will
be assessed at the basin outlet as well as major tributaries and minor upstream areas of
the catchment. Groundwater levels are assessed at a range of locations across the
catchment, in areas of differing geologies. The incluson of a range of model
performance criteria and their application to both river flow and groundwater levels

facilitates a more comprehensive assessment of overall model performance.

A secondary aim of the thesis is to use the results to explore the range of intra-model
uncertainty when using the models for the common application of climate change
impact assessment on water resources. As already noted, a large number of climate
change impact assessments compile uncertainty from a range of future scenarios or use
data projected from a range of different climate models. This work uses an ensemble
approach based on a range of calibrated models to compare intra-hydrological model
uncertainty with the projected impact of climate change in the catchment. The specific

research questions that are addressed in this part of the thesis are:

6. What are the projected impacts of climate change simulated for the Tern
catchment, using UK CIPO2 data, for both river flows and groundwater levels at
arange of locations?

7. What is the uncertainty and range of ssimulated river flows and groundwater
levels between the six calibrated hydrologica models for different climate
change scenarios and two time-glices (2050s and 2080s)?

8. What is the magnitude of the intra-model uncertainty compared to the projected
impacts of climate change, and how important is intra-model variability when
using the models to simulate the potential effects of climate change?
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detail in Section 1.5 that gives an overview of the structure of the thesis.

Given the research questions above that are used to assess the thesis am, Figure 1.2

outlines a conceptual strategy that the research follows. This has been developed from

The conceptual strategy divides the research into nine individual components which

form the basis of each chapter within the thesis. This conceptual strategy is described in
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Figure 1.2. Conceptual research strategy to explore the thesis research questions
and chapter division of thesis
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1.4. Site and code selection

Figure 1.2 shows that the initial step is to define the purpose of the research which
requires the selection and justification of the site and model code. In order to select a

suitable catchment for the research, the following criteria were defined:

A medium sized catchment of between 500 — 1000 km? that enables differences to
be seen between the outputs of different spatial complexities of the proposed
models. This size of catchment should also be typical of that in which water
resources problems are often addressed at local to regional scales (e.g. Refsgaard,
1997)

A catchment with substantial spatial variation in precipitation, topography, soils
and/or geology, so that when different complexities of models are developed,

scale differences may be expected to impact the results.

A catchment that has been substantially surveyed and monitored with sufficient
data to develop a distributed model. These data must also be freely, cheaply or

routinely available for research purposes.

In order to undertake the large amount of modelling that is central to the thesis, the
emphasis was on the synthesis of secondary data. Within the timescale of the research it

was not feasible to undertake detailed primary data collection.

Given the criteria, initia research was undertaken and the Lowland Catchment Research
(LOCAR) catchments in the UK were considered as feasible options. These catchments
included the Frome/Piddle system in Dorset, the Pang/Lambourne catchments in
Oxfordshire and the Tern catchment in Shropshire. The NERC funded LOCAR project
(2000-2006) investigated how water enters, is stored within, and is discharged from
rivers in these three groundwater-dominated catchments (NERC, 2008). Research into
the three sites highlighted that the 876.36 km? Tern catchment in Shropshire, detailed
further in Chapter 3, met al the criteria defined above. The catchment is an appropriate
size and has a characteristically complex geology of permeable sandstones, less
permeable mudstones and substantial glacial drift deposits. Its status as a LOCAR
catchment means that extensive data (prerequisites for the development of a complex
hydrological models) are available.
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Different model codes were assessed, as documented further in Chapter 2, in order to
identify one that would be able to meet the research requirements. It was necessary to
select a model code that is able to operate with uniform parameter representation (a
homogenous spatial distribution), as well as a more fully distributed spatial
representation. In order to assess model performance at numerous gauging stations and
groundwater level boreholesit is also necessary for the spatially homogenous model not
to be a typical lumped model. It would be possible to construct different spatial
complexities of model using different codes, the approach adopted by Refsgaard and
Knudsen, (1996), but rather it is considered more appropriate to compare the effects of
gpatial complexity using the same modelling code so as not to introduce further inter-

model code uncertainty.

As an objective of the research is to test different calibration methods, a further
requirement of the modelling code was that it would be possible to undertake a range of
calibration methods including both the facility to undertake manual calibration as well
as automatic calibration methods.

The MIKE SHE modelling system (Abbott et al., 1986a & b) has been selected as a code
which satisfies these criteria. As detailed in Section 2.4 and Chapter 4, the code can be
used to create varying complexities of hydrological models from both conceptua as
well as physically-based process representation. The MIKE ZERO framework in which
MIKE SHE operates also has an additional component, Autocal, enabling automatic
calibration of models.

1.5. Structure of thethesis

By exploring some of the key issues of uncertainty within the commonly used
hydrological modelling framework, this thesis assesses the extent to which different
choices in the construction and calibration process result in differences in simulated
model outputs. Using a broad ensemble approach that employs a range of models
developed using various modelling protocols, the research seeks to examine whether it
is possible to develop a best protocol (defined by models of different spatial
representations and calibration methods). Implications are assessed by quantifying the
impacts and uncertainty of climate change, an expanding area of research to which
hydrological models are applied.
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The thesisis structured in a further eight chapters which broadly follow the stages of the
conceptual research strategy shown in Figure 1.2. As shown in Figure 1.2, Chapter 2
reviews the background concepts and research concerned with key issues in
hydrological modelling, data and uncertainty. The chapter also provides an overview of
the MIKE SHE modelling code that is used in the research.

Chapter 3 provides a detailed site description and data analysis of the Tern catchment. It
provides a conceptual understanding of the catchment and reviews the data that are
subsequently used in the construction of hydrologica models. Although using
secondary data, the chapter provides a comprehensive review and includes a
predominantly primary analysis of the data. The MIKE SHE hydrological model setups
are detailed in Chapter 4. As shown in Figure 1.2. both a homogenous catchment model
with predominantly uniform parameter values, and a spatially distributed model are
developed. The two catchment models also include a coupled MIKE 11 hydraulic river
model that is also described in this chapter.

Chapter 5 is the first of two chapters which presents modelling results. As shown in the
conceptual strategy (Figure 1.2), the chapter includes details of the performance criteria,
the initial testing and manual calibration of the homogenous model. A parameter
sengitivity analysis is aso included in order to define those parameters that are then
taken forward and subject to automatic calibration. Two types of automatic calibration
are reviewed, one that automatically calibrates river flow at the basin outlet, the other
using a more rigorous multi-objective approach featuring river flow and groundwater
levels at a number of locations. Figure 1.2 shows that Chapter 6 follows the same
approach as Chapter 5, but with the focus on the manual calibration, sensitivity analysis
and automatic calibration of the distributed model.

In Chapter 7, modelling results and uncertainty are reviewed with reference to the first
five research questions outlined in Section 1.2. Chapter 8 seeks to put the main body of
the research into context by addressing the last research questions concerned with model

structure and calibration uncertainty when simulating the impacts of climate change.

Chapter 9 makes summaries of the principal conclusions of the research, highlighting
the contribution the thesis makes to the research field. It also suggests future directions

for further study.
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Chapter 2

Hydrological modelling, data and uncertainty

2.1. Introduction

This chapter provides an overview of the background concepts and some of the main
issues and uncertainties within hydrologica modelling. Section 2.2 defines a
classification of different types of hydrological model and compares some of the most
widely used models. The issues and uncertainty associated to physically-based,
distributed modelling are then discussed in Section 2.3, as MIKE SHE, the model code
used in this research is classified as this type of model. An overview of the key
processes and applications of MIKE SHE are then provided in Section 2.4. Section 2.5
briefly reviews additional error and uncertainty that derives from input data into
hydrological models, and definitions, issues and methods of model calibration and
validation are discussed in Section 2.6, where parameterisation, performance measures

and sensitivity analyses are also discussed.

2.2. Classification and comparison of hydrological models

This section outlines the development of hydrological models, reviewing and comparing
some of the most widely adopted hydrological models and modelling approaches. A
classification of hydrological modelsis given according to three criteria; process, spatial

and system representation.
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2.2.1. System representation: deter ministic and stochastic

There are two approaches used to model hydrological systems, deterministic and
stochastic system representation (Shaw, 1994). Deterministic (or mechanistic) models
seek to simulate the physical processes operating in the catchment, and are usually
concerned with the conversion of volumes of water from precipitation to streamflow.
The modelsidentified in Table 2.1 are predominantly deterministic in nature, and MIKE

SHE, the model code used in this thesis can be classified as a deterministic model.

Stochastic models such as the stochastic differential equation lumped rainfall-runoff
model used by Lee et a., (2001) seeks to describe a hydrologic time series of measured
variables such as evaporation and rainfall, and attempts to include the elements of
probability that are intrinsic to earth systems (Shaw, 1994). In this case, Lee €t d.,
(2001) treat the measured values of rainfall as the random element within the model to
include arange of uncertainty that is associated in the measurement of rainfall data. The
primary difference between deterministic and stochastic models is that deterministic
models will always yield the same result, no matter how many times a simulation is run
for a given setup. Stochastic models on the contrary will produce different results each
time the model is run and are in essence ‘non-repeatable’ due to the probability of

occurrence.

The majority of applied hydrological models in widespread use are deterministic in
nature, although a more stochastic approach is encroaching into the research field with
the use of deterministic models that are being driven with stochastically derived inputs
such as can be derived within the Generalised Likelihood Uncertainty Estimation
(GLUE) framework that is discussed further in Section 2.6.3.3 (Beven and Binley,
1992).

2.2.2. Process representation: empirical, conceptual & physically based models

The simplest type of hydrological models are ‘empirical’ or ‘metric’ which depend
entirely on observations and field data Empirical models attempt to represent
relationships between input and output time series using transfer functions. Empirical
models stem back to the unit hydrograph theory (Sherman, 1932) that considers the
linear relationship between effective input precipitation, assumed to be uniform in
space, and the runoff response in a given unit of time, e.g. one hour or one day. Simple

-4]1 -



Chapter 2 — Review of hydrological modelling

rainfall-runoff relationships which plot rainfall and streamflow can be ssmply derived
for a catchment asin Figure 2.1. Law (1953) used data for the River Derwent catchment
(Trent) from 1906-1947 to derive the relationships shown in Figure 2.1 where it is seen
that the correlation coefficients between runoff and rainfall are 0.87 for the winter

period and 0.91 for the summer period, which indicate a satisfactory linear relationship.

Despite their benefits, derived relationships are basin and usually time-period specific.
For example, if land-use change has occurred within the catchment then the relationship
may no longer be applicable, and its reliability questioned when extrapolating for an
event outside of that from which the relationship was derived. However, these simple

empirical models remain useful in establishing general catchment characteristics.

900
800+
700}
Winter average 620 mm
600F
"
‘E 500¢ g
E "
£ 4000 R :§
mmer . |
S average 305 mm o S
€ 300F - -7 SN 2
' < |2
e 23 2
200+ L & 3 8
,/I -, ln™ kéj
100} L -7 & !
’ e | 'g
0 3 !

4 < e e e = [ SR I B R— SR
100" 200 300 400 500 600 700 800 900 1000 1100
Rajnfall (mm)

. Winter runoff = 0.82 rainfall =25
. Summer runoff = 0.73 rainfall — 100

Figure 2.1 Example of rainfall runoff relationships that show average catchment characteristics
(Law, 1953, cited in Shaw, 1994).

Later developments of empirical models include Artificial Neural Networks (ANNS)
which use existing catchment data to learn the behaviour of the rainfall-runoff process

by supervised or unsupervised pattern recognition between inputs (Caudill and Butler,
1992g; b).
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Figure 2.2. Thetypical Artificia Neural Network (ANN) conceptualisation (Caudill and Butler,
1992a)

ANNSs use athree layer system as represented in Figure 2.2. A base layer requires inputs
(e.g. precipitation). A second hidden neurode layer combines a number of the inputs and
produces an output which is transmitted to many different locations (which can include
other neurodes within the same layer). Connections between the input layer and the
middle or hidden layer contain weights. The middie layer sums the weighted inputs to
produce a single value output from each neurode. The sum is then used in a transfer

function to create an output value in the third layer.

Maier and Dandy (1997) report that ANNs were first introduced to hydrological
modelling by Daniell (1991) where an ANN was used to predict monthly water
consumption and estimate flood occurrence. ANNS have been used for a variety of
water resource applications including time-series prediction for rainfall forecasting
(French et a., 1992) rainfall-runoff processes (Minns and Hall, 1996; Shamseldin,
1997) and representing soil and water processes including soil moisture (Altenford,
1992).

A second way to represent hydrological processes in a model is by using a conceptual
approach. Conceptual models represent processes schematically — from precipitation
input to streamflow output, with a series of stores with relatively simple mathematical
equations describing the connecting fluxes. Water budgets are calculated for each of the
stores (regarded as a series of reservoirs) where the volume of water held varies with

each given time step (Shaw, 1994).
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A classic example of a conceptual model is the O’ Donnell model (Shaw, 1994) (Figure
2.3) which is constructed around four storages Rainfall (R), Channel Storage (S), Soil
Moisture storage (M) and Groundwater storage (G). This generalised catchment model
utilises inputs of precipitation and evaporation and is governed by nine control
parameters which can be calibrated using a curve fitting method to achieve a best-fit to

stream discharge.
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Where Q (Stream discharge) is calculated by:

Parameter Description
P Precipitation
Er Evaporation
F Infiltration
R Store
R* Threshold of R
Q Surplus of R after which water can be made available for Q
Q- Surface runoff
Qs Baseflow
S Surface store for water resulting from Q,
Er Evapotranspiration that can occur from store M
M Unsaturated zone storage for infiltrated water from F.
M* Threshold above which D can occur
D Percolation, only when water volumein M is greater than threshold M*
C Capillary rise to store M, unless G attains the G* threshold
G Groundwater store
G* Threshold for G, above which G and M are combined

Figure 2.3. The O’ Donnell Model as represented by Shaw (1994)

The equations describing many of the ‘flows” within conceptual models do not have any
true physica meaning (i.e. the parameter values cannot be acquired from field
measurement). This results in the necessity to calibrate such models to observed data. It
can be seen in Table 2.1 that the mgority of hydrological models classified as
conceptual are aso often lumped or semi-distributed models (e.g. HYRROM, HBV,
Stanford watershed model), as will be discussed in Section 2.2.4.
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Thirdly, physically based models represent hydrological processes in a similar way to
conceptual models in that they seek to isolate the component processes such as
unsaturated and saturated zone flow, overland flow and evapotranspiration. However,
instead of using parametric equations to represent these processes, physically based
models use mathematical -physics using the equations of real world motion and quantum
mechanics, hydro and thermodynamics (Beven, 2001). For example, the Institute of
Hydrology Distributed Model (IHDM) (Beven et a., 1987) and MIKE SHE (Refsgaard
and Storm, 1995) use physicaly based laws such as St Venant equations of channel
flow and 3D finite difference groundwater flow governed by Darcian law to solve
different components within the model. As Table 2.1 highlights the hydrological models
that have been classified as physically-based, are also often classified as distributed
models.

2.2.3. Spatial representation and grid descretisation: lumped, distributed and semi-
distributed models

There is a further degree of classification within hydrological modelling that is
concerned with spatial representation of the model. There are three primary spatial
representations used: lumped, semi-distributed and distributed models (Figure 2.4).
Lumped models (Figure 2.4.a) class the basin as a single unit with model parameters
that attempt to represent the average values across the catchment (Refsgaard and
Knudsen, 1996).
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Figure 2.4. Conceptualised views of spatially representing the catchment with the lumped, semi-
digtributed and distributed approaches

Many of the earliest hydrological models such as the Stanford Watershed Model
(Crawford and Lingley, 1966) are classified as lumped models. Most of the more
recently developed models are often semi-distributed (Figure 2.4 b&c) or distributed in

-45-



Chapter 2 — Review of hydrological modelling

nature (Figure 2.4 d&e), this could be attributed to the relationship between
hydrological model development and the development of computer processing speed
and storage capacity (Kirkby et al., 1993).

Distributed models (Figure 2.4.d& e) have the ability to take account of spatial variation
of al parameters and variables within the catchment. Distributed models are usually
physically based (Table 2.1) and descretise the basin into a network of grid cells or large
number of elements, and solve the parameter equations for each of the grid cells
independently (Beven, 2002). The finite difference/grid mesh method (Figure 2.4.€) is
the method used within the MIKE SHE model, within a regular spatial grid, for
representation of the surface and sub-surface flow equations (DHI-WE, 2005 and
Beven, 2002). By contrast, the finite element method, shown in more detail in Figure
2.5 can be used to distribute data at varying resolutions across the catchment with areas
around the catchment boundary represented with larger triangular elements than those
closer to the river network. This method has also been widely used to represent

elevation which is often represented in a Triangular Irregular Network (TIN).

SURFACE
DOMAIN
Outlet of the
Geer basin
{Kanne gauging
station)
SUBSURFACE
DOMAIN
Loess andTertiary
deposits
: Upper chalk
145000 §
z J Intermediate chalk
e 150000 §
% ecn &
55 =500 3 Lower chalk
B 180000 §
3, 1es000

Easting (m)

Figure 2.5. Conceptualisation of the spatial descretisation of the Geer basin using afinite
element mesh (Goderniaux et a., 2009)

- 46 -



Chapter 2 — Review of hydrological modelling

There are often hundreds to thousands of grid points or cells within a distributed model,
with many parameters associated with each cell. This means that there can be up to two
or three orders of magnitude more parameters in a distributed model compared to a
lumped model covering the same area (Refsgaard, 1997). A schematic of the process of
finite difference distributed modelling is given in Figure 2.6. This highlights how the
output from each grid cell is available for input to the adjacent horizontal or vertical

grid cells.
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Figure 2.6. Example of the finite difference or grid method as a means of spatially distributing
hydrological models (source: ssjircas.affrc.go.jp/.../2004/2004_04.html)

Due to data availability issues, most distributed models are required to use average
variables and parameters at the specified grid scale. Beven (2001) discusses the
classification of distributed models with regard to the problem of acquiring suitable
volumes of data — such models have consequently been regarded in a sense as lumped
conceptual models at the element scale (Beven, 2001). Section 2.3 further discusses data

and grid size issues within distributed modelling.

Further to lumped/uniform and distributed models, the principle of a semi-distributed
model combines the idea of both a simple lumped model and a distributed model, as
depicted in Figure 2.4 b&c. With a semi-distributed catchment model, the basin is
represented by a number of separate zones, whether topographically divided (division of
areas by elevation, e.g. upland or lowland) as with TOPMODEL (Beven and Kirkby,
1979), or by sub-basin distribution such asin Figure 2.4c.

Within a semi-distributed model, parameters representing the processes within each

zone are independently calibrated to account for some of the spatial variation within the
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catchment. Other approaches of specific models to sub-divide the watershed range from
descretisation schemes based on the tributaries of the river network, for example in the
DPHM-RS model used by Biftu and Gan (2001), to divisions of the catchment with
Hydrologically Similar Units (HSUs) or Aggregated Simulation Areas (ASAS) in the
SLURP modé (Kite, 1995), or hydrological response units (HRUSs) in the SWAT model
(Arnold et al., 1993).

Kirkby et a., (1993) suggest that treating the hydrograph response in a number of
partitions may be the best method. The suggested partitions of the unsaturated
infiltration zone, saturated subsurface and surface zones, channel network and
groundwater in aquifers are in general accordance with the Hydrologically Similar Unit
(HSU) concept of Becker (1992; 1995), and Becker and Braun (1999). HSU aggregate

areas of hydrologically similar behaviour into different profiles.

Figure 2.7 further illustrates the concept of sub-dividing the catchment into
characteristic profiles (Karvonan et a., 1999). It is possible to have numerous profiles
that can be replicated multiple times within the catchment. Each profile can be given its
own parameterisation and calibration but all are linked to the overall input precipitation
and losses from evapotranspiration and all are linked by channel routing to the
catchment outflow. With the HSU approach, the separate profiles enable the modeller to
consider the different processes that may be operating in the different profiles. For
example, drainage flow may be important within an agricultural field profile and thus
can be included. This may however be a process that is omitted from a forest profile in
which subsurface flow and surface runoff are key processes.
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Figure2.7. Hydrologicaly Similar Unit (HSU) concept as a method of semi-distributing a
model (Karvonan et a., 1999)
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In summary, physicaly-based distributed models are often considered as superior to
simpler conceptual ones. In theory they are more exact and in principle they therefore
require less calibrating and fitting of parameters. However, conceptual models are
frequently the reasonable compromise when a model’s demands for data meet the
reality of application (Refsgaard, 1997). Complex solutions are not always warranted,
and simple solutions can be just as adequate (Loague and Freeze, 1985). As pointed out
by Refsgaard (1997), there may be no final conclusion on which type of model is better,
but the most important factor is the proper consideration in choice of strategy and type
of model that is appropriate for the question/issue to be solved.

2.2.4. Comparison of hydrological models

Having explained the theoretical classifications of hydrological models according to the
three main criteria above, Table 2.1 seeks to place some of the most widely used models
within this context. Although there are almost countless numbers of model codes (with
agood review given by Singh et a., (1995)), the particular ones have been chosen to be
representative of the different classifications outlined in the previous Section, 2.2.3.
Table 2.1 shows that models have been constructed in many developed countries;
predominantly by research institutes and universities. With the exception of empirical
models, a key feature of hydrological models is that the same model structure or * model
code’ (Andersen et al., 2001) can be used for a number of basins of varying size and
location, with the parameters assigned val ues bespoke to each catchment.

It can be seen that some of the models such as the Stanford Watershed Model (1966)
and HBV (1976) are quite old in comparison to others such as SLURP (1995) and
MIKE SHE (1995) derived from SHE (1986). The older models often require less
computing power and hard disk space for data storage, and are often classified as
lumped and conceptual models as opposed to the more recent distributed and physically
based models that are computer intensive.

Table 2.1 highlights example applications for the different models. It can be seen that
physically-based and distributed models are frequently used in complex studies such as
surface water — groundwater interaction research (Stadnyk et a., 2005), hydro-chemical
routing in pollutant and water quality studies (Santhi et al., 2006) and river basin
management (Jain et a., 1992).
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Table2.1. Review of a selection of widely used hydrological models

Name of Attributed Spatial Process System Data Requirements |Brief description Applications
M odel to/developed by |representation |representation | representation
HYRROM Blackie and Eles, |Lumped Conceptual Deterministic Precipitation Flow simulated with ssmple | Infilling missing flow
Hydrological (1985) — UK representations of physical | data. Quality control of
Rainfall-Runoff | Institute of processes. Easy to use. data. Generating
Model Hydrology Nine parameters available | synthetic flow
for calibration. sequences. Water
resources assessment.
SWM4 Crawford and Lumped (can be |Quasi-physical Deterministic Precipitation and Uses a soil moisture Applied globally,
Stanford Lindey, (1966) |quasi-spatially but considered potential accounting procedureand | predominantly for civil
Watershed - Stanford variable) conceptual evapotranspiration, represents hydrological engineering design and
Model University radiation, processes within the agricultural engineering
temperature, cloud drainage basin through (Fleming 1975).
cover, wind, tide. storage and routing
functions. 34 parameters
(25 without snowmelt)
available for calibration.
HBV Bergstrom, (1976) | Lumped (can be | Conceptual Deterministic Sub-basin division, Originally aforecasting Used in over 40
and Bergstrom et | modified to semi- atitude and land and simulation tool. Daily | countries. Flood
al., (1992) - distributed and cover distribution, rainfall-runoff model with |forecasting in Nordic
Swedish elevation zones) time series of conceptual numerical countries. Also for
Meteorological & precipitation and descriptions of spillway design flood
Hydrological temperature (time- hydrological processesat | simulation (Bergstrom et
Institute (SMHI) series of observed catchment scale. al., 1992), water
water discharge at resources evaluation
some sites). (Jutman, 1992) & effect
of wetlands on regional
nitrogen transport
(Arheimer et al., 1998).
TOPMODEL |Beven and Kirkby | Semi-distributed - | Physically-based | Deterministic, but | Topographic data, Collection of conceptsthat | Global &
(1979) - subdivision into can berun limited soil data, other | can be used and adapted to | multidisciplinary. Early
University of small stochastically parameters from specific study. Combines | climate change scenario
Leeds, UK. homogenous sub- direct measurement. | spatial variability of testing (Wolock and
basin units source-areas with average | Hornberger, 1991).
modelled response of basin soil- Recently modified
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TOPM ODEL Separately. water storage (reducing the | version for stream
(cont). number of parameters). chloride concentrations
Flow estimated with (Pageet d., 2007). Vast
assumption water table literature of non-
follows topography (a commercial applications
surrogate for hydraulic (uncertainty estimation),
gradient). (Xavier et a., 2006) and
(Freer et al., 1996).
SLURP Kite, (1995) - Semi-distributed - | Conceptual (quasi | Deterministic Topographic data, Continuous simulation Applicationsvary in size
Semi- National dividesthe physical) land cover data, model. Parametersrelated | of catchment. e.g.
distributed Hydrology watershed into climate and to land cover (vegetation | Prairie sloughs, of few
Land Use- Research hydrologically- hydrometric data. type). Most important hectares (Su et al., 1997)
based Runoff | Ingtitute, Canada | consistent sub- parameters in model to 1.8 million km?
Processes units known as include interception Mackenzie basin (Kite
aggregated coefficients, depression et a., 1994). Range of
simulation areas storage, surface roughness, |applications from hydro
infiltration coefficient, power production (Kite,
groundwater conductivity | 1997), estimation of
and snowmelt rates. Model |irrigation performance
accounts for changesin the | (Kite and Droogers
distribution &type of land | 1999). Woo and Thorne
cover over time. Suitable | (2006) assessed
for climate change impact | snowmelt contribution
studies. to runoff in mountain
catchment, Canada.
SWAT (Arnold et al., Semi-distributed | Physically-based | Deterministic Multiple inputs River basin scale model Kang et a., (2006) —
Soil and Water |1993, 1998) (HRUs) — grid ranging from developed to quantify Applying SWAT total
Assessment United States descretisation at precipitation, impact of land management | nitrogen, phosphorus
Tool Department of users choice. temperature, solar practicesin large, complex | and suspended solidsin
Agriculture — radiation, wind speed, | watersheds. Daily time small rice paddy
Agriculture PET, land cover, step. Divides catchment catchment, Korea.

Research Service

elevation, fertiliser.
Availableinput at
varying
descretisations

(Neitsch et al., 2005).

into HRUs where sub-
basins have homogenous
climate, soil, management
and land cover.
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SWAT Can predict effects of Santhi et a., (2006)
(cont). watershed management on | studied impacts of water
runoff, sediment, nutrients | quality management
and pesticide yields. plans implemented at
watershed and farm
level in Texas.
WATFLOOD |(Kouwenetal., Distributed Physically-based | Deterministic Radar rainfall data, Flood forecasting and long- | Pietroniro et al., (2006),
1993) University | (according to LANDSAT or SPOT |term simulation using Toth et a., (2006) for
of Waterloo, input raster land use and/or land | distributed precipitation climate change impact
Canada satellite data). cover data. Gauged data from radar or assessments.
precipitation for numerical weather models. | Groundwater separation
infilling and Satellite data directly study in boreal wetland
calibration, flow, incorporated into model. terrain Stadnyk et al.,
snow depth, Multiple processes (2005).
temperature and modelled including
radiation. interception, infiltration,
snow accumulation and
ablation, recharge, base
flow.
MIKE SHE (Refsgaard and Lumped, semi- Physically-based | Deterministic but |Various parameter Modular structure See Table 2.11 for more
Derived from | Storm, 1995) — distributed or (with some with ability to run | datafor: Topography, | comprising Six process- detailed review of
System DHI Water and Distributed components stochastically Precipitation, orientated components MIKE SHE
Hydrologique | Environment optional using a Monte- temperature, land use, | representing physical applications.
Europeen (DHI-WE) conceptual Carlo evapotranspiration, processes of land phase of | Applicationsinclude:
approach) autocalibration overland flow, hydrological cycle. Datais | Modelling groundwater

method.

unsaturated zone
flow, saturated zone
flow, groundwater.

input discretely ina
horizontal orthogonal
network of grid squares so
that the parameters can be
represented at a high
spatial resolution.

Christiansen et al.,
(2004), Pollution and
Water quality (Brun,
2002a), Irrigation
Jayatilakaet a., (1998),
River Basin
Management Jain et al.,
(1992).
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By aggregating the models and placing them in direct comparison it may aso be
appreciated that often models with similar classifications (e.g. SLURP and SWAT, and
WATFLOOD and MIKE SHE) have similar applications and similar data requirements.
Studies have shown that regardless of the specific model code used, very similar results
for the same question can be achieved. Some of the initial comparisons between
hydrological model capabilities were carried out by Loague and Freeze (1985) using
two simple black box and a quasi-physically based model. The models were applied to
three small (<10km? catchments) where it was shown that ‘despite poor performance’

there were no significant differences between the different model resullts.

The applications given in Table 2.1 are only a very small representation of how each of
the models have been applied. It can be noted that many of the given examples are for
use in water resources planning or impact assessments of given changes such as climate

change or land use change.

In addition to applied problem solving and management studies where hydrological
models are used for scenario testing or impact assessment, a widening area of research
that addresses model theory, uncertainty estimation and model development is aso
prevailing. For example, it is highlighted with TOPMODEL which has been used
significantly for uncertainty estimations of input data, model grid resolutions (Chaubey
et a., 2005) and sensitivity analyses to model parameterisations. To exemplify thisissue
further, Section 2.4.3.1 includes areview of ‘research studies’ within MIKE SHE.

2.3. Physically-based, distributed hydrological modelling

This section includes a discussion of four main issues associated with physically-based
distributed hydrological modelling. A review is given of the issues concerning the data
intensive nature of distributed models and requirement of abundant data sets. This is
followed by the problems of representing parameters by homogenising them at a grid
cell scale. The uncertainty in using physically-based equations at the grid cell scale is
also described, where equations often derived at the micro-scale are up-scaled and used
to represent often large grid cells. The issue of input data resolution and problem of

choosing a suitable grid size in the modelling processis also discussed.
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2.3.1. Therequirement of abundant datasets

Great concern is frequently raised about the large amounts of data that distributed
models such as MIKE SHE require. Many measurements of critical model parameters
do not exist, or are not available at a high enough spatial resolution to render a model
fully distributed. For example, input precipitation data distributed by Thiessen polygons
from point/gauged data are able to represent some of the spatia variability of
precipitation, but due to the often fragmented rain gauge network (discussed in more
detail in Section 2.5.1) some of the spatial variability is inherently lost. Consequently
there is a lag between the capabilities in distributed modelling and that of obtaining
field data (Dunne, 1983; Silberstein 2006) as spatialy distributed models are often
capable of datainput at finer spatial scales than typically used.

With the widespread development of remote sensing and GIS however, gaps in data are
being frequently overcome. For example, Andersen et a., (2002a) and more recently
Stisen et a., (2008) used METEOSAT based Leaf Area Index (LAI) measurements and
AVHRR precipitation data in sub-catchments of the Senegal river basin in the MIKE
SHE model to show how in an otherwise data sparse basin, marked improvements in
model performance could be made with the addition of the spatial resolution of data

made avail able by remote sensing.

2.3.2. Homogenising parameters at the grid cell scale

Another concern in distributed modelling is that the heterogeneity of processes
occurring at the sub-grid scale are not accounted for when up-scaling to grid cells,
especially those frequently set at low resolutions and for large catchments such as the
4km x 4km grid in the data sparse Senegal catchment (Andersen et al., 2002a).

As outlined above, a lack of hydrological data results in the need to compromise with
lower spatial resolution and fewer grid squares, meaning the area of each grid square
increases. As aresult of this scaling, any given grid cell within amodel is assumed to be
homogenous as only one set of parameter values can be assigned to each grid cell.
However in redlity this homogeneity is not present. As detailed by Beven (1989) for
example, overland flow must be lumped over the specified grid cell, when in reality this

would vary internally within the area covered by the cell. In addition, other hydrological
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processes would naturally vary within a grid cell such as precipitation variation that
often varies considerably over short distances (Hutchinson, 1970). It is concluded that
there is no given theoretical framework for lumping these sub-grid processes for
gpatially heterogeneous grid-squares and by doing so there is a ‘conceptual-leap’
introduced to distributed modelling (Beven, 1989).

2.3.3. Use of physically-based equations at the grid scale

A further issue in distributed modelling is that the physically-based equations that are
used to represent each grid cell within a model are debatably not accurate enough to be
used at the adopted catchment scale study, since the process equations that distributed
models use have often been derived from micro scale studies (Beven, 1996). For
example, Cosby et al., (1984) discuss the hydraulic properties of soil with regard to their
relationship with soil texture. The research that was carried out was essentially
physically-based using up to 5000 soil samples of ‘fist-sized fragments’ in a laboratory.
Although comprehensive at the scale in which the study was undertaken, it does not
consider the effects of larger scale processes also important in hydraulic conductivity
such as macropore flow that are likely to operate at the grid scales used in hydrological
modelling.

In spite of the criticisms, there are numerous studies that have shown an improvement in
model results from the use of distributed models which even when accounting for the
issues above, are ‘more physically-based” than the older generation of lumped
conceptual models (Beven, 1989). Michaud and Soorishan (1994) compared three
hydrological models in a 150km? semi-arid catchment. The study compared the
physically-based distributed model KINEROS of Woolhiser et a., (1990), the SCS
conceptual lumped model and the SCS conceptual distributed model with eight sub-
basins (McCuen, 1982).

Table 2.2 indicates the lumped conceptual model gave the least adequate results. Results
from the distributed models indicated that when calibrated, both physically-based and
conceptual gave similar results with RMSE of time to peak 36.1% and 30.6%
respectively (of mean observed). Without calibration, however, the physically-based
model simulated flow more sufficiently as shown in all the test statisticsin Table 2.2 for
peak flow, time to peak and volume.
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Table 2.2. Validation statistics for Peak flow, Volume and Time to Peak (Michaud and Sorooshian, 1994)

Peak Flow Time to Peak Volume
RMSE Average Bias RMSE Average Bias RMSE Average Bias
{Percent of (Percent of (Percent of (Percent of (Percent of (Percent of

Mean Observed) Mean Observed) Mean Observed) Mean Observed) Mean Observed) Mean Observed)

Calibrated

Lumped SCS 99.2% -52.7% 36.1% +14.7% 104.4% —16.9%

Distributed SCS 85.4% +10.3% 19.9% +10.3% 83.5% -27.6%

KINEROS - 89.9% +3.7% 30.6% —6.9% 73.1% —26.6%
Uncalibrated

Lumped SCS 120.3% -97.2% 111.7% —85.5% 115.6% —93.2%

Distributed SCS 113.0% —68.0% 46.7% —1.6% 109.5% —68.9%

KINEROS 79.0% =26.4% 28.6% +21.6% 70.1% —4.5%

2.3.4. Theissueof input dataresolution/ grid size

Another key issue that has to be considered in distributed hydrological modelling is how
the behaviour of ssimulated runoff varies with increases in the size of the catchment and
the dimensions of the individual grid cells within the model. Early theory of scaling in
hydrological modelling suggested that at small and micro scales, spatia variability in
topography, soils and precipitation govern the production of runoff (Wood et a., 1988).
As scale and grid cells increase within the model, a wider range of variability of model
parameters are contained within each sampled area. The premise follows that at a given
‘large scale’ all cells will yield amost identical responses and can be considered

homogenous.

There is a choice to be made therefore, regarding the required and optimal resolution of
input data. Spatial variability can be better accounted for with higher resolution data,
but it is frequently not possible or impractical to include such high resolution data
particularly if a catchment is primarily un-gauged or very large. Despite a better
representation of variability within a catchment, data of very high spatial resolution can
contain redundant information due to replication of values over very small distances and
leads to an increase in required storage capacity and computer time (Omer et al., 2003).
The trade off is thus to ascertain an adequate grid size where the homogeneity bal ances
with the preservation of the characteristics of a higher resolution input field (Molnar and
Julien, 2000; Sivapalan and Kalma, 1995; Bloschl and Sivapalan, 1995).
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Figure 2.8 is used to demonstrate the issue of representing the catchment with different
grid sizes using the MIKE SHE mode code. It is shown that the topography
representation on the 500m  500m grid is coarse. This may influence the timing of the
routing of water through in the model. If the cells are larger then adjacent movement
between cells will take place more rapidly through the time steps than the smaller grid
size where water has to move between more cells. The boundary of the catchment is
also influenced with the different grid sizes where a better definition of the catchment
shape is shown with higher resolution (smaller) grid sizes. The complexity and length
of tributaries are also influenced by the different grid sizes, with larger grids resulting in

more jagged representation of water movement.

As summarised in Table 2.3, considerable research has been undertaken regarding
gridding in hydrologica modelling using numerous model codes on catchments of
various sizes and different climatic regions. These studies seek to ascertain the optimal
grid size or best way to form, at a given scale, an average hydrologic response which
has minimal variation in response as the catchment area increases (Wood et al., 1988).

[metar]
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Undefined Walus

Figure 2.8. Bailey Brook, Shropshire, represented with a) 100m  100m grid and b) 500m
500m grid
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Table 2.3. Review of studies associated with distributed hydrological model grid cell resolution

Author Catchment location Catchment size  Grid sizesor Model used Topic of study and main findings
(km? number of sub-
basins studied
Bathurst, Wye catchment, UK. 10.5 250m, 500m SHE To divide catchment into elements no larger than 1% of total
(1986) area
Wood et al.,, Coweeta, N. Caroling, US 170 87,39,19,3 TOPMODEL  Representative Elementary Area (REA): the smallest
(1988) semi-distributed discernable point which is representative of the continuum.
sub catchments Strongly influenced by topography. REA = ~1km? in this study.
Zhang&Montgomery  Mettman Ridge, Oregon. 0.3 2,4,10,30,90m TOPMODEL  The need to compromise between increasein spatial resolution
(1994) Tennessee Valley, 1.2 and data handling requirement. The highest grid resolutions
Cdlifornia. finer than 10m do not give improved results.
Horrit and Bates, River Severn, UK. 60 kmlength 10, 20, 50, 100, LISFLOOD- Studies inundated flood area and flood wave travel times. This
(2001) 250, 500, 1000m FP study uses other hydrological variables than just runoff to give
same conclusion that there is no improvement after100m when
finer resolutions used. Shows that grid size affects shoreline
location, flow routing behaviour & floodplain storage capacity.
Saulnier et ., Maurets, France 84 40,60,80,100, TOPMODEL  Gridsizeisanalyticaly linked to the saturated hydraulic
(1997) 120m conductivity parameter (following Franchini et al., 1996). It
shows there are scale dependencies on calibrated parameters and
that model results and parameter values are not independent of
scale.
Chaubey et a., Moores Creek, Arkansas, 18.9 30, 100, 150, SWAT DEM resolution affects delineation of the watershed and stream
(2005) UsS. 200, 300, 500, network. A decreasein spatial resolution resultsin adecreasein
1000m the volume of simulated stream flow. 100-200m required to
achieve less than 10% error in flow simulation.
Molnar and Julien, Goodwin Creek, 21.0 127t0914m CASC2D Coarser grid resolutions can be used if the parameters are
(2000) Mississippi, US. 560.0 appropriately calibrated for each simulation. Found for both
Hickahala-Senatobia, US. smaller and larger catchment.
Shresthaet al., Huaihe, China (& sub- 132,350.0 10 minutesto MASCOD Development of IC Ratio (ratio between input resolution and
(2006) catchments) 29,8440 25 catchment area). Similar results found for all 3 sizes of
Wangjiaba 2093.0 catchment. Model performance is more pronounced below 1:10,
Suiping and rate of improvement negligible above 1:20. Optimal range

is between this.

- B8 -



Chapter 2 — Review of hydrological modelling

2.4. Overview of MIKE SHE

This section discusses in detail the MIKE SHE hydrological model code that is used to
develop the hydrological models later in the thesis. An outline of the MIKE SHE code
development from the SHE model is given and i< followed by a discussion of how each
of the components of the hydrological cycle can be represented within the code and
summarises the equations that can be chosen for each of the main processes. A review
of some of the applications of the model are also provided, demonstrating how MIKE
SHE has both been applied at varying scales and complexities at many sites and scales

around the world and in different climatic regions.

24.1. MIKE SHE origins and development

The Systeme Hydrologique Europeen (SHE) was a physicaly-based, distributed
catchment modelling system (Abbott et a., 1986a, b). The development of the system
was funded by the European Commission and developed by three European
organizations from the UK (Institute of Hydrology), Denmark (Danish Hydrologic
Institute (DHI) now DHI-Water and Environment) and SOGREAH, a French
environmental consultancy firm. The prototype emerged in 1981, with the first
production version in 1982. Distributed models such as SHE were developed in
response to the identified inadequacy and inappropriateness of many conceptual,
lumped rainfall-runoff models to simulate sub-catchment hydrologica issues such as
land-use change. The development of SHE, which uses real-world physical equations
and allows for spatial variations within the catchment (e.g. topography, precipitation,
soil and geology), resulted in the construction of a modelling concept where these issues
could be addressed. The SHE model was then further developed in the 1980s by DHI-
WE, formerly DHI in Denmark where the model was established as MIKE SHE, with

the ability to represent more grid squares where as the original SHE was limited.
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Figure 2.9. Conceptualisation of the distributed structure of MIKE SHE
(Refsgaard and Storm, 1995).

MIKE SHE is a distributed physically-based code with an integrated description of the
Six process-orientated components that describe the major physical processes of the land
phase of the hydrological cycle (Refsgaard and Storm, 1995). As conceptualised in
Figure 2.9, the spatial distribution of catchment parameters are achieved in the
horizontal domain by representation of the catchment by an orthogonal grid network
and in the vertical by a column of horizontal layers at each grid square (Abbott, 1986a).

MIKE SHE includes a fully developed user interface where it is possible to select
different solution techniques at various complexities for each of the hydrologica
components. The model code includes pre-processing and post-processing modules
including analysis statistic options for comparisons in the calibration phase, and various
options for displaying results. Various file formats can be used in mode! input, ranging
from ESRI shapefiles to more simple text files which can then be edited and created into
specific MIKE SHE files.
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Table 2.4. Recent devel opments of MIKE SHE in the 2008 edition (summarised from

dhigroup.com)
Component Development Details
MIKE SHE Water Quality The ability to simulate water quality acrossall the

hydrologic cycle - including advanced sorption and
degradation of dissolved solutes,

MIKE SHE Elevation corrected An improved, distributed rainfall-runoff model, with
precipitation with additional  elevation corrected precipitation and rigorous snow
snow store/melt model storage and snowmelt module;

MIKE SHE Unsaturated Zone / Improvements to the Unsaturated Zone (UZ) module,
Macropore flow including a physically-based macro pore model;

MIKE SHE GUI A series of user interface improvements, including the

consolidation of climate input data and better access
and visualization of pre-processed data.

MIKE 11 MIKE 11 GIS The possibility to use ArcMAP to calculate the
difference in results between two runs.
A linkage between point source layersin ArcMAP and
point pollutant loadsin MIKE 11

The full detail and manual of the MIKE SHE code is given in the ‘user’s guide’ (DHI-
WE, 2005) which details all the system options and technical users reference with the
detail concerning the governing equations. Refsgaard and Storm (1995) have provided a
frequently referenced and detailed description of the structure and set up of the MIKE
SHE model, including developments and changes made to the model code up to the date
of publication.

A more recent synopsis of the model in its present form is available in Graham and
Butts (2005). As MIKE SHE is a dynamic system which is continually evolving, further
recent developments have been included in the 2008 edition of the model, these are
summarised in Table 2.4 from information from the DHI website (dhigroup.com).

2.4.2. Process representation

As aready introduced, it is possible to use different solution techniques to represent the
different processes in MIKE SHE. For example, if the aim of the modelling work is to
simulate groundwater (Madsen and Kristensen, 2002) then a more complex
groundwater solution can be applied. Similarly, if the objective is to construct a large
scale model (Andersen et a., 2001) then using the more complex solvers is often too
demanding on time and resources for it to be viable or useful. For example, McMichael
et al., (2006) used a simplified version of the MIKE SHE model where the model is set
to use more of the conceptual equations rather than the physically-based ones. This
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section provides an overview of how each of the different processes can be represented
as well as the choice in numeric engines that can be used. The user options are
expressed in Figure 2.10 as reviewed by Graham and Butts (2005). The figure aids in
demonstrating the number of options the user has when setting up aMIKE SHE model.

2.4.2.1. Precipitation

In MIKE SHE precipitation is an input parameter into a model. Real data as a constant
or a time series can be specified for either uniform distribution, station based using
Thiessen polygons for example, or with full gridded spatial distribution. Precipitation is
then represented for each grid within the distributed model based of the model domain
and grid size which is preset. Additionally, air temperature can be input in the same
format if snow cover and snowmelt are of importance in the catchment. Snowmelt is
specified by a simple relationship where a given value (mm) will melt per day after
temperature has risen above a specified threshold. As Table 2.4 indicates, the snowmelt
component of MIKE SHE has been further developed for the 2008 release to include a

more rigorous snowmelt and snow store mode!.

Interception of rainfall in MIKE SHE depends on vegetation type and stage of
development (Poole et al., 1981), which is characterised by the leaf area index (LAI),

where greater than 70% of rainfall isreturned to the atmosphere via evapotranspiration

2.4.2.2. Evapotranspiration

Evapotranspiration refers to the sum of the processes of direct evaporation from free
water surfaces and transpiration from sub-surface water either directly or via plants
(Graham and Butts, 2005). MIKE SHE calculates actual evapotranspiration (AET)

using one of four options as indicated in Figure 2.10.

Soil Vegetation Atmosphere Transfer (SVAT) — a model that comprises a single,
semi-transparent canopy layer located above the soil layer. The only way for

water to enter or leave soil isthrough this canopy layer.
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Figure 2.10. Schematic view of the processesin MIKE SHE. Available numeric engines are
shown for each processes as well as the available exchange pathways for water between the
process models. Source. Graham and Butts (2005).

Kristensen and Jensen Method — using empirically derived equations Kristensen
and Jensen, (1975) derived from fieldwork in Denmark. Time series for
reference potential evapotranspiration (PET), leaf area index (LAI) and root
depth (RD) as well as other empirical parameters that control the distribution of
ET in the model domain and required as inputs for this method (Refsgaard and
Storm, 1995)

Two-layer water balance method — a ssmplified water balance method for the
UZ storage and ET. Root depth defines the part of the UZ in which ET can
occur. The method requires the same input data as Kristensen and Jensen
method but is different in that it does not consider flow dynamics and so is better

suited to areas where the water tableis close to the surface such as in wetlands.
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Open software systems - (e.g. Daisy model). The Daisy model (Hansen et al.,
1990) can be used as an added component to MIKE SHE to calculate
evapotranspiration for studies especially concerned with agricultural studies

such as Boegh et a., (2004). The modd is a 1-D agro-ecosystem that can

simulate crop production, crop yield, water and nitrogen dynamics (Abrahamsen

and Hansen, 2000). Potential evapotranspiration data is used primarily, aong

with precipitation and irrigation inputs and other weather data to ascertain the

upper limits for simulated evapotranspiration.

2.4.2.3. Overland (OL) flow

Overland flow such as that which is derived from ponded water as a result of

precipitation that does not infiltrate into the UZ can be calculated by the two methods

illustrated in Figure 2.10; the 2D finite difference method which is a diffusive wave

approximation of the Saint Venant equations, as well as the semi-distributed, slope-zone

approach. The finite difference method requires three parameters to be specified in the

model: the Manning number, detention storage and the initial water depth (as detailed in

Table 2.5).

Table 2.5. Parameters and conditions used in OLF caculation in MIKE SHE.

Par ameter Conditions Description
Manning Overland Flow &  Manning M (equivalent to Stickler roughness coefficient).
number Finite Difference  Manning M isthe inverse of Manning n. Typical values between
100 and 10 with lower values used for OLF compared to channel
flow.
Detention Overland Flow &  To limit the amount of water that can flow over the ground surface
storage Finite Difference  (i.e. surface water must exceed this threshold before available to
OLF). Water held in detention storage is available for infiltration to
UZ and to evapotranspiration.
Initial water Overland Flow &  Initial water depth at start of simulation held on the ground surface
depth Finite Difference  (ponded water).
Overland- Overland Flow &  For when the soil profile is saturated and the UZ is disabled. If
Groundwater ~ Finite Difference  detention storage is operating then there is direct flow between
leakage AND reduced OLF and SZ. Vertical hydraulic conductivity in SZ if often not
coefficient contact in representative of permeability in the top layer of the soil and hence
subareas aleakage coefficient can be specified. Often used under
permanently flooded lakes and floodplains where fine sediment
may have accumulated forming atop layer.
Separated Overland Flow &  To divide the model into OLF zones (conceptually these are areas
flow areas Finite Difference  separated by dykes/embankments). Flow between zonesis
AND separated prohibited.
flow areas
Overland Overland Flow &  Used to define topographic zones for the smple, catchment based
flow zones sub catchment- OLF solution. Zones are defined as areas with similar topography.
based OLF Additional parameters must be specified: the slope, slope length,

Manning number, detention storage and initial depth.
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The semi-distributed approach is similar to that of the Stanford Watershed Model
(SWM) (Table 2.1), and is based on an empirical, conceptual relationship between flow

depth and surface detention and uses the Manning equation of surface roughness.

2.4.2.4. Unsaturated Zone (UZ) flow

MIKE SHE simulates unsaturated zone flow vertically assuming gravity is the most
important process in governing directiona movement of water. Although latera
movement may occur especially in more hilly areas, it is ignored as it is
computationally expensive to calculate. UZ flow is characterised by fluctuations in
precipitation and hence soil moisture, as well as evapotranspiration and recharge to

groundwater.

If the full Richards equation is used, UZ flow calculations are often very time
consuming. As aresult it is possible to lump UZ flow calculations by solving all the
equations once and then applying the results to similar cells, for example, where the

same precipitation and soil types are located. Table 2.6 reviews the methods available

within MIKE SHE of calculating flow in the UZ.

Table 2.6. Description of the different engines available in MIKE SHE to compute UZ flow

M ethod Description Requirement When to use
Richards Physically-based on - Pressure head as a Most computationally
equation continuity equation and function of saturation intensive but most accurate.
Darcy’slaw. Vertical (moisture retention curve)  Use for study of UZ flow
movement driven by - Hydraulic conductivity dynamics
gradient of hydraulic head
Gravity flow  Assumesauniform, vertical - Hydraulic conductivity =~ When interested in time
procedure unit-gradient and ignores for saturation relationship ~ varying recharge to GW
capillarity. A simplification based on actua ppt and
of the Richards equation. AET, not the dynamicsin
Pressure head isignored and the UZ.
vertical flow assumed from (such asMcMichael et al.,
gravity. Faster and more 2006). Also for coarse soils
computationally stable than when capillary pressure is
the full Richards equation. small
Two-layer Conceptually divides UZ - Root depth When water-table is shallow
water balance  into aroot zone and zone (wetland studies) and GW
below the root zone. The - Leaf Areaindex rechargeis primarily
method calcul ates the influenced by
volume of water that will - Reference evapotranspiration in root
recharge the saturated zone.  evapotranspiration zone. Also when delay
between ppt and recharge is
small or not of interest.
Other means  Direct input of net recharge  N/A When a sophisticated model
to the saturated zone from isrequired. E.g. DAISY
other means soil-plant-atmosphere model

useful in agricultural studies
(Abrahamsen and Hansen,
2000)

- 65 -



Chapter 2 — Review of hydrological modelling

2.4.2.5. Saturated Zone (SZ) flow

MIKE SHE can simulate groundwater using the complex 3D finite difference method

using the Darcy equation or a ssmpler linear reservoir method. The choice of which

engine to use is based on the objectives of a particular study and the availability of data.

Table 2.7. Specification of Saturated Zone parameters when using the 3D finite Groundwater

approach in MIKE SHE

SZ Parameter Details Format or Units
Lower Level The lower level valueis used to define the bottom of .shp (polygon) or
geological layers and geological lenses. The bottom of the  dfs2 (grid)
geological layersisaways equal to the top of the layer
underneath. Values can be specified independently or
relative to ground level.
Upper Level Can be defined by the lower level of the geological layer .shp (polygon) or
above, or the ground surface. dfs2 (grid)
Horizontal extent  The horizontal extent is used to define the lateral extentsof  .shp (polygon) or
geologic lenses. dfs2 (grid)
Horizontal The horizontal hydraulic conductivity isused directly in ms?
hydraulic MIKE SHE. MIKE SHE assumes that the horizontal
conductivity conductivity isisotropicin x and y.
Vertical hydraulic  The vertica hydraulic conductivity isinput directly in ms?

conductivity

MIKE SHE.

Specific yield The specific yield isonly used in transient simulations, but ~ Dimensionless
must always be input. Specific yield isonly used in the cells
that contain the water table. In the cells below the water
table, the specific storage coefficient is used.
Storage The specific storage coefficient is only used in transient Um
coefficient simulations, but must always be input. Specific storage
coefficient isonly used in the SZ. In the cells above the
water table, the specific yield is used.
Initial potential The Initial potential head is the starting head for transient m (values relative to
head simulations and the initial guess for steady-state ground level)
simulations. The choice of initial head for steady state
simulations may affect the rate of numerical convergence
depending on the solver used.
Outer boundary The outer boundary conditions are defined as line segments  Fixed head, zero
conditions between two boundary points. flux, flux or gradient
Inner boundary For locations of variousinternal boundary conditionstobe  Fixed head, fixed
conditions specified in the model. head drain, head
controlled flux or
inactive cells
Drainage Surface drainage is a boundary condition in MIKE SHE Drainage downhill
used to defined natural and artificial drainage systems that based on adjacent
cannot be defined in the MIKE 11 River setup. It can also drain levels, routing
be used to simulate overland flow in a simple lumped based on grid codes
conceptual approach. or distributed
drainage.
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The geology of the catchment when using the 3D finite difference method can be
described with geological layers and additional geological lenses each with associated
hydraulic properties. The hydraulic properties (as listed in Table 2.7) can be specified
on a cell-by-cell basis or by zones defined by ArcGIS shapefiles (polygons) or MIKE
SHE grid-code files. Boundary conditions also need to be specified for each
computational layer.

For studies concerned with groundwater movement the finite difference method has
been shown to work at a satisfactory level (Henriksen et a., 2003). In this research,
groundwater flow simulation was undertaken at a large scale covering the 7330km? Isle
of §aelland, Denmark, using alkm 1km grid. Head data from 4439 observation wells
were used as the observed data for which the model was calibrated and validated. After
inverse modelling was used to refine calibrated parameters, a classification of ‘very
good’ results were obtained with RM S between 4-6, NSE 0.65 — 0.85 and Fpy (average
runoff error) between 5-10%. Results from Henriksen et al., (2003) were considered
good enough to be able to use the model for groundwater and climate change scenario
testing.

However, it is frequently the case that there are problems of obtaining detailed
information and data relating to groundwater, or it is not necessary to model
groundwater flow in such a complex manner. In this case the conceptual linear reservoir
method is frequently used as a compromise. This method, shown in Figure 2.11, divides
the groundwater of the catchment into sub-catchments with a series of shalow
reservoirs and one or more deep baseflow reservoirs. To account for differences in fast
and slow baseflow, the baseflow reservoirs are further divided into two paralel
reservoirs. The lowest interflow reservoir acts as the discharge outlet for groundwater to
be added as lateral flow into the channel.

The linear reservoir approach is an example of one of the more recent developments of
the model code. Studies have chosen to use this method for differing reasons, such as
Andersen et a., (2001) who used this approach because of lack of saturated zone data
over alarge area in the Senega Basin, and Sahoo et al., (2006) because the emphasis

was on flooding and not a detailed groundwater model.
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Figure 2.11.Conceptual structure of the linear reservoir approach for the saturated zone in
MIKE SHE

2.4.2.6. Channel flow

Within MIKE SHE, water can enter and be exchanged within the channel (small
rivulets, streams and rivers) either from overland flow or from groundwater where the
channel is a discharge point based on its close proximity to the water table. This
exchange is carried out with the coupling of MIKE 11, a 1D hydraulic model, based on
digitized points (chainage locations) and cal cul ation nodes (cross-section points).

MIKE SHE represents the river network along the edges of the specified model domain
grid (Figure 2.12). Since the water exchange occurs aong the edges of the grid it is
important to note that the more highly resolved the grid, the more accurate the

representation of the river network will be. Locations of MIKE SHE river links are
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determined automatically with reference to the co-ordinates of the MIKE 11 river points
that define the branches of the hydraulic model.

I I
. Mike SHE
20 X grid squares
19 )‘\ /
\ '{Mike 11 branch connection
18 \
= T
| .
'
17 T \ /'\9\
W Mike 11 branches \
Mike SHE—* ]\ /
river links ¥ \&
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15 MiTc 1 H—pm‘nts
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Figure 2.12. MIKE SHE and MIKE 11 coupling (DHI-WE, 2005)

As indicated in Figure 2.10 there are two methods of simulating channel flow within
MIKE 11: the 1D finite difference and a more simple flow routing method. Within each
method there are further options regarding the complexity of the calculations. For
example, advanced and complete non-linear equations of St Venant open channel flow
can be used in studies which focus on specific flow dynamics. Alternatively simple
hydraulic instantaneous flow routing methods can be used which assumes a water pulse
flows through the system in a single time step.

2.4.3. Applicationsof MIKE SHE

This section describes some of the uses and applications of MIKE SHE as collated from
available literature. It is divided into two sections, the experimental research of MIKE
SHE and the more operational and applied studies. The experimental and model testing
research is further divided into three sections; @) genera development and model
comparisons, b) assessments of input data uncertainties and lastly c) research
undertaken that addresses calibration and validation issues. These research studies are
discussed first, followed by the presentation of a representative sample of applied
research from a variety of fields/subjects. The section seeks to provide a review that

- 69 -



Chapter 2 — Review of hydrological modelling

MIKE SHE is both a well tested/researched model code that is continually evolving and
advancing, as well as having the ability to be used for real world problems and

management issues at avariety of scales.

2.4.3.1. Experimental research using MIKE SHE

Table 2.8 summarises some of the general research studies as examples of work that
have been undertaken using MIKE SHE that describe model code development and
links with other specialist models. For example, Boegh et a., (2004) use MIKE SHE
coupled with Daisy, a SVAT model for agricultural applications. A significant
development of MIKE SHE is that the code is now OpenMI compliant. OpenMI is a
tool that provides a standard interface, which allows models to exchange data with each
other and other modelling tools on a time step by time step basis as they run (Moore,
2007).

Research has also been undertaken that compares the MIKE SHE code with other
modelling codes, for example Yang et a., (2000), and Abu El Nasr et a., (2005). These
studies confirm that MIKE SHE is able to produce models of equal or sometimes
superior ability when compared to other codes. This Section of the thesis, 2.4, has
ascertained that there are numerous ways in which to solve the different components of
MIKE SHE. However, there does not appear to be a lot of published research on the
intra-model uncertainty when comparing different models constructed using different
protocols within MIKE SHE. As a result, this is an area of research that is to be
addressed in thisthesis.

A further class of uncertainty research that has been undertaken with the MIKE SHE
model code assesses uncertainty in input data and the impacts of using different grid
sizes (Table 2.9). Although these areas of research are not explicitly assessed in this
thesis, they are still a primary cause of uncertainty in hydrologica models that requires
acknowledgement. Vazquez and Feyen (2003) and Vazquez and Feyen (2007)
undertake uncertainty analyses on the different methods of inputting elevation data and
potential evapotranspiration. In both cases, the different methods that were assessed
were shown to have noticeable impacts on the results. This research highlights the
importance of the decisons made by the hydrologicad modeller and should be

acknowledged along with other types of uncertainty already documented.
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Table 2.8. Review of general MIKE SHE developmental and model comparison studies

Research focus  Details catchment Author
MIKE SHE Incorporation of physically-based macropore Bjerge, 62.3km?,  Christiaensen
development & formulation using up-scaling methodology, Focuseson et al., (2004)
addition of then assesces pesticide leaching given inclusion  Frankerup
components of the macropore component. region, 1.5 km?
(Demark)
Daisy (a soil-plant-atmosphere) model Field scalein Boeghet d.,
incorporated into MIKE SHE in agro- agricultura (2004)
hydrological modelling that also incorporates region of
remotely sensed data. Denmark.
Formal methodology given for the calibration Genera with Refsgaard
and validation of distributed models. The example of (2997)
protocol outlines the specific need for rigorous  Karup, 440 kn?,
validation and adequate spatial data. The Karup (Denmark)
catchment is used as an example of the
suggested protocol.
Details of initia development of MIKE SHE NA Refsgaard et
modelling software including schematic al., (1995)
representation of water movement module.
Linking of Snow Model and MIKE SHE for a Zackenberg Mernild et al.,
catchment with ~20% glacier coverage in River, 512km? (2008)
Greenland. (Greenland)
Compares three distributed modelling codes: Seki River 703
MIKE SHE MIKE SHE, TOPMODEL and the GB model. km? (Japan) Yangetal.,
compared to MIKE SHE likely to perform better in smaller (2000)
other codes catchment.
Semi-distributed SWAT model compared to Jeker, 465 km? Abu El Nasr et
distributed MIKE SHE model using daily flows (Belgium) a., (2005)

a basin outlet. MIKE SHE simulations
marginally  better, though models .
comparable. Important to address modelling
objectives, application and availability of data.

Other uncertainty analyses have been undertaken on the use of different grid sizes
within MIKE SHE. Vazquez et a., (2002) undertook multi-resolution scaling
assessments on the 600km? Grote and Kleine Gete catchments in Belgium, but

identified that in this example differences in simulations were only minor.

Experimental research that uses input data from remote sensing compared to ground
measurement have also been undertaken. For example Andersen et a., (2002a) and
Stisen et al., (2008) that use Leaf Area Index (LAI) and precipitation derived from
satellite data compared to more conventional methods. At the large scale (Senegd
Basin, 350 000 km? and 82 000 km?) satellite data for LAI were shown to improve the
model simulations, an encouraging indication that remote sensing data may aid in
overcoming some of the data gaps frequently associated with distributed hydrological
modelling.
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Table 2.9. Review of MIKE SHE input data uncertainty research

Resear ch focus

Details

catchment

Author

Testing input
data

Remotely sensed inputs of precipitation and
LAl  compared to conventional inputs.
Improvements found when using RS LAI, but
no real improvement to simulations with using
RS precipitation.

Different DEM gridding methods (all with
resolution of 600m) are used to assess the
output sensitivity in simulations. The MIKE
SHE interpolation tool, data distributed about
the centre of the gridded DEM cell and an
ESRI TOPOGRID agorithm were tested and
subject to individual calibrations to assess the
variations to parameter values and adequacy of
predictions.

Independent multi-calibrations of models using
different inputs of PET. A range of Penman-
based methods used to show parameters
associated by evapotranspiration were sensitive
to the different methods adopted.

Operational distributed modelling based on RS
derived inputs of the most important driving
variables. precipitation, PET and LAl.
Quantitative analysis suggests no real
improvement with RS data, but, comparison of
spatial output of PET from RS derived model
compared to convention point input model
show significantly different spatial patterns.
Research suggests RS data shows great
potential for larger-scale distributed modelling.

3 sub-catchments
of Senegal basin,

82 000 km?
(Senegal)

Grote & Kleine

Gete, 600 km?
(Belgium)

Grote & Kleine

Gete, 600 km?
(Belgium)

Senegal basin,
350 000 km?,
(Senegal)

Andersen et
al., (2002)

Vazquez and

Feyen (2007)

Vazquez and

Feyen (2003)

Stisenet al.,
(2008)

Grid size

Investigation of scale effects on simulations.
Multi-resolution validation tests undertaken at
300m and 1200m grid from the calibrated
600m model to show simulations differ only
marginaly. A further multi-calibration test
undertaken where individual model calibrations
undertaken at each grid size.

Grote & Kleine

Gete, 600 km?
(Belgium)

Vazquez et d.,
(2002)

Uncertainty
analysis

Model parameters assessed by use of transfer
functions with no model calibration
undertaken. Monte Carlo simulation used to
assess how uncertainty in input data influences
model results. The magnitude of uncertainty
depended on the temporal and spatial scale.

Investigate uncertainty and error associated
with flow predictions for arange of rainfall and
fire conditions, in both calibration and
validation and using a GLUE approach. Uses 7
scenarios of RS derived LAI to show predictive
uncertainty between scenarios as less than +/-
10% & that RS derived LAI is appropriate for
Chaparral catchments.

Karup, 440 km?,

(Denmark)

Jameson
catchment, 34

km?, California

(USA)

Thorsen et al.,
(2001)

McMichael et
al., (2006)
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Issues of calibration and parameterisation have also been addressed using the MIKE SHE model

code. Table 2.10 provides a review of some of this research. Although it is shown that the

majority of studies include multi-criteria methods of calibration that assess performance

internally within the catchment at a number of locations, comparative research has not been

undertaken that compares both manual and automatic calibration methods (which consequently

is carried out within this thesis). In the cases of automatic calibration assessment, the presented

studies do not compare automatic calibration methods or the influence different methods may

have on model outputs. Despite this, Table 2.10 does indicate that issues of calibration and
parameterisation have been assessed within MIKE SHE for a range of catchments of different

scales and characters.

Table 2.10. Review of MIKE SHE research assessing issues of calibration and parameterisation

Research Details catchment Author
focus
Automatic Discusses framework for autocalibration Karup, 440 km®,  Madsen (2003)
calibration methodology including parameterisation, (Denmark)

specification of calibration criteria and choice of

optimisation agorithm. Autocal package in MIKE

ZERO used to show improved calibration from the

Refsgaard (1997) model by finding the Pareto

optimal models using SCE approach. A trade off is

highlighted between ability to simulate GW and

flows.

An inverse approach to calibration using a South Jutland Sonnenborg et

simplification of the system in order to reduce area, 5900 km?, a., (2003)

simulation times using steady-state (not transient) (Denmark)

modelling. Aim isto use automatic calibration on the

steady state model and then transfer to the transient

model. Results show the estimated parameters are

highly sensitive to the way the steady-state model is

conceptualised.
Par ameter - Use tests of prior information (derived from site Hillslopein Mertenset al.,
isation specific field and lab studies) and non prior sandy-loambelt  (2004)

information (literature derived) of effective soil (Luvisal), 400

parameters. Two different parameter estimation km?, (Belgium)

studies SCE and GLUE used to show that more

readlistic parameterisations and reductions in

uncertainty bounds found when using prior

information.

Range of studies to assess sensitivity analyses and Ohebach Christiaens

uncertainty analyses of soil hydraulic parameters. catchment, 1 and Feyen,

Studies include the use of GLUE within the MIKE km?, (Germany)  (2000; 2001;

SHE framework and results indicate soil parameters 20023, b)

are successfully constrained to within 20 — 85% of

original size.
Calibration Lumped conceptual (NAM), distributed physically- Ngezi-South, Refsgaard and
& validation based (MIKE SHE), Mixed (WATBAL) models 1090 kv, Lundi, Knudsen
issues rigorously tested in three catchments. Split sample, 254 km? and (1996)

proxy-basin, modified proxy-basin and differential Ngezi-North,

split sample tests showed models performed equally 1040 km?

well with enough calibration data, though with no (Zimbabwe)

calibration the MIKE SHE model best.
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Emphasises requirements for calibration and
validation of lumped and distributed models. Uses
multi-site and multi-criteria  (river flow and
groundwater level) approach. Internal validation with
additional observations significantly poorer results.
Model grid sizes aso tested. A deterioration at
coarser grids, especialy greater than 1000m.

Model performance - calibration, split sample
validation and multi site validation using a multi-
criteria approach (river flow and groundwater level).
Multi-site  validations found less accurate,
groundwater level smulations variablein all tests.

Cdlibrations & validations using three tests
(uncalibrated, one station, various stations) in large
catchment using conventional data.

Multi-validation (split sample and proxy basin tests)
of various models set up over five years to smulate
groundwater levels at a large scale. Highlights the
non-linear process of modelling and need for
continual model re-evaluation.

A multi-criteria protocol to evaluate simulations
during calibration and validation stages. Uses mullti-
objective performance statistics, visual and analytical
approaches as well as filtering of flow components to
add physical consistency to the modelling approach.

Calibration and validation of MIKE SHE to simulate
high temporal resolution 15 minute flows in a flashy
mountainous catchment. Found that dividing the
catchment into sub-catchments is useful in assessing
sensitive model parameters (due to the heterogeneity
in the catchment) before overall model calibration
undertaken.

Karup, 440 km?,
(Denmark)

Grote & Kleine
Gete, 600 km?
(Belgium)

Senegal basin,
375 000 km?
(Senegal)

7330 km? Island
Sjaelland
(Denmark)

Nete, 356 km?,
(Belgium)

Manoa-Palolo
stream, 24.6 km?,
(Hawaii)

Refsgaard
(1997)

Feyeneta.,
(2000)

Andersen et
al., (2001)

Henriksen et

a., (2003)

Vazquez et a.,
(2008)

Sahoo et dl.,
(2006)

2.4.3.2. Applicationsof MIKE SHE

In addition to the research studies presented in Section 2.4.3.1, MIKE SHE has aso
been widely used to study a variety of water resource and environmental problems
under diverse climatological and hydrological regimes (Refsgaard and Storm, 1995).
Thisis demonstrated in Table 2.11. where it can be seen that the model has been applied
to alarge range of problems and locations from the very large semi-arid environment in
the Senegal Basin (Andersen et a., 2001), to small scale studies in the temperate wet
grasslands of the North-Kent marshes, UK (Thompson et a., 2004; Thompson et al.,
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Table2.11. Selected applications of MIKE SHE from the literature

Application Reference Description
Modelling Christiansen et d., Pesticide leaching through macropores to
groundwater (2004) groundwater, and role of macropore flow in

Liuetal., (2007)

Smerdon et al.,
(2009)

groundwater recharge, 1.5km? basin, Denmark.
Modelling groundwater level response to variationsin
OLF and topography in a seasonally flooded area
within the Tarim basin (Yingsu sub-basin), 91.6km?,
China.

MIKE SHE used to provide boundary conditions
(OLF, AET, and recharge) for alarge scale
groundwater model, 130 km? BX Creek watershed,
British Columbia. Study also incorporates further
geochemical and isotopic analyses of GW and surface
water.

Pollution and water

Brun (20023, b)

Landfill pollution plumes, Denmark. Studies of

quality pollution transport and biogeochemical processes.

Wetlands Thompson et al., Modelling of ditch-water levelsin the North-Kent
(2004) marshes, UK.

Soil erosion Stormet al., (1987)  Water flow and soil erosion processesin forest

modelling hydrology and watershed management.

Agricultural Boegh et al., Relationship between soil water balance and

management (20044, b) vegetation growth by coupling MIKE SHE and a

vegetation-SVAT model (Daisy) to predict crop yield,
Denmark.

Remote sensing Andersenet a., RS derived distributed precipitation and LAI data used
(20023, b), Stisen et to test for improvement in model performance in the
al., (2008) Senegal Basin. RS used to derive dryness index

River basin Henriksen et a., 7330km” island off Denmark as part of national

management (2003) hydrologic 1km? grid model of Denmark.
Jainetal., (1992) Kolar sub catchment of Narmada, India.

Ngo et al., (2007) Operational modelling of the HoaBinh reservoir,
Vietnam using automatic optimisation.

Irrigation Jayatilaka et al., 9-hairrigation site, Australia, to quantify the processes
(1998) affecting surface drainage and groundwater levels.

Climate change Thompson et al., Impact of climate change on the EImley marsh
(2009) wetlands, UK, using UKI1P02 data
Mernild et al., Application of MIKE SHE in snow dominated/glacial
(2008) region in NE Greenland, Zackenberg basin, 512 km?.

Singh et a., (2010)

Climate change simulations with RCM and Hadcm3
for A2 and B2 scenarios to suggest flow magnitude
will increase by factor 1.5 from current conditions.
Climate change i mpacts on the hydro-ecology of
Loktak lake, India

From the selected applicationsin Table 2.11 it can be seen that the model code has been

very widely used in a variety of water resources fields since its introduction as SHE in

1986. More recent applications frequently couple the MIKE SHE model with other

ecological models (Boegh et a., 2004), or employ data derived from remote sensing

(Andersen et al., 20023, b) and are computationally more complex and intensive. The

MIKE SHE model can therefore be described as a dynamic model which is continually

being improved and devel oped.
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MIKE SHE can be applied at spatial scales ranging from a single soil profile (Mertens
et a., 2004) which may be of use in agricultural studies where it may be of use to derive
crop water requirements. Asisindicated in Table 2.11, the model has also been applied
to large regions that include a number of large catchments within the same model, such
as the application of MIKE SHE in Denmark to create a national hydrologic model with
agrid resolution of 1km? (Henriksen et al., 2003).

2.5. Data and uncertainty in modelling

The purpose of this section is to further discuss issues of uncertainty within the
modelling process. The emphasis in Section 2.3 was to discuss issues and uncertainty
associated with model code, specifically issues arising from the use of distributed,
physicaly based models. In addition to this ‘structura’ and ‘parameter’ uncertainty
reviewed in relation to MIKE SHE studies in Section 2.4, there is additiona ‘run time
error’ and uncertainty (Ewen et al., 2006). ‘Run time error’ is associated with the
forcing data used within the model code, such as precipitation and evaporation input

errors and uncertainties.

Although the objectives of this specific research do not include assessment of the
impacts of input data uncertainty on model results, it is important to briefly
acknowledge this source of uncertainty in the modelling process. Some of the sources of
uncertainties for different variables commonly included in hydrological models are
summarised in Table 2.12. The list is not exhaustive but is included to provide an
indication of some of the largest instrumentation issues, measurement issues and

|ocation issues.

The instrumentation uncertainty typically derives from limitations and difficulties with
the recording equipment that can influence the quality of data that is subsequently
collected. For example, issues of rain gauge or evaporation pan design or difficulties
encountered when drilling boreholes or undertaking soil surveys. Likewise
measurement issues including the subjectivity of the observer in reading equipment,
identifying soil or rock types contribute a further degree of uncertainty in the recorded
data (Dingman, 1994).
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Location issues are also important in the data collection process. For example, a
decision to locate a meteorological station or rain gauge in a certain location will
influence the data. If the rain gauge is located too near to trees for example, then water
droplets faling from leaves and shade cover may influence the recording and result in
unrepresentative data. Other location issues include the difficulties faced in collecting
datain inaccessible areas, athough remotely sensed data can help overcome thisissue.

2.5.1. Precipitation: measurement issues

Precipitation is the predominant input in the land phase of the hydrological cycle and is
consequently one of the main input parameters into any catchment hydrological model.
Regarding this, the issues of precipitation data collection and representation at the
catchment scale are briefly reviewed as an example to demonstrate the uncertainty that

input data can have upon hydrological model simulations.

Aredl rainfall estimation or the volume of rainfall over a given catchment area requires
an adequate number of measurements in order to capture the spatial variation across the
area being assessed. It is important to ascertain the minimum density that can be
tolerated for arealistic estimate of areal precipitation, not just to capture as many storm
events that will inevitably be missed during their passage between gauges (Wiesner,
1970), but also to acquire readlistic total volumes of water deposited over the given area

during a storm event, an essential factor in hydrological modelling of river discharge.

Density and the accuracy of area precipitation depend on the variability of rainfall
across the catchment which differs between geographical areas. For example,
Hutchinson (1970) showed that in mountainous areas or those of steeply sloping terrain,
more gauges would be required to capture the spatia variability due to the known
variation of rainfall with elevation. Secondly, the timescale of interest also determines
the density needed when calculating areal precipitation. Rainfall intensities over shorter
periods (e.g. hourly) are more spatially variable than if requiring daily totals, thus, a
denser network would be beneficia at higher resolution temporal scales. When
considering that the UK network consists of approximately 5000 gauges, it is calculated
(athough perhaps not with an even distribution) there is an average density of one
gauge per 60km? (Ward and Robinson, 1990). Even when considering the relatively
high density of the UK, it must be noted that for specific hydrological studies requiring
areal rainfall information, either within the UK or elsewhere, then additional gauges
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should be implemented to expand the existing network (O’ Connell et a., 1977;
Stephenson, 1968).

Table2.12. An overview of input data uncertainty issues

Variable eg.Method Instrumentationissues Measurement Location issues
issues
Precipitation Point raingauge Robinson and Rodda Subjectivity of (Larson and Peck, 1974)
measurement,  (1969) described theobserverin  reviewed literature on accuracy
radar or raingauge design. reading of precipitation measurement
remotely Evaporation from the measurement. and suggested that rain gauge
sensed image  gauge vessel and funnel  Although loggers data are strongly influenced by
analysis. surface or delayed delivery can overcome  any nearby shelter or
to the collecting vessel or  this, the majority obstacles; wind eddiesif the
tipping bucket especialy  are still read siteistoo exposed, as well as
in gauges designed to 09:00 daily. splash-in from the ground
measure short term surface WMO, 1994. How
intensity. Condensation representative the gauge is of
onto a cold funnel surface the immediate and wider
from a humid atmosphere. surrounding area.
Evapo- Evaporation Direct large scale Loggers are often Site of measurement should be

transpiration pan or weather measurements cannot be  usedtorecord  typical of surrounding area
station made. | nstrumentation termsused in Eto (WMO, 1994, Larson, 1971).
parameters, issues from attempts to calculations Similar issuesto precipitation
large scale measure Eto using which reduces  measurement of point
modelled data  evaporation pans and reader measurement often used to
(eg. weather parameterssuch  subjectivity. represent evaporation over a
MORECS). as solar and longwave large area.

radiation, air temperature,
humidity, vapour pressure
and wind.

Soil Soil surveys.  One off field research. Subjectivity of ~ Sample site representati veness.

observer in
identifying soils.

Geology Geophysical Problems with drilling | dentification Uncertainty whether borehole
surveys of borehol es. issues. istruly representative of the
boreholes. surrounding area.

Land use Land survey/  Expense of remote sensing Land surveys Inaccessibility of land survey
remote sensing. equipment or data. time in remote or private land or at

Interpretation of the constraining. large scales (somewhat
remote sensing data. Issues May be quickly — overcome with RS).

of spatial resolutionand  outdated.

pixel size (homogeneity).

Topography Landsurvey, Expense of undertaking Resolution at Inaccessibility of land survey
LiDAR or LiDAR or RS survey. whichdataare  inremote or private land or at
Remotely Similar issuesto land use. collected. large scales (somewhat
Sensed (RS) overcome with RS).
image analysis.

River flow Flow gaugeor Malfunction of recording If river floods  Often only measured at

data stage discharge device leading to missing (out of banks) downstream or key locations.
relationships. data. Weirsand gauging  then stage- It isdifficult to assess specific

stations can silt up/blocked discharge river flows further upstream.
with vegetation. relationships not

valid. Flow

gauge survey

often impractical.

Groundwater Level recorder Malfunction of recording Poor calibration Uncertainty whether borehole

level data installed in deviceleading to missing of the water level istruly representative of the
borehole or one data. recorder. surrounding area.
off
measurement.
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There are severa approaches that have been developed to estimate area rainfall using
point measurements collected from rain gauge data. As reviewed in Table 2.13, the
methods vary in complexity with some providing only estimates of the spatialy
averaged precipitation in contrast to others which, in addition, seek to estimate spatially
distributed precipitation across the catchment area.

Table 2.13. Summary of methods to estimate areal rainfall

Method  Detalil Benefits Limitations

Arithmetic Equally weightsdatafrom Most ssimple of all areal ppt Ideally only suited to

mean all gauges where the calculations. Computationally homogenous and low relief
regional average becomes  straightforward. Frequently and  areas with an even spread
the arithmetic mean successfully used in lumped of gauges known to provide

rainfall-runoff modelling. arepresentative sample
(Sumner, 1988)

Isohyets A weighted areal meanthat Better reflects the overall Method depends on density
considers the gauge distribution of ppt (comparedto  of the network and the local
distribution. Isohyets areal mean). widely used method topography. The mgjority
connect areas of equal that depicts ppt variation in space. of isohyetal maps are
rainfall for agiven period A logical approach. drawn subjectively but can
of time useful in establishing

general ppt trends

Thiessen  Involvesthe construction of Attempt is made to spatially No consideration given to

polygons  representative triangular distribute data. Especialy useful  variation in ppt resulting
polygons around each where thereisanirregular from topographical
gauge. Sides of each distribution of rain gauges. If differences. Polygons can
polygon are constructed thereisahigh density of gauges  result in distinct differences
along the perpendicular within close proximity, thearea  along the boundaries which
bisector of linesjoining weightings are kept small soas  can be unnaturally abrupt
each pair of adjacent not to over bias specificregions  from one polygon to the
gauges. (Thiessen, 1911).  within the catchment. next.

Inverse Deterministic surface fitting Considered a fully distributed Can be considered as

distance  technique. method moderate to high

weighting  Uses measured point values computational complexity.

(IDW) from gauge locationsto

specify a surface
representing ppt at all
points within the catchment

2.5.2. Precipitation: uncertaintiesin hydrological model simulations

In order to exemplify that the issue of uncertainty in input precipitation in hydrological
modelling is important, several studies have underlined the high degree of sensitivity of
hydrological model simulations to the spatial and temporal variability of rainfall input at
the catchment scale (Krajewski et al., 1991; Shah et al., 1996; Georgakakos et al., 1996;
Koren et a., 1999; Sun et al., 2000; Carpenter et al., 2001; Carpenter and Georgakakos
20044, b). As noted by Chaplot et al., (2005), the ability of any environmental model to
predict outputs at the catchment outlet depends a great deal on how well the available
gpatial data describe the catchments characteristics. As a result, the sensitivity of
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catchment models to inaccurate rainfall input has become a key issue in the field of
hydrological modelling.

The listed studies have been undertaken within a range of different catchments with
different characteristics (size, geology, topography). For example, a 6.73km?
experimental research catchment in Arizona was assessed by Lopes (1996), whereas
Duncan et al., (1993) assess sampling density in the large (4800 km?) Y amaska Basin,
Canada. The studies assess different methods of inputting precipitation into the different
modelling codes used to undertake the research. For example Chaplot et al., (2005) and
Lopes (1996) undertake research into including a range of different densities of rain
gauge data and assessing the differing impacts on output river flows. In contrast, other
research assesses different methods of data collection in comparing precipitation input
from rain gauges compared to radar data (Duncan et al., 1993; Carpenter and
Georgakakos, 2004a; b).

Although this review has been primarily specific to precipitation data uncertainty, it
demonstrates that not only the quality, but the input data method (a choice made by the
hydrological modeller) can be important in determining model results.

2.6. Model calibration and validation

This section reviews issues and methods of model parameterisation, calibration and
validation within hydrological catchment modelling. Methods used to derive model
parameter values and performance measures that are used to test model calibrations are
first reviewed. An outline of the need for model calibration is then given with manual
and automatic calibration methods and parameter sensitivity analysis discussed. A

summary of methods of model validation and testing conclude the section.
2.6.1. Acquisition of parameter valuesin hydrological models

Parameter values can be obtained by direct measurement but it is more frequently the
case that the values are derived from trial-and-error processes ranging in complexity
from simple * curve-fitting’, to more technical automatic calibration approaches such as
the Generalised Likelihood Uncertainty Estimation (GLUE) technique (Beven and
Binley, 1992; Freer et d., 1996).
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Direct field measurements of parameter values are preferred, especially when
undertaking high spatial resolution studies as they use real world data for the specific
catchment being studied. However, this method of deriving parameter values is not cost
effective and is difficult, especially in data sparse and remote areas (Andersen et al.,
2001; 20023, b; Van der Linden and Woo, 20033, b). A key problem associated with
direct field measurement to obtain parameter valuesis that it does not always eradicate
the error and uncertainty outlined in up-scaling of sub-grid processesto the grid scale as
discussed in the previous section. The increasing capabilities of remote sensing and the
direct use of GIS in hydrological modelling, as reviewed by Chapman and Thornes
(2003), is proving useful and may signify a new paradigm shift — as sought after by
Silberstein, (2006). Remote sensing is the only reasonable means to obtain
comprehensive spatially distributed hydrological information at a reasonable cost (Biftu
and Gan 2001), and as such is more frequently being used in model input and to aid in
the calibration of models.

An dternative to direct field measurement is indirect acquisition of parameter values
from other studies that have undertaken hydrological field measurements. There are
many hydrological modelling studies using MIKE SHE that have derived parameter
values from the literature such as Andersen et al., (2001) at alarge scale of 350 000km?
in the Senegal Basin as well as Thompson et al., (2004) on a small scale of 8.7km? in
the North Kent Marshes in the UK. Henriksen et al., (2003) adopt and refine parameter
values measured within the Danish geological database as part of their study on the Isle
of Sjaelland. This method of parameter estimation is therefore considered as a widely
adopted approach in hydrological modelling and is of use if prior research has been
carried out within the study site in question or for an areawith similar characteristics.

Despite this method being considered as better than ‘guessing’ the values for
hydrological parameters, there are transferability limitations that need consideration.
Notably, the parameter values that are adopted have not always been derived for the
specific site, and may not be representative as has been shown when a calibrated
parameter values for a particular basin are adopted for distant or even neighbouring
catchments (Van der Linden and Woo, 2003b). However, the adoption of ‘prior
information’ (whether from the literature or laboratory research undertaken from field
samples) have been shown to improve the estimation of effective parameter values in
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hydrological modelling (Mertens et a., 2004), in comparison to using no prior
information at all.

2.6.2. M easures of model performance

In order to quantifiably assess hydrological model simulation performance in
comparison to measured data during the calibration and testing phases, there have been
many statistical tests that have been developed. Performance tests usualy involve
comparing observed and simulated data such as groundwater levels and river flow at the
basin outlet. Within MIKE SHE, in-built calculations of statistics are included the
completion of each model simulation (DHI-WE, 2005). The Root Mean Square Error
(RMSE), correlation coefficient (R), and Nash-Sutcliffe coefficient (NSE) are some of
the key statistics assessed within MIKE SHE (Table 2.14). A brief review of each of
these statistics are given in the table, with it being shown that the statistics assess
different aspects of the simulation. The RMSE provides a measure of the average
magnitude of error and the correlation coefficient, R, the genera ‘goodness of fit’
(Legates and McCabe, 1999). The Nash-Sutcliffe NSE (Nash and Sutcliffe, 1970) was
developed specifically for the purpose of hydrological modelling and as identified by
McCuen et a., (2006) has been a widely used and potentialy reliable statistic that also
measures the goodness of fit.

Research has been undertaken that comprehensively reviews many of the performance
statistics (Legates and McCabe, 1999; Krause et al., 2005) but in the majority of studies
where hydrologica models are developed and applied, usualy only three or four
performance statistics are assessed. For example, Zhang et a., (2008) constructed a
MIKE SHE model within the loess plateau region in China. The model performance
was assessed using the correlation coefficient, R, the coefficient of determination, CD
(also listed in Table 2.14), the RMSE and Fy,y which is a percentage measure of overall
mean stream flow error. Sahoo et a., (2006) also used the MIKE SHE code in a
mountainous catchment in Hawaii. Model performance was assessed using three
statistical measures; R, RMSE and the mean error. Research undertaken using other
modelling codes aso assess models with similar methods, for example Abu El Nasr et
a., (2005) that compared model performance of both MIKE SHE and the SWAT
model.
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In addition to these quantitative statistics that describe model performance, qualitative
model performance is aso frequently assessed in visually comparing plots of observed
and ssimulated data (Jayatilaka et al., 1998). This research seeks to include a thorough
assessment of both quantitative and qualitative methods. In this research, the
development of the ‘summary score’ measure is described in Chapter 5 which seeks to
summarise many of the qualitative indicators of performance and attribute a numerical
scoring system. As suggested by Refsgaard (1997) and Refsgaard (2000), the
performance of the models will also be assessed using a multi-criteria approach at

internal river flow gauging stations and also a number of groundwater level boreholes.

Table 2.14. Statistical testss RMSE, NSE and R

Statistic Description
Root mean The RMSE is a quadratic scoring rule which measures the average magnitude of error.
squared error  Expressing the formula in words, the difference between forecast and corresponding
(RMSE) observed values are each sguared and then averaged over the sample. The square root
of the average i< then calculated. Since the errors are squared before they are averaged,
the RM SE gives arelatively high weight to large errors. This means the RMSE is most
useful when large errors are particularly undesirable. RMSE can range from O to oo.
They are negatively-oriented scores with lower valuesindicating a better performance.
Pearson A measure of how well the predicted values from a forecast model "fit" with the real-
product life data. The correlation coefficient is a number between -1 and 1. If there is no
moment relationship between the predicted values and the actua values the correlation
Correlation coefficient is O or very low (where the predicted values are no better than random
Coefficient numbers). As the strength of the relationship between the predicted values and actual

(R) values increases so does the correlation coefficient with a perfect fit giving a
coefficient of 1.

The linear correlation coefficient is also referred to as the ‘goodness of fit' measure
(Legates and McCabe, 1999) or Pearson product moment correlation coefficient. The
statistic is also related to the frequently used r? coefficient of determination which is
the ratio of the explained variation to the total variation and scored between 0-1.

Nash- The coefficient of efficiency E proposed by Nash and Sutcliffe (1970) is identified as
Sutcliffe one minus the sum of the absolute squared differences between the predicted and
coefficient of  observed values normalized by the variance of the observed values during the period
efficiency under investigation (Krause et al., 2005)

(NSE)

The result ranges from - to 1. An efficiency of 1 (E=1) corresponds to a perfect
match of modelled discharge to the observed data. An efficiency of 0 (E=0) indicates
that the model predictions are as accurate as the mean of the observed data, whereas an
efficiency less than zero (-o<E<0) occurs when the observed mean is a better predictor
than the model. The closer the model efficiency isto 1, the more accurate the model is.

2.6.3. Calibration

Model calibration is an integral part of hydrological modelling in which values for

model parameters are adjusted to enable the model to closely match the behaviour of the
system it represents (Kirkby et a., 1993 Gupta et al., 1998).
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There is an unavoidable need for calibration especialy in distributed modelling as the
many parameters in a model are likely to comprise various vaues for different land
covers or soil types for each computational grid cell (Bingeman et a., 2006; Madsen,
2003), especialy where the specified grid size in amode is large. In addition, as al the
components of the hydrological system can be included within models such as MIKE
SHE, there are substantially more parameters that require calibration compared to
conceptual, lumped models. This raises an issue of uncertainty within the
parameterisation since it is possible that physically-based models appear to simulate the
‘correct’ river flow yet in reality model the hydrological processes incorrectly (Beven
1989).

Overparameterisation is a significant problem with complex hydrologica models
(Beven, 1996; Refsgaard, 1997; Perrin et a., 2001). Refsgaard (1997) recommends
keeping the number of free parameters that require calibration at a reasonably low level
in order to reduce overparameterisation. It is expected that the more field data input to
the model, the more physically redlistic the model parameters become, however, thereis
a trade off in that this aso increases the number of parameters that may need
calibration.

2.6.3.1. Manual calibration

Methods used in manual calibration of hydrologica models have evolved with the
development from lumped, conceptual models to more complex physically based and
distributed models. The classical approach, used primarily by lumped, conceptua
models is to undertake calibration by ‘curve fitting’ to observed river flow data. Curve
fitting is concerned with the adjustment of the calibrated parameters until the best-fit
with the observed data can be found, as indicated by model performance statistics.

A key issue of the curve fitting method is that it requires along time series of data. This
is frequently alimiting constraint as in many areas adequate records do not often exist.
In addition, curve fitting results in any parameter values losing any ‘rea-world’
meaning they may have had since the process of curve-fitting is not physically-based
(Abbott et a., 1986a). Attempts have been made to refine the technique of curve fitting
by separating the base flow and surface runoff components such as work by Abu El-
Nasr et al., (2005).
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In addition, curve-fitting techniques are not suitable for physically based, distributed
models as they often have many more parameters than lumped or conceptual models
that need calibrating. Thisis a problem since this method of calibration seeks to find an
optimal parameter set thought to be representative of the catchment area (Freer et d.,
1996). It has been shown in the literature, however, that there may be many acceptable
parameter sets within a model that can simulate river flow for a catchment — but these
can often come from different regions of the parameter space, an issue termed
‘equifinality’ (Freer et al., 1996). Equifinality is a result of error and uncertainty in
representation of the hydrological processes and boundary conditions (Stephenson and
Freeze, 1974), within the modelling process. Techniques such as Generalised
Likelihood Uncertainty Analysis (GLUE) and more recent methods of automatic
calibration that are used to quantify and assess the equifinality problem are detailed
further in Section 2.6.3.3.

2.6.3.2. Sensitivity analysis

The process of parameter sensitivity analysis can be regarded as a tool that is useful in
highlighting key model parameters that are important in influencing the model results
when modified or perturbed. As defined by Sieber and Uhlenbrook (2005) parameter
sensitivity can be used to describe the influence of the values of a parameter on the
simulation results. When changes to the defined parameter values result in large
influences on the simulated results then the parameter is classed as sensitive. The
process is a key step within the hydrological modelling protocol as it can help indicate
whether the models reactions to parameter perturbations are redlistic, therefore
confirming basic operationa ability of the model and improving confidence in the
model structure.

Theissue of parameter sensitivity analysisincludes awide field of research (e.g. Hamby
et a., 1994) where relatively simplistic and computationally complex methods are
described. Manual methods of parameter sensitivity analysis were successfully
undertaken by Xevi et a., (1997) in the 1km? Neunkirchen research catchment,
Germany, using MIKE SHE. They used uniform parameter values for the catchment
and modified them one by one. The results were assessed by inspection of a range of
indices such as hydrograph peak and cumulative outflow at the catchment outlet.
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Similarly, Brath et a., (2004) used manua parameter senstivity analysis within a
distributed rainfall-runoff model in the 1050 km? Reno catchment in the Apennine
Mountains, Italy. The method involved specifying parameter values of + and — 10% of
the feasible range for each parameter and comparison of flows with the non-perturbed
Set.

(Crick et al., 1987 cited in Hamby, 1994) termed this method of sensitivity analysis as
‘local’ since it only addresses sensitivity relative to the point estimates chosen and not
for the entire parameter distribution. Despite this it is a popular method as it is

technically easy when compared to more complex methods and produces useful results.

Two methods of parameter sensitivity analysis were compared by Sieber and
Uhlenbrook (2005) for 40 km? and 15.2 km? basins in the Black Forest Mountains,
Germany using the Distributed Tracer Aided Catchment (TAC) model. A regiona
sengitivity analysis (RSA) aso known as generalised sensitivity analysis or the
Hornberger-Spear-Y oung method (Spear and Hornberger, 1980, cited in Sieber and
Uhlenbrook., 2005) allowed eight significant parameters to be ascertained using a
graphical method. A more complex regression-based sensitivity analysis that considers
time-dependency as a factor in the parameter sensitivity of a model was also used. It
was successfully shown that the sensitivity of models parameters was time dependent
and not uniform throughout the model time-period. However the method was also

noted as time consuming with only few other studies that have successfully used it.

Parameter sensitivity analysis is described as a necessary and beneficial process.
Although complex and technical methods of sensitivity analysis exist, the key issue is
that the process (even if undertaken using a relatively ssmple local methods) should be
carried out to improve the calibration and confidence in the model ability (Saltelli,
2000)
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2.6.3.3. Automatic calibration

As a result of the equifinality problem identified in Section 2.6.3.1 there has been a
need for a new paradigm in model calibration — the development of a calibration
methodol ogy that is more suited to physically-based, distributed models.

Generalised Likelihood Uncertainty Estimation (GLUE) (Beven and Binley, 1992) is a
Bayesan Monte Carlo simulation-based techniqgue which was developed from
Generalised Sensitivity Analysis (GSA) (Spear and Hornberger, 1980). The GLUE
framework was developed as a result of the recognised ‘equifinality’ of models and
parameter sets. It is suggested that if there is no unique optimal model, then parameter
sets should be considered on a scale of likelihood. It is important to note that one
parameter set may yield the best results although it is likely there will be many other
parameter sets which simulate observations to a similar level. In addition, when further
observationa data are considered, then the rank of the best parameter sets is likely to
have changed.

Implementing GLUE requires the use of Monte Carlo simulation to derive a large
number of parameter sets. The relative performance of each set is assessed by
comparing model estimates with observed data, and retaining only those parameter sets
that yield acceptable results. The methodology has been successfully used by Freer et
al., (1996) in a small research catchment in the Vosges, France using TOPMODEL.
McMichael et a., (2006) used GLUE to study uncertainty in remote sensing based LAI
estimates for semi-arid shrublands in California using MIKE SHE. Christiaens and
Feyen (2002a) aso used MIKE SHE applying a GLUE framework to constrain the soil
hydraulic parameter for the 1km? Ohebach catchment in Germany. Such studies have
shown GLUE as a useful tool in addressing the equifinality issue.

Automatic calibration such as that available within the MIKE ZERO modelling
interface of which MIKE SHE is a part, involves Monte-Carlo sampling of values of
specified parameters within given parameter ranges. Optimisation of the specific
parameters are found by repetitions of model runs with different values (such as in the
GLUE methodology) until a given stopping criterion is met. Alternatively, a solution
may not have been found after the specified number of model evauations, in which case
refinement and repetition of the process needs to be undertaken (Madsen, 2003). Asa
guide, the key methodology of automatic calibration follows these given steps:
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Model parameterisation and choice of calibration parameters — A sensitivity
anaysis can be undertaken in which parameters are successively varied one a a
time. In this way an assessment can be made as to which parameters affect model
performance the most, and consequently these may be selected as the parameters

which are subject to automatic calibration.

Specification of calibration criteria — This is concerned with the definition of
objective functions. The objective functions seek to compare observations with
simulated values, usually within a multi-objective framework of multi-variable
and multi-site measurements (Madsen, 2003; DHI-WE, 2005). The calibration is
then solved using a single objective function that aggregates all the specified
functions. These can be weighted to reflect the importance of certain objectives of
the research.

Choice of optimisation agorithm - in MIKE SHE there are two optimisation
methods that can be selected. The Shuffled Complex Evolution method (SCE) and
the Population Simplex Evolution (PSE) which are both globa optimisation
algorithms suited to non-linear systems such as integrated catchment modelling
(DHI-WE, 2005). These algorithms simultaneously evolve numerous potential
solutions towards the region of the global optimum of the objective function as
reviewed by Madsen (2003).

The widely used SCE is an optimisation method which combines the strengths of
previous techniques to give a robust method for the automatic calibration procedure
(Duan et d., 1993). It includes aspects from the ssimplex procedure (Nelder and Mead,
1965) with the added concept of controlled random search (Price, 1983), which is based
on systematic evolution of a complex of points within the parameter space in the
direction of global improvement (Holland, 1975). The process is based on a feedback
loop to refine and improve parameter results until given criteria or test statistics are met.

Madsen (2003) used the inbuilt automatic calibration tool ‘autocal’ within the MIKE
ZERO package for the Karup catchment, Denmark. Improvements were found in runoff
simulation when autocal was used compared to the expert manual calibration from
Refsgaard (1997). Groundwater level ssimulation however did not show any significant

improvement when autocalibration was used.
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An additiona study by Mertens et al., (2004) used the automatic calibration tool within
MIKE SHE on a hill slope for nine soil moisture measurement locations in the sandy-
loam belt of Belgium. The research positively identified the importance of prior
information to be incorporated within the SCE parameter estimation methodology.
Prior information included estimates of the soil parameters obtained from laboratory
measurements on samples collected from the field for the 11 effective parameter values
within the model. The effective parameter combinations were found to be more realistic
with prior information of the parameter space included. This study additionally
highlighted the use of a combination of field techniques to inform the automatic
calibration procedure.

2.6.4. Validation

Once amodel has been calibrated, its usefulness and reproducibility outside of the time
period or calibration site it has been set for must be evaluated (Klemes, 1986; Tsang,
1991). Model validation seeks to assess whether the model possesses a satisfactory
range of accuracy consistent within its intended application (Schlesinger et al., 1979).

2.6.4.1. Split sampletraditional calibration and validation

Although there has been no agreement on a uniform methodology of model validation
(Vogel and Sankarasubramanian, 2003), the work of Klemes (1986) has proved
fundamental in the majority of hydrological modelling studies. The most widely
adopted framework for model calibration and validation is the split sample approach in
which the time series of data are split (ideally into equal time lengths), with one being
used to calibrate the model and the other used to run the ssmulation with the calibrated
parameters as a model validation. It is suggested that the model can be deemed
acceptable if the two simulations give statistically similar results within the alowed
error margin (Klemes, 1986).

As with the classical curve-fitting calibration technique, the traditional ssimple split
sample of time-series validation methodology is not always adequate for complex
models because of the increase in the number of model parameters. Refsgaard (1997)
describes how the number of outputs from spatially distributed and physically based

models are numerous (e.g. river flow, groundwater level, soil moisture) and therefore
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simply comparing observed with simulated outflow at the basin outlet for two separate
time periods does not fully test al the components within the model. In the study the
traditional split sample test resulted in adequate model performance. It is highlighted in
Figure 2.13 that the NSE model performance statistic decreases from 0.76 at a site used
in the calibration to -0.04 at a site not used in the calibration.
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Figure 2.13. Results of multi-criteria validation (Refsgaard, 1997) illustrating the need for the
incorporation of arigorous methodology in the validation of distributed models. a) displays the
results of the calibration at the catchment outlet, and b) the validation at another internal
gauging station for which there was observed data.

2.6.4.2. Multi-criteria compr ehensive validation

Klemes (1986; 1983) discuss the possibility of calibrating catchment hydrological
models against a number of spatialy distributed internal state variables in multi-criteria
evaluation, not just river flow at the outlet of the catchment. Abu El-Nasr et a., (2005)
employ this method of model evaluation where multi-site validation within MIKE SHE
was used to test the model using river flow data as well as observed time series of
groundwater levels. Additionally, Thompson et al., (2004) undertake a similar multi-site
study in which different channel water level gauge sites are used for the calibration and
validation stages within a wetland context. Refsgaard and Knudsen (1996) undertook a
thorough analysis comparing and validating three hydrologica modelsin three different
sized catchments in Zimbabwe. The study is likely the most rigorous in the literature
that tests the four basic categories of typical modelling tests (Klemes, 1986) as reviewed
in Table 2.14, including the split-sample test (SS), the differential split-sample test
(DSS), the proxy-basin test (PB) and the proxy-basin differential split-sample test (PB-
DSS).
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Figure 2.14. Integrated multi-objective calibration and validation, a case study of the Swedish
meteorological Hydrological Institute

Source: http://www.smhi.se/sgn0106/if/hydrol ogi/projects/proj_rll.htm

Table 2.15. Review of operational testing of hydrological simulation models (Klemes, 1986)

Test When to use M ethod
Split-Sample  Testing river flow ina When sufficiently long, the record is split in two equal
(SS) gauged basin with adequate  parts— one for calibration, the other validation.
time series of data Otherwise, the record should be split 70% calibration,
30% validation. The model deemed acceptable if both
calibration and validation results are similar and errors
minimal.
Differential When model isto simulate  Two periods with the different climatic parameter of
Split-Sample  flowsin agauged basin interest selected from the available record (e.g. high and
(DSS) under conditions different low mean precipitation). If model intended to simulate
from those correspondingto  wet climate flow then it must be calibrated on dry record
the available flow record and validated with the wet record (vice versa). In acase
(e.g. change in climate) of land use change the DSS must be carried out on two
substitute basins (e.g. with both models calibrate model
prior to land use, validate model on the changed land use
to assess ahility of model to simulate flow given the
transition in question).
Proxy Basin A basic test for geographic ~ For un-gauged basin C, gauged basins A and B are
(PB) transposability to aseparate  selected within the same region. Calibration undertaken
basin onbasin A, Validation on basin B. The model is
considered sufficient and transferable to C if results are
similar and there are minimal errorsfor A and B.
Proxy Basin,  Wherethe model is Different forms depending on specific modelling task.
Differential supposed both E.g. for assessing flow under climatic changein un-
Split-Sample  geographically and gauged basin C:2 gauged basins, A and B with
(PB-DSS) climatically (or land use characteristics of those of C identified with Wet and Dry

wise) transposable

periods for each selected. (Aw, Ad and Bw, Bd). To
assess awet climate in basin C, Ad/Bw and Bd/Aw need
to be undertaken for calibration/validation respectively.
The model isjudged adequate if results from Bw and Aw
similar.
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Figure 2.14 reviews how multi-objective calibration and validation for a number of
observed parameters is used for the HBV model for the 0.5km* Svartberget research
catchment, Sweden. The Swedish meteorological hydrological institute (SMHI) used
snow depth, oxygen 18 concentrations, groundwater levels and river flow to test the
model, where a good calibration is shown for all parameters. The ability of a model to
simulate and be tested with numerous parameters improves the confidence in results,
that the model is simulating a range of processes well, rather than just the ability to
simulate one parameter such as river flows. Such methods of testing models are
however difficult to undertake as they require a vast body of observed data for a range
of different parameters.

The issue of temporal and spatial transferability of calibrated parameters and the
applicability outside of the calibrated set-up is another issue of debate and uncertainty in
the literature that has not yet been clearly established. Unredlistic results may occur
whenever previously calibrated parameters are applied to another model as different
physical processes, and their associated parameters may become more important during
different periods, or under changed environmental settings (Apaydin et a., 2006). Van
der Linden and Woo (2003b) studied the transferability of parameter estimates within
the 277,100 km® Liard Basin, western Canada. Parameter values were transferred both
across catchments with close proximity, and internally within the study catchments
sub-basins of differing sizes. Parameter values that were calibrated internally for each of
the sub-basins (dashed lines) (Fort Nelson and Kachika basins, ~10,000 km?) indicated
a better performance than values derived for parameter values calibrated at the basin
outlet (solid line), asidentified in Figure 2.15.

8

—— Liard parameter set
<~ Subbasin parameter set

6 Observed runoff

Runoff (mm/day)
B

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Figure 2.15. River flow calculated with parameter calibration for specific sub-basins compared
to Liard (basin outlet). Shown for two internal gauging stations a) Fort Nelson sub-basin and b)
Kachika basin. Source. Van der Linden and Woo (2003b)
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The results aid in demonstrating the problems of transferability of parameter values. In a
comparable study, Heuvelmans et al., (2004) concluded with similar findings to Van der
Linden and Woo (2003b). Transferability of calibrated values were investigated at the
catchment scale, a neighbouring catchment, and a catchment with a different
environmental setting. Decline in model performance was found when model
parameters were transferred — especialy in the basin with different characteristics.

When calibrating and validating hydrological models there is always a possibility for
improvement. The more parameters that need adjusting through calibration, the more
field data are required and the more work is required by the modeller. As Klemes (1986)
outlines, amodel should be validated according to the type of application for which it is
intended. It is often the case that hydrological modelling is not a linear process but as
detailed in Henriksen et al., (2003) can include many feedback loops in which continual

model re-evaluation is necessary.

2.7. Summary

This chapter has introduced the principal concepts, issues and uncertainties associated
with hydrological modelling, as well as introducing and discussing the MIKE SHE
model code that is subsequently used in this research. Given the review it can be seen
there are a large range of issues of uncertainty that it is possible to assess within the
hydrological modelling process. Although research has previously been carried out into
hydrological model uncertainty, there has been an identified gap in the literature in
comparing hydrological models that have been developed using the same model code
but with different protocols (the method of spatial distribution with reference to
different calibration methods), an area of research that this thesis seeks to address.

MIKE SHE was shown as a suitable code in which to assess issues of uncertainty as it
has been described that it is possible to construct models at differing spatia
complexities, with different parameters (objectives of the research), whilst at the same
time being able to construct the models within the same framework.

Chapter 3 describes the Tern catchment that is used as a case study in this research. A
comprehensive catchment review and data analyses are undertaken for the data that are
to be used in the construction of the MIKE SHE models in Chapter 4. Chapter 3
provides the conceptual understanding of the catchment that is required before
hydrological models are constructed.
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