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The use of physically-based spatially-distributed models to solve problems in hydrology has been limited by their
intensive data and setup time requirements. We have therefore created a system that enables the automatic setup
of a robust, physically-based spatially-distributed SHETRAN model for any catchment, gauged or ungauged, in
Great Britain. National-scale datasets for topography, soil, landuse, geology and climate have been collated,
processed and stored to allow rapid retrieval and conﬁguration of catchment models with minimal user-intervention. These maps can be easily replaced by national datasets of other countries or global datasets, ensuring
the system's international transferability. A graphical user interface has been developed to facilitate the model
setup process. The resultant system, SHETRAN-GB, has the potential to signiﬁcantly aid the deployment of
SHETRAN for addressing important issues relating to water resources, hydrological extremes and climate
change, either for individual or multiple catchments.

1. Introduction
Robust numerical models are an essential tool for research in hydrological processes and for informing ﬂood and water management
around the world. These models can be classiﬁed diﬀerently, depending
on whether they represent processes in conceptual or physically-based
ways (e.g. O'Connell, 1991; Wheater et al., 1993; Singh, 1995;
Refsgaard, 1996). Conceptual models use a series of connected stores or
reservoirs to emulate catchment responses. These models parameterise
key hydrological processes and often require calibration of parameters
with limited physical meaning (Pechlivanidis et al., 2011). This forms a
potential issue in applying conceptual models to particular types of
problem, such as prediction outside of calibration limits and under
changing conditions (Beven, 2012). As more complex, physically-based
models are potentially useful for investigating a number of prominent
hydrological problems, such as predictions under non-stationary land
use or climate, it is logical to take advantage of recent advances in
computing power and data availability to facilitate their wider use. This
helps to overcome the common criticism that physically-based models
require prohibitively large data, time and computational resource requirements (Beven, 2012). As such, this study has the purpose of
creating, for the ﬁrst time, a physically-based hydrological modelling
system for Great Britain using the SHETRAN model (Abbott et al., 1986;
Ewen et al., 2000) and national datasets that are freely available for
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academic research.
SHETRAN is a physically-based, spatially-distributed hydrological
model, which has its origins in the Système Hydrologique Europeén
(SHE) model developed by the British Institute of Hydrology, the
Danish Hydraulic Institute and the French company SOGREAH (Abbott
et al., 1986; Ewen et al., 2000). The foundations of SHE were strongly
inﬂuenced by Freeze and Harlan (1969) who proposed a blueprint for a
physically-based hydrological model, with these principles taken further and additional processes incorporated during the development of
SHETRAN. The model is based on the solution of ﬁnite diﬀerence approximations to equations describing fully three-dimensional coupled
surface/subsurface water ﬂow and transport of sediments and reactive
solutes, as described in Ewen et al. (2000). Since its inception, SHETRAN has been used in a wide variety of applications, including assessment of the impacts of groundwater abstraction impacts on
streamﬂows (Parkin et al., 2007), examination of deforestation impacts
on peak ﬂows and sediment yields (Birkinshaw et al., 2011) and nitrate
transport (Koo and O'Connell, 2006) to name but a few. A graphical
user interface (GUI) was previously developed to improve the usability
of SHETRAN (Birkinshaw et al., 2010), but it did not provide data or a
standard parameter set to aid model setup.
As Bierkens (2015) notes, national, continental and global scale simulations of hydrology have been carried out previously with land
surface models (LSMs), macroscale hydrological models (MHMs) and
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Table 1
Summary table of source datasets used and their associated information.
Data Type

Source

Description

Reference

Catchment boundaries
Meridian 2 Lakes
UKCP09 daily maximum temperature

National River Flow Archive (2012)
Ordnance Survey (2012)
The Met. Oﬃce (2012)

Morris et al. (1990)
Ordnance Survey (2013b)
Perry et al. (2009)

UKCP09 daily minimum temperature

The Met. Oﬃce (2012)

UKCP09 monthly relative humidity

The Met. Oﬃce (2012)

UKCP09 monthly wind speed

The Met. Oﬃce (2012)

UKCP09 monthly sunshine hours

The Met. Oﬃce (2012)

UKCP09 daily rainfall
Land Cover Map 2007
Soil map created from the European Soil
Database layers
Hydrogeology map

The Met. Oﬃce
Centre for Ecology and Hydrology (2012)
European Commission and Joint Research
Centre (2012)
British Geological Survey (2012)

Shapeﬁles of 1170 UK catchment boundaries
Shapeﬁles of lakes.
5 km ASCII ﬁles, one per day. Used to calculate
PET and snowmelt.
5 km ASCII ﬁles, one per day. Used to calculate
PET and snowmelt.
5 km ASCII ﬁles, one per month. Used to calculate
PET.
5 km ASCII ﬁles, one per month. Used to calculate
PET.
5 km ASCII ﬁles, one per month. Used to calculate
PET.
5 km ASCII ﬁles, one per day
1 km raster
Four 1 km rasters
Shapeﬁle

Land-form PANORAMA Digital Elevation
Model
Flow data

Ordnance Survey (2012)

50 m raster

British Geological Survey
(2014)
Ordnance Survey (2013a)

National River Flow Archive (2012)

Individual.csv ﬁles

(Perry et al., 2009)
Perry and Hollis (2005)
Perry and Hollis (2005)
Perry and Hollis (2005)
Perry et al. (2009)
Morton et al. (2011b)
Liedekerke et al. (2006)

National River Flow Archive
(2014a)

pipelines based on a rule-oriented data management system can be used
to provide views on underlying data suitable for modelling. Yet while
there are now some advanced solutions for eﬃciently collating and
transforming the information needed for physically-based hydrological
models, solutions are not currently available for many regions, including Great Britain (GB). This paper attempts to help address this
issue by providing an interface to set up the SHETRAN model for any
catchment in GB with national and international datasets prepared and
transformed for physically-based hydrological modelling (SHETRANGB). The integrated system achieves the automated application,
without calibration, of a physically-based (rather than lumped, calibrated) hydrological modelling system using standard, freely available
data. The system has been designed so that the datasets for GB could be
easily substituted for national datasets of other countries or global
datasets. SHETRAN has been shown to work well in a variety of climates including semi-arid basins in Iberia (Guerreiro et al., 2017),
tropical basins in west Africa (Op de Hipt et al., 2017), monsoonal
climates in India (Naseela et al., 2015) and mountainous catchments
inﬂuenced by snowmelt (Bathurst et al., 2011) amongst others, giving
us conﬁdence that an internatonal version of SHETRAN-GB would be a
useful tool for physically based hydrological modellers.
The paper is structured as follows. The input data required for the
modelling system are discussed in Section 2, followed by a description
of the modiﬁcations made to SHETRAN in Section 3. Section 4 outlines
the software and user interface and Section 5 describes in more detail
the software design and implementation. An example simulation from
SHETRAN-GB is given in Section 6. The work is discussed in Section 7
and summarised in the conclusion.

increasingly with physically-based hydrological models solving the
partial diﬀerential equations representing coupled surface/subsurface
ﬂows. A recent example of the latter approach is high resolution (1 km)
modelling of the continental US with ParFlow (Maxwell et al., 2015).
This follows on from other national-scale modelling eﬀorts with process-oriented models of diﬀering origins and complexities. For example,
Henriksen et al. (2003a) describe the application of the physicallybased model MIKE SHE for integrated groundwater-surface water simulations across Denmark. Habets et al. (2008) use the land surface
scheme (ISBA) coupled with the meteorological analysis system (SAFRAN) and a groundwater model (MODCOU) to produce a national
hydrological modelling system for France. However, there have not
been any large-scale applications of SHETRAN to date, or indeed any
nationwide physically-based modelling studies for GB. Rather, the
current standard national hydrological model for GB is the conceptual
1 km Grid to Grid model (G2G) (Bell et al., 2009), which is in turn based
on the Probability Distributed Model (PDM) (Moore, 2007).
In order to facilitate their application at large scales, a number of
studies have developed ways of improving the setup and management
of data-intensive hydrological models. Some studies have articulated or
developed data models using geodatabase structures to support many
types of hydrological modelling. For example, Maidment (2002) developed the widely used and ﬂexible ArcHydro system, while Goodall
and Maidment (2009) proposed an alternative spatiotemporal data
model that is conceptualised around control volumes, ﬂuxes and ﬂux
couplers. Olivera et al. (2006) drew on elements from ArcHydro but
added additional elements to integrate the ArcGIS geographical information system (GIS) with the Soil and Water Assessment Tool
(SWAT) model. More recently, Bhatt et al. (2014) developed an integrated user interface with an underpinning shared geodata model to
couple the open source GIS software Quantum GIS with the Penn State
Integrated Hydrological Model (PIHM) and demonstrated its power and
eﬀectiveness throughout the modelling chain.
Other important advances that have taken place are in enabling
rapid access to very large datasets and transforming data in line with
the requirements of modelling. Leonard and Duﬀy (2013, 2014) developed the Essential Terrestrial Variable (ETV) web services and datamodel workﬂows to transform ETV data ready for use in hydrological
models anywhere in the continental US, with particular reference to
examples using PIHM. Acknowledging the challenges in centralising
and standardising data sources, Billah et al. (2016) use the Variable
Inﬁltration Capacity (VIC) model to demonstrate that data preparation

2. Input data
Physically-based hydrological models are very data intensive.
SHETRAN requires: a digital elevation model (DEM); a map describing
the subsurface properties of a catchment; a land cover map; a time
series of rainfall; a time series of potential evapotranspiration (PET) and
a mask delineating the watershed of the catchment. These inputs are
typically gridded at a resolution between 50 m and 5km and time series
data is supplied at a daily or hourly time step.
The datasets chosen for input to the modelling system (see Tables 1
and 2) each cover the whole of Great Britain, which means that the
information supplied for each catchment is consistent. This has the
advantage that interpreting variations in model performance will not be
103
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Table 2
Summary table of the SHETRAN input layers created from the source data.
Layer

Description

Associated parameters

Source dataset

Minimum DEM

DEM based on the minimum elevation
value in each resampled grid square
DEM based on the mean elevation value
in each resampled grid square
represents the sub-surface for each grid
cell as a column containing multiple
layers of soil or rock
represents the vegetation for each grid
cell
Indicates the presence of a lake in a grid
square
daily rainfall
daily PET calculated from FAO PenmanMonteith method

Elevation (m)

OS Land-form PANORAMA DEM

Elevation (m)

OS Land-form PANORAMA DEM

Depth, Saturated Water Content, Residual Water
Content, Saturated Conductivity (m/day),
vanGenuchten- alpha (cm-1), vanGenuchten-n
Canopy storage capacity (mm), Leaf area index,
Maximum rooting depth(m), AE/PE at ﬁeld capacity
Strickler coeﬃcient

ESDB, BGS Hydrogeology map

Average DEM
Soil and geology

Land cover
Lakes
Rainfall
PET

Catchment mask

Delineates the watershed of a catchment

Rainfall (mm/day)
PET (mm/day)

CEH LCM 2007
OS Meridian 2 Lake layer
UKCP09 daily rainfall
UKCP09 daily maximum temperature, daily minimum
temperature, monthly relative humidity, monthly wind
speed, monthly sunshine hours
NRFA catchment boundaries

NA

varied and to depend upon the level of catchment homogeneity. This
highlights the general importance of improving the temporal resolution
of inputs relative to the spatial resolution, although this will vary depending on speciﬁc model use. Furthermore, the 1 km resolution is
consistent with other large-scale, national modelling studies, such as
the UK Grid-To-Grid model (Bell et al., 2007) and the national MIKE
SHE model for Denmark (Henriksen et al., 2003b), which also use a
1 km grid resolution. Recent versions of the national MIKE SHE model
for Denmark have moved to a 500 m grid resolution (Højberg et al.
(2013), Olsen et al. (2013)).
The digital elevation model (DEM) used in this study was based on
the 50 m Ordnance Survey (OS) Land-Form Panorama data (Ordnance
Survey, 2013a). This raster was then resampled to a 1 km resolution
using bilinear resampling to determine the average elevation for each
grid square. One of the applications of the DEM in SHETRAN is in
generation of the location of river channels for routing within the
model. These are referred to in SHETRAN as river links. Tests suggested
that these links more closely follow actual river paths when the
minimum elevations in each grid square - taken from the original resolution of the Panorama DEM - are accounted for. A DEM based on the
minimum elevation values in each 1 km grid square was therefore
created with which the river locations were then calculated.
SHETRAN represents the catchment sub-surface for each grid cell as
a column containing multiple layers of soil or rock. The European Soil
Database (ESDB) v2.0 (Liedekerke et al., 2006) was identiﬁed as the
most suitable dataset for meeting the requirements of this modelling
system. It is a Europe-wide, 1 km resolution database in which hydraulic properties were assigned by a collaboration of 12 European
countries. Liedekerke et al. (2006) standardized both the particle size
and the hydraulic data across Europe by ﬁtting the Mualem-van Genuchten model parameters (Van Genuchten, 1980) to the individual
hydraulic properties stored in the ESDB. The ESDB layers containing the
information that SHETRAN uses (dominant topsoil texture, depth to
textural change, dominant subsoil texture and depth to rock) were selected and combined into one raster ﬁle of unique soil classes for
SHETRAN. Bedrock depths were not available as a national dataset,
therefore, as an initial representation of geology, a 20 m thick bedrock
layer was added to the bottom of each soil column. The data for this
were taken from the British Geological Survey (BGS) 1:625 000 scale
digital hydrogeological map (British Geological Survey, 2014). 236
unique subsurface column types were identiﬁed on this basis and coded
for use in SHETRAN.
The Centre for Ecology and Hydrology (CEH) land cover map (LCM)
2007 (Morton et al., 2011a) is derived from satellite images and digital
cartography, using land cover classiﬁcations based on the UK Biodiversity Action Plan Broad Habitats that lead to the deﬁnition of 23 land
cover types. The map was simpliﬁed into the 7 basic land cover types

additionally complicated by the confounding eﬀects of using multiple
datasets for diﬀerent catchments. With the exception of the UKCP09
rainfall inputs, which can be substituted by the CEH-GEAR rainfall inputs (see below), the datasets are all also freely available to download
under an academic licence, making the models suitable for use by any
research group. It has been presumed that the quality control processes
undertaken in the construction of each dataset make them suﬃcient for
direct application in the modelling system without any further quality
review or reﬁnement.
The fully distributed nature of SHETRAN means that model structure and properties need to be speciﬁed for each grid cell. All maps
required as part of this were resampled to a 100 m, 500 m and 1 km
resolution and aligned with the British National Grid (BNG) for consistency and ease-of-use. Maps at these three resolutions can be selected
from the GUI. For small catchments (< 10 km2) it is expected that users
will select a 100 or 500 m resolution and for medium-large catchments
use a 1 km resolution. Indeed, the 1 km resolution maps form the
standard SHETRAN-GB setup. This standard 1 km resolution is partly
dictated by the scales of the available soil and land cover datasets, but it
could be argued that higher spatial resolution models are desirable, in
order to more realistically capture the signiﬁcant heterogeneity that can
occur at sub-kilometre scales in catchments (Paniconi and Putti, 2015).
For example, with respect to the representation of soils, it is recognised
that eﬀective parameters are required at this comparatively coarse resolution to implicitly account for the many soil types and complex
variations in structure and properties that could be present within a
single grid square. Some authors, such as Beven (2006), argue that this
compensation by eﬀective parameterisation could undermine the physical basis of the model to some degree. However, the extent to which
this issue represents a problem can be evaluated with respect to model
performance. If the dynamics of catchment models appear to be conceptually plausible and consistent with available evaluation data, the
selected spatial resolution can be eﬀectively justiﬁed for the purpose of
national-scale modelling of water resources, climate change impacts
and land-use change impacts.
The 1 km spatial resolution therefore represents a balance between
the information content of available data and pragmatic considerations
with respect to computing resources and run-times in particular (for
example a 1 km resolution SHETRAN model for a 500 km2 catchment
over 10 years takes approximately 35 min to run on a desktop computer), as well as perceived priorities for investigation and evaluation.
This was also guided by the recent work of Zhang (2012), who investigated the inﬂuence of spatial and temporal resolution in SHETRAN. Zhang (2012) found that simulations can be signiﬁcantly improved by increasing the temporal resolution of forcing inputs particularly rainfall - from daily to hourly intervals. In contrast, improvements due to increasing spatial resolution were found to be more
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modelling of pipes as these are not provided in any national dataset.
Lakes are not explicitly modelled but occur as a result of the physical
characteristics of the catchment. The catchments are assumed to have
no ﬂow boundary conditions apart from the outlet where there is assumed to be a weir. The catchments are set to be saturated initially but
the results from the ﬁrst two years of simulation (a 2 year spin-up
period) are not used in the analysis.
SHETRAN has been modiﬁed in several ways in order to improve its
performance using national datasets. The modiﬁcations include the
following:

typically used with SHETRAN: arable, bare ground, grass, deciduous
forest, evergreen forest, shrub and urban (Birkinshaw, 2011).
Most previous work with SHETRAN has used point rainfall data
(Bathurst et al., 2011; Elliott et al., 2012; Birkinshaw et al., 2014). This
approach is adequate for modelling individual catchments under certain conditions, but a more coherent dataset is necessary for setting up a
nationwide system so that a collective approach to catchment modelling may be followed, minimising errors from non-standardisation or
bias. SHETRAN was therefore updated to take gridded rainfall as input
and the UKCP09 5 km gridded precipitation dataset was initially selected as the fundamental rainfall input for the modelling system (Perry
et al., 2009). This dataset, created by the Met Oﬃce, is based on a large
amount of data from the UK's comparatively dense gauge network and
provides full coverage of the UK at a daily resolution for 1958–2007. In
addition, CEH have recently developed a new 1 km gridded daily
rainfall product, CEH-GEAR (Gridded Estimates of daily and monthly
Areal Rainfall for the United Kingdom (1890–2012)) (Tanguy et al.,
2014). Unlike the UKCP09 5 km gridded dataset, which uses inversedistance weighting to interpolate station data into a gridded format,
CEH-GEAR uses natural neighbour interpolation. The gridded daily
values are also adjusted by a monthly correction factor to ensure that
they are consistent with gridded monthly rainfall totals calculated from
a denser station network. Unlike the UKCP09 dataset, the CEH-GEAR
rainfall is freely available. Either dataset can be used for model setup
and can be selected in the python code rather than through the GUI.
The Met Oﬃce Rainfall and Evaporation Calculation System
(MORECS) is often used as an evaporation data source for hydrological
modelling in the UK (Hough and Jones, 1997), for example by the
Environment Agency regional groundwater models (Shepley et al.,
2012). It provides nationwide, real-time assessments of rainfall, potential evapotranspiration (PET) and soil moisture (Hough and Jones,
1997), but the data are not freely available. Other distributed estimates
of PET are very limited, such that the approach taken in this work was
to calculate PET directly from the gridded variables available within the
UKCP09 dataset using the FAO Penman-Monteith method (Allen et al.,
1998) to produce a UK wide 5 km × 5 km grid of time-varying PET.
This method also allows the SHETRAN-GB system to be more directly
compatible with UKCP09 weather generator outputs, which calculates
PET in the same way (Kilsby et al., 2007).
Daily maximum and minimum temperature data are used to provide
input to the snowmelt module of SHETRAN. There are options for both
temperature-index and energy balance approaches to modelling snowpacks within SHETRAN, but the former, simpler method is used here as
it has lower input data requirements. Given the climatology of the UK,
this modelling decision is likely to have most bearing on upland and
mountainous regions, for which estimation of all the inputs required for
energy balance is particularly complicated due to topographic complexity.
SHETRAN was modiﬁed to allow for input of a map showing the
position of lakes in a catchment, in order to improve their representation in catchment simulations. The data layer used as input is the OS
Meridian 2 lakes layer (Ordnance Survey, 2013b). This dataset is
available as a vector ﬁle, which was converted to a 1 km raster.

• SHETRAN now accommodates spatially varying rainfall and poten-

•

•

•

•

3. Existing functionality of SHETRAN and new modiﬁcations
Currently, the subsurface in SHETRAN is treated as a variably saturated heterogeneous porous medium, and fully 3D ﬂow and transport
can be simulated for combinations of conﬁned, unconﬁned, and perched systems. The ’unsaturated zone’ is modelled as an integral part of
the subsurface. Overland ﬂow is produced as a result of both inﬁltration
excess and saturation excess and is simulated using the diﬀusion approximation of the Saint-Venant equations. A network of 1D channels
ﬂows around the edge of the grid squares and the ﬂow in these is also
modelled using the diﬀusion approximation of the Saint-Venant equations. The surface and subsurface are fully coupled. There is no explicit

tial evapotranspiration data, as opposed to only point rainfall data
as used in most prior work. This allows for use of recently developed
gridded products and provides more realistic representation of important variability within catchments. Each model grid square is
assigned a code in an ASCII map that corresponds to a time series in
a separate input ﬁle.
There is now also a better process within SHETRAN for removing
sinks in the DEM - i.e. grid squares at a lower elevation than all
neighbouring grid squares - to prevent unrealistic levels of ponding
and surface storage, which would act to reduce ﬂows in an unrealistic way. This is achieved in an iterative process. The elevation
of all the grid squares where there is a sink is gradually increased
until it is no longer at a lower elevation than its neighbours. This is
then repeated until there are no sinks throughout the catchment.
A minimum DEM (describing the minimum elevation in a grid
square) is now used in combination with an average DEM (describing the average elevation in a grid square) to more accurately
route the river links calculated within SHETRAN. The position of the
river links is calculated from the minimum DEM by analysing the
number of upstream grid squares that ﬂow into a particular grid
square. When these reach a certain number (the default is 20) a river
channel is produced (Birkinshaw, 2010). The channel elevations are
based on the 2 adjacent grid squares. The elevations are then
modiﬁed so that there is always a downward ﬂow path. The average
DEM is used for all other processes
SHETRAN has been modiﬁed to accept a map of lake locations so
that they can be accurately represented within catchments. If a lake
grid cell intersects a river link, it is treated as an open water body by
reducing the default Strickler coeﬃcient controlling surface roughness from 20 to 3. The Strickler coeﬃcient is the inverse of
Mannings roughness coeﬃcient (Gauckler (1867), Manning (1891)).
This acts to eﬀectively slow ﬂow and increase storage of water in the
channel. All river channels have an individual Stickler parameter
associated with them, SHETRAN now adjusts this parameter so that
it corresponds with the lake value. As a results of these physical
characteristics and the low Strickler coeﬃcient in the channel, when
there is heavy rain and large river inﬂows the water level in these
channels increase and overﬂow into the nearby grid squares occurs.
This surface water (which corresponds to lake water storage) gradually builds up and then reduces once the rain stops.
Changes have also been made so that it is possible to assign Strickler
coeﬃcients as a function of land cover, rather than applying one
parameter value for the whole catchment, as has generally been the
case in the past. The option was always available within SHETRAN
although not normally used. This allows roughness to vary with
vegetation as would be expected (e.g. concrete surfaces have a low
roughness and thus high Strickler coeﬃcient, whereas vegetated
surfaces are rougher giving them a lower Strickler coeﬃcient).

4. Automatic set up of shetran
In order to develop a national modelling system based on
SHETRAN, a large array of data for the whole of Great Britain and the
period 1960–2006 as described above, was integrated into a framework
105
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Fig. 1. A screenshot of the user interface of SHETRAN-GB. Users are able to select catchments by browsing the map, entering the station number or uploading their
own catchment boundary. The resolution, start and end date of the simulation are also selected by the user.

input ﬁles for SHETRAN.
The automated setup of SHETRAN-GB catchments is based on a
single standard ’conceptual model’ derived from the available datasets.
The sub-surface can have 2–3 layers deﬁned by the soil and geology
datasets. These are further broken down by SHETRAN into a total of 35
computational layers. Other key ’universal’ parameters are set to ﬁxed
values. This standard ’conceptual model’ cannot be changed in an automated way through the GUI but could be changed easily by the underlying model set up code. Individual models can also be altered by
hand after set up with the GUI.

that features a new, user-friendly graphical interface, which extracts
and prepares the data required for a SHETRAN simulation of any
catchment in Great Britain. Previously, models would be set up
manually. This involved ﬁnding and downloading the appropriate datasets, importing them into GIS to ﬁll sinks, delineate catchment
boundaries and extract the relevant area from each data layer, then
convert these to SHETRAN input ﬁles and assign the parameters individually. This new GUI has vastly reduced the time it takes to set up
and run a model from months (Birkinshaw, 2010) to seconds. The resultant model is an uncalibrated model based on the ﬁxed set of parameters from national datasets. The system represents substantial progress in the ability to deploy SHETRAN for individual or very large
numbers of catchments.
The Python scripts underlying the system take input from a user
interface (scripted in HTML and Javascript) to automatically set up a
model for a catchment (see Fig. 1). Users deﬁne the catchment, resolution and start and end date of the simulation. For gauged catchments, an existing catchment boundary can be selected from a map,
while for ungauged catchments a shapeﬁle or ASCII map of the catchment boundary can be uploaded to extract an appropriate model. The
gauged catchment boundaries used in this work were determined on the
basis of the records for all of the gauged catchments in the UK held by
the National River Flow Archive (NRFA) (National River Flow Archive,
2014b). The algorithm underpinning catchment setup takes a boundary
shapeﬁle or gauge number as input to delineate the catchment along
with the start and end date of the simulation as input. It then creates a
project directory, creates or selects the catchment mask and uses that to
extract the other data and write it in the appropriate format for input to
SHETRAN. The SHETRAN data pre-processor is run, generating the

5. Software design and implementation
The software is designed for those wishing to use a physically-based
hydrological model but do not have access to detailed datasets for their
catchment of interest. New users of SHETRAN often wish to begin
modelling with a default set of parameters and subsequently reﬁne the
model when they become comfortable with the program. The GUI
makes it much easier for someone to start using SHETRAN from scratch,
but it is of little beneﬁt to those with a full set of detailed data about
their catchment, as this will surpass the information provided by national datasets. Experienced users of SHETRAN will also beneﬁt from
the software as they will be able to easily set up a catchment quickly.
The software requires a regular desktop computer with Windows
and Python 2.7 with ’osgeo’, ’Image’, ’Imagedraw’ and ’Tornado’
modules and their dependencies. SHETRAN-GB is 245.1 GB as a bundle
of Python scripts. exe ﬁles and an ASCII data archive. No preprocessing
is required before use. The GUI only takes a few seconds to produce an
average catchment model. It takes 170 s to extract the full time series of
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data for the largest gauged catchment in Great Britain (9948 km2).
The software has been designed so that the underlying code can be
run with or without the GUI. The GUI is a clean and simple tool for
setting up one catchment model at a time, but the underpinning Python
code can be run in parallel to set up many catchments at once. The
Python model setup code interacts with the JavaScript interface
through the ’Tornado’ module, receiving information about the required start and end dates of the simulation, and the catchment
boundary. If the catchment exists in the boundary catalogue, the existing catchment ASCII ﬁles are retrieved. If the catchment does not
exist (i.e. a shapeﬁle has been uploaded instead), an additional module
is called that converts the uploaded shapeﬁle into an ASCII mask using
the ’osgeo’ module.
Once the ASCII mask has been generated, it is used to extract the
other spatial information required from national maps. The national
maps are not read into memory; rather, the lines of the ﬁles are skipped
over until the required point is reached. The relevant lines are read into
memory and then the ﬁle is closed. This is to make the system adaptable
to much higher resolution national maps when they become available.
All maps are stored using the British National Grid coordinate system
which provides the regular array required for SHETRAN. The values in
the extracted maps are used to retrieve the corresponding time series
data.
Parameters are preassigned based on extensive experience from
previous studies, although parameter values can be adjusted later. The
automated setup of SHETRAN models means that common errors can be
avoided. The SHETRAN input ﬁles are very detailed and it is easy to
make a typing error or assign the wrong value to a parameter. The
automated set up ensures that every map is the same size, resolution
and location and that each parameter is assigned correctly. This adds a
level of credibility and reduces the probability of errors in the model,
especially for large heterogeneous catchments.

introduced by gridding gauge data due to the interpolation method
used. The UKCP09 and CEH-GEAR daily rainfall datasets use diﬀerent
interpolation methods, but are still highly correlated. Indeed, when the
24 h accumulation for each CEH-GEAR 1 km time series is compared
with its corresponding 5 km grid square, the Spearman's rank and
Pearson correlation coeﬃcients range from 0.9 to 1. PET is another very
uncertain variable as it can be calculated in approximately 50 ways (Lu
et al., 2007) and cannot be directly measured. Lu et al. (2007) test six of
these methods, including Penman-Monteith, and ﬁnd that PET can vary
by up to 500 mm/year in their study area of the southeastern United
States depending on the PET method used. Other uncertainties in the
land cover, soil and geological data are very diﬃcult to quantify
without collecting ﬁeld data from the catchment itself but there are
undoubtedly large uncertainties associated with the signiﬁcant heterogeneity that can occur at sub-kilometre scales in catchments. More
extensive analysis of the system's performance for a large number of
catchments, including the uncertainties associated with the input datasets will follow in subsequent work. Such analyses are facilitated by
the ﬂexibility of SHETRAN-GB, which enables substitution of alternative datasets to assess their impacts on simulations.
7. Discussion
This paper outlines the automated set up of a physically-based
model for catchments in GB. The aim of this was to increase the usability of SHETRAN and to provide a uniform framework for exploring
the possibility of a national, uncalibrated model based on parameters
from established datasets so that ungauged catchments can be eﬀectively modelled with some certainty. Additional experiments will test
this theory, whereas this paper focuses on describing the modelling
framework itself.
There are many positives to using such a framework. The time taken
to set up a model has been vastly reduced, allowing the modeller to
focus on other aspects of the modelling process (calibration, uncertainty
analysis, exploration of a wider range of model outputs). The data used
are currently the best available and they can easily be replaced by new
or improved data sets when they become available. The models are
based on a standard set of parameters, which provides consistency
between models. The automated process reduces errors and uncertainties by removing the possibility of errors when manually setting
up the complex model input ﬁles. However, such a strict framework
does restrict the modeller from developing their own conceptual model
of the catchment and does nothing to help incorporate other, more
detailed local datasets. There is also the danger that these models will
be used without due consideration of catchment processes. Whilst increased automation (of both model setup and automatic calibration)
can improve eﬃciency and reliability in hydrological modelling, it is
important not to overlook the role of detailed local knowledge of an
area and the role of a modeller's expertise.
The GUI has been designed to be simple and easy to use whilst the
underlying code has been designed to be ﬂexible. There is much scope
to use the code for other purposes, for example, building diﬀerent
conceptual models (e.g. altering the boundary conditions, the universal
parameters etc.), generating input ﬁles for models other than SHETRAN
or even applying the framework to other countries. Many countries
already have national datasets which could easily replace those presented here. Indeed, as a starting point for any country, a series of
global datasets could be used including the Shuttle Radar Topography
Mission (SRTM) DEM (Jarvis et al., 2008), the FAO harmonised world
soil database (Nachtergaele and Batjes, 2012), the NASAUSGS Global
Land Survey (GLS) datasets (Gutman et al., 2013) and a global, 50-yr, 3hourly, 1.0° dataset of meteorological forcings (Sheﬃeld et al., 2006).
The global maps would need to be projected onto an equal area grid and
have SHETRAN compatible properties assigned to them, as described
here, before being incorporated into the system. As discussed in the
introduction, SHETRAN has been used to model catchments across the

6. Example simulation
The Eden catchment was simulated to demonstrate the suitability of
the datasets for use in a national, physically-based modelling system.
The Eden is a commonly studied area in the UK and so we are able to
compare an uncalibrated version of SHETRAN set up by the system
described in this paper to a calibrated version set up for another study.
Janes et al. (2018) calibrate SHETRAN to river ﬂows for the Eden at
Kirkby Stephen (70 km2 in area) and at Temple Sowerby (616 km2) over
the period 1991–2001. The two catchments achieve Nash-Sutcliﬀe Efﬁciencies (NSE, Nash and Sutcliﬀe (1970)) of 0.85 and 0.86 respectively, R2 (Moriasi et al., 2007) of 0.88 and 0.7 and PBIAS (Moriasi
et al., 2007) of 14 and 8 for the validation period 2001–2007. Uncalibrated SHETRAN-GB simulations produce NSE values of 0.78 and
0.80 (see Fig. 2), R2 of 0.79 and 0.81, and percentage bias in the water
balance (PBIAS) of −8.6 and −1.0 for the same catchments for the
period 1992–2002. This shows that the data used for the automated
setup of SHETRAN-GB is appropriate but that model performance can
be improved with calibration.
To provide an indication of the robustness of the system, some key
potential uncertainties for the Eden catchment are now explored. Fig. 3
compares the river channel network automatically derived in SHETRAN
from the digital elevation model at 1 km and 500 m resolution to the
existing river network map (Ordnance Survey, 2018). The derived river
network at both resolutions corresponds well to the main river channel
through the catchment. At 500 m resolution, the secondary river
channels are also well represented with only a few errors. This illustrates the importance of resolution (rather than the underlying data) in
the uncertainty associated with the DEM. Rainfall data has many uncertainties associated with it including mechanical errors, recording
errors, evaporation from partly-ﬁlled buckets, wind-induced undercatch, and snow-eﬀects that can reduce rainfall totals by over 40%
(McMillan et al., 2012; Pollock et al., 2018). Uncertainty is also
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Fig. 2. An example simulation of the Eden at Temple Sowerby using the automated, uncalibrated set up of SHETRAN. NSE = 0.8.

sinks and improve the treatment of lakes in SHETRAN. A graphical
user-interface was developed so that modellers can rapidly set up a
SHETRAN catchment model. The system could be straightforwardly
transferred to other regions of the world using global or national datasets. Forthcoming publications will examine the robustness of the
system, assess the performance of simulations and outline ways in
which it could be used for impact case studies. Whilst the datasets have
been set up and used in SHETRAN, it would be very simple to use exactly the same data in any other model code. The xml ﬁle, precipitation
data and ASCII grids produced could be easily adapted to be used by
any other distributed hydrological model.

world and it is likely that the main limiting factor for international
modelling would be the quality of the input datasets used, not the
physical processes being represented in SHETRAN itself. The most difﬁcult data to obtain would be a parameterized hydrogeological dataset
and this would be a major limitation when trying to model groundwater
dominated catchments.

8. Conclusion
This paper has detailed the datasets, processing and software development involved in setting up a national SHETRAN modelling
system for Great Britain. Freely available data were collated and processed into 1 km rasters aligned with the British National Grid. The
datasets together describe the country's physical, hydrological and climatic characteristics. Modiﬁcations were made to SHETRAN itself to
permit more realistic input data, such as by allowing distributed precipitation inputs, as well as to enhance representation of some hydrological processes. For example, channel delineation was improved by
using a minimum DEM, with modiﬁcations also made to handle DEM

9. Software availability
SHETRAN-GB was developed by Elizabeth Lewis and Stephen
Birkinshaw. The software is available from Elizabeth Lewis (elizabeth.
lewis2@ncl.ac.uk) Cassie Building, Newcastle University, Newcastle
upon Tyne, NE1 7RU, UK. Software ﬁrst available from January 2016
for free under academic licence. Software requires a regular desktop

Fig. 3. The river network generated by SHETRAN for the Eden at Temple Sowerby using the automated, uncalibrated set up of SHETRAN compared to the actual
river network at 1 km resolution (left) and 500 m resolution (right).
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computer with Windows and Python 2.7 with ’osgeo’, ’Image’,
’Imagedraw’ and ’tornado’ modules SHETRAN-GB is 245.1 GB as a
bundle of python scripts. exe ﬁles and an ASCII data archive. Technical
documentation is embedded directly in the code through comments.
User documentation is provided separately which provides a worked
example of how to use the software.

Elliott, A., Oehler, F., Schmidt, J., Ekanayake, J., 2012. Sediment modelling with ﬁne
temporal and spatial resolution for a hilly catchment. Hydrol. Process. 26 (24),
3645–3660.
European Commission, Joint Research Centre, 2012. European soil database raster library
1km x 1km. http://eusoils.jrc.ec.europa.eu/ESDB_Archive/ESDB_data_1k_raster_
intro/ESDB_1k_raster_data_intro.html, Accessed date: 24 February 2012.
Ewen, J., Parkin, G., O'Connell, P.E., 2000. SHETRAN: distributed river basin ﬂow and
transport modeling system. J. Hydrol. Eng. 5 (3), 250–258.
Freeze, R.A., Harlan, R.L., 1969. Blueprint for a physically-based, digitally-simulated
hydrologic response model. J. Hydrol. 9 (3), 237–258.
Gauckler, P., 1867. Etudes thoriques et pratiques sur l’ecoulement et le mouvement des
eaux. Comptes Rendues de l’Acadmie des Sciences, Paris 64, 818–822.
Goodall, J.L., Maidment, D.R., 2009. A spatiotemporal data model for river basin-scale
hydrologic systems. Int. J. Geogr. Inf. Sci. 23 (2), 233–247.
Guerreiro, S.B., Birkinshaw, S., Kilsby, C., Fowler, H.J., Lewis, E., 2017. Dry getting drier
the future of transnational river basins in iberia. J. Hydrol.: Reg. Stud. 12, 238–252.
http://www.sciencedirect.com/science/article/pii/S221458181630129X.
Gutman, G., Huang, C., Chander, G., Noojipady, P., Masek, J.G., 2013. Assessment of the
nasausgs global land survey (gls) datasets. Rem. Sens. Environ. 134, 249–265. http://
www.sciencedirect.com/science/article/pii/S0034425713000758.
Habets, F., Boone, A., Champeaux, J.-L., Etchevers, P., Franchisteguy, L., Leblois, E.,
Ledoux, E., Le Moigne, P., Martin, E., Morel, S., et al., 2008. The SAFRAN-ISBAMODCOU hydrometeorological model applied over France. J. Geophys. Res. 113
(D6), D06113.
Henriksen, H.J., Troldborg, L., Nyegaard, P., Sonnenborg, T.O., Refsgaard, J.C., Madsen,
B., 2003a. Methodology for construction, calibration and validation of a national
hydrological model for Denmark. J. Hydrol. 280 (1), 52–71.
Henriksen, H.J., Troldborg, L., Nyegaard, P., Sonnenborg, T.O., Refsgaard, J.C., Madsen,
B., 2003b. Methodology for construction, calibration and validation of a national
hydrological model for Denmark. J. Hydrol. 280 (14), 52–71. http://www.
sciencedirect.com/science/article/pii/S0022169403001860.
Højberg, A.L., Troldborg, L., Stisen, S., Christensen, B.B., Henriksen, H.J., 2013.
Stakeholder driven update and improvement of a national water resources model.
Environ. Model. Software 40, 202–213.
Hough, M.N., Jones, R.J.A., 1997. The United Kingdom Meteorological Oﬃce rainfall and
evaporation calculation system: MORECS version 2.0-an overview. Hydrol. Earth
Syst. Sci. 1 (2), 227–239. http://www.hydrol-earth-syst-sci.net/1/227/1997/.
Janes, V., Holman, I., Birkinshaw, S., O'Donnell, G., Kilsby, C., 2018. Improving bank
erosion modelling at catchment scale by incorporating temporal and spatial variability. Earth Surf. Process. Landforms 43 (1), 124–133. eSP-16-0299.R2. https://doi.
org/10.1002/esp.4149.
Jarvis, A., Reuter, H., Nelson, A., Guevara, E., 2008. Hole-ﬁlled Srtm for the Globe
Version 4, Available from the Cgiar-csi Srtm 90m. Database. Greenbelt, MD, EUA:
CGIAR Consortium for Spatial Information (CGIAR-csi).
Kilsby, C.G., Jones, P.D., Burton, A., Ford, A.C., Fowler, H.J., Harpham, C., James, P.,
Smith, A., Wilby, R.L., 2007. A daily weather generator for use in climate change
studies. Environ. Model. Software 22 (12), 1705–1719. http://www.sciencedirect.
com/science/article/pii/S136481520700031X.
Koo, B., O'Connell, P., 2006. An integrated modelling and multicriteria analysis approach
to managing nitrate diﬀuse pollution: 2. A case study for a chalk catchment in
England. Sci. Total Environ. 358 (1), 1–20.
Leonard, L., Duﬀy, C.J., 2013. Essential terrestrial variable data workﬂows for distributed
water resources modeling. Environ. Model. Software 50, 85–96.
Leonard, L., Duﬀy, C.J., 2014. Automating data-model workﬂows at a level 12 huc scale:
watershed modeling in a distributed computing environment. Environ. Model.
Software 61, 174–190.
Liedekerke, M.V., Jones, A., Panagos, P., 2006. ESDBv2 Raster Library - a Set of Rasters
Derived from the European Soil Database Distribution v2.0. Tech. Rep. European
Commission and the European Soil Bureau Network.
Lu, J., Sun, G., McNulty, S.G., Amatya, D.M., 2007. A comparison od six potential evapotranspiration methods for regional use in the southeastern United States. J. Am.
Water Resour. Assoc. 41 (3), 621–633. https://onlinelibrary.wiley.com/doi/abs/10.
1111/j.1752-1688.2005.tb03759.x.
Maidment, D., 2002. Archydro: Gis for Water Resources. Report. ESRI Press, Redland,
California.
Manning, R., 1891. On the ﬂow of water in open channels and pipes. Trans. Inst. Civil
Eng. Ireland 20, 161–207.
Maxwell, R.M., Condon, L.E., Kollet, S.J., 2015. A high-resolution simulation of
groundwater and surface water over most of the continental us with the integrated
hydrologic model parﬂow v3. Geosci. Model Dev. (GMD) 8, 923–937.
McMillan, H., Krueger, T., Freer, J., 2012. Benchmarking observational uncertainties for
hydrology: rainfall, river discharge and water quality. Hydrol. Process. 26,
4078–4111.
Moore, R.J., 2007. The PDM rainfall-runoﬀ model. Hydrol. Earth Syst. Sci. 11 (1),
483–499.
Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L.,
2007. Model evaluation guidelines for systematic quantiﬁcation of accuracy in watershed simulations. Trans. ASABE 50 (3), 885–900.
Morris, D.G., Flavin, R.W., Moore, R.V., 1990. A digital terrain model for hydrology. In:
Proc 4th Int. Symposium on Spatial Data Handling, Zurich.
Morton, D., Rowland, C., Wood, C., Meek, L., Marston, C., Smith, G., Wadsworth, R.,
Simpson, I., 2011a. Final Report for Lcm2007-the New uk Land Cover Map.
Countryside Survey Technical Report No 11/07.
Morton, D., Rowland, C., Wood, C., Meek, L., Marston, C., Smith, G., Wadsworth, R.,
Simpson, I.C., 2011b. Countryside Survey: Final Report for LCM2007 the New UK
Land Cover Map. Tech. rep.. Centre for Ecology Hydrology.

Acknowledgements
Funding: this work was supported by the Natural Environment
Research Council [NE/J500239/1]. Hayley J Fowler is funded by the
Wolfson Foundation and the Royal Society as a Royal Society Wolfson
Research Merit Award (WM140025) holder. Contains data from the UK
National River Flow Archive, hosted by the Centre for Ecology &
Hydrology and operated in partnership with UK hydrometric measuring
authorities. ©Crown Copyright 2009. The UK Climate Projections data
have been made available by the Department of the Environment, Food
and Rural Aﬀairs (Defra) and Department of Energy and Climate
Change (DECC) under licence from the Met Oﬃce, Newcastle
University, University of East Anglia and Proudman Oceanographic
Laboratory. These organisations accept no responsibility for any inaccuracies or omissions in the data, nor for any loss or damage directly
or indirectly caused to any person or body by reason of, or arising out
of, any use of this data. LCM 2007 ©and database right NERC (CEH)
2011. All rights reserved. Contains Ordnance Survey data ©Crown
copyright and database right 2007.
References
Abbott, M.B., Bathurst, J.C., Cunge, J.A., O'Connell, P.E., Rasmussen, J., 1986. An introduction to the European hydrological system – système Hydrologique Europeén,
(SHE), 1: history and philosophy of a physically-based, distributed modelling system.
J. Hydrol. 87 (12), 45–59. http://www.sciencedirect.com/science/article/pii/
0022169486901149.
Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration - Guidelines
for Computing Crop Water Requirements - FAO Irrigation and Drainage Paper 56.
Report. FAO - Food and Agriculture Organization of the United Nations.
Bathurst, J.C., Birkinshaw, S.J., Cisneros, F., Fallas, J., Iroum, A., Iturraspe, R., Novillo,
M.G., Urciuolo, A., Alvarado, A., Coello, C., Huber, A., Miranda, M., Ramirez, M.,
Sarandn, R., 2011. Forest impact on ﬂoods due to extreme rainfall and snowmelt in
four Latin american environments 2: model analysis. J. Hydrol. 400 (34), 292–304.
Bell, V., Kay, A., Jones, R., Moore, R., 2007. Development of a high resolution grid-based
river ﬂow model for use with regional climate model output. Hydrol. Earth Syst. Sci.
11 (1), 532–549.
Bell, V.A., Kay, A.L., Jones, R.G., Moore, R.J., Reynard, N.S., 2009. Use of soil data in a
grid-based hydrological model to estimate spatial variation in changing ﬂood risk
across the UK. J. Hydrol. 377 (3–4), 335–370.
Beven, K., 2006. Searching for the holy grail of scientiﬁc hydrology. Hydrol. Earth Syst.
Sci. Discuss. 10 (5), 609–618.
Beven, K., 2012. Rainfall-runoﬀ Modelling: the Primer. Wiley, West Sussex, UK.
Bhatt, G., Kumar, M., Duﬀy, C.J., 2014. A tightly coupled gis and distributed hydrologic
modeling framework. Environ. Model. Software 62, 70–84.
Bierkens, M.F.P., 2015. Global hydrology 2015: State, trends, and directions. Water
Resour. Res. 51, 4923–4947.
Billah, M.M., Goodall, J.L., Narayan, U., Essawy, B.T., Lakshmi, V., Rajasekar, A., Moore,
R.W., 2016. Using a data grid to automate data preparation pipelines required for
regional-scale hydrologic modeling. Environ. Model. Software 78, 31–39.
Birkinshaw, S.J., 2010. Technical note: automatic river network generation for a physically-based river catchment model. Hydrol. Earth Syst. Sci. 14 (9), 1767–1771.
Birkinshaw, S.J., 2011. SHETRAN Version 4: Data Requirements, Data Processing and
Parameter Values. Technical Report. Newcastle University (URL).
Birkinshaw, S.J., Bathurst, J.C., Iroumé, A., Palacios, H., 2011. The eﬀect of forest cover
on peak ﬂow and sediment discharge – an integrated ﬁeld and modelling study in
central–southern Chile. Hydrol. Process. 25 (8), 1284–1297.
Birkinshaw, S.J., Bathurst, J.C., Robinson, M., 2014. 45 years of non-stationary hydrology
over a forest plantation growth cycle, coalburn catchment, northern england. J.
Hydrol. 519, 559–573.
Birkinshaw, S.J., James, P., Ewen, J., 2010. Graphical user interface for rapid set-up of
shetran physically-based river catchment model. Environ. Model. Software 25 (4),
609–610.
British Geological Survey, 2012. 1:625 000 scale digital hydrogeological data. http://
www.bgs.ac.uk/downloads/start.cfm?id=2258, Accessed date: 24 February 2012.
British Geological Survey, 2014. 1:625 000 scale digital hydrogeological data. http://
www.bgs.ac.uk/products/hydrogeology/maps.html, Accessed date: 19 September
2014.
Centre for Ecology and Hydrology, 2012. Land cover map 2007. https://gateway.ceh.ac.
uk/home, Accessed date: 21 February 2012.

109

Environmental Modelling and Software 108 (2018) 102–110

E. Lewis et al.

Pechlivanidis, I.G., Jackson, B.M., Mcintyre, N.R., Wheater, H.S., 2011. Catchment scale
hydrological modelling: a review of model types, calibration approaches and uncertainty analysis methods in the context of recent developments in technology and
applications. Global Nest Journal 13 (3), 193–214.
Perry, M., Hollis, D., 2005. The generation of monthly gridded datasets for a range of
climatic variables over the UK. Int. J. Climatol. 25 (8), 1041–1054.
Perry, M., Hollis, D., Elms, M., 2009. The Generation of Daily Gridded Datasets of
Temperature and Rainfall for the UK. Tech. Rep. Met Oﬃce National Climate
Information Centre.
Pollock, M.D., O'Donnell, G., Quinn, P., Dutton, M., Black, A., Wilkinson, M., Colli, M.,
Stagnaro, M., Lanza, L.G., Lewis, E., Kilsby, C.G., O'Connell, P.E., 2018. Quantifying
and mitigating wind-induced undercatch in rainfall measurements. Water Resour.
Res. https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2017WR022421.
Refsgaard, J., 1996. Terminology, modelling protocol and classiﬁcation of hydrological
model codes. In: Distributed Hydrological Modelling. Springer, Netherlands, pp.
17–39.
Sheﬃeld, J., Goteti, G., Wood, E.F., 2006. Development of a 50-year high-resolution
global dataset of meteorological forcings for land surface modeling. J. Clim. 19 (13),
3088–3111. https://doi.org/10.1175/JCLI3790.1.
Shepley, M.G., Whiteman, M., Hulme, P., Grout, M., 2012. Introduction: groundwater
resources modelling: a case study from the UK. Geol. Soc. London, Spec. Publ. 364
(1), 1–6.
Singh, V., 1995. Computer Models of Watershed Hydrology. Water Resources
Publications, Fort Collins, Colorado U.S.A.
Tanguy, M., Dixon, H., Prosdocimi, I., Morris, D.G., Keller, V.D.J., 2014. Gridded
Estimates of Daily and Monthly Areal Rainfall for the United Kingdom (1890-2012)
[CEH-gear]. Tech. Rep. NERC Environmental Information Data Centre.
The Met Oﬃce, 2012. UKCP09: download data sets. http://www.metoﬃce.gov.uk/
climatechange/science/monitoring/ukcp09/download/index.html, Accessed date: 8
February 2012.
Van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44 (5), 892–898.
Wheater, H.S., Jakeman, A.J., Beven, K.J., 1993. Progress and directions in rainfall-runoﬀ
modelling. In: Jakeman, A.J., Beck, M.B., McAleer, M.J. (Eds.), Modelling Change in
Environmental Systems. Wiley, pp. 101–132.
Zhang, R., 2012. Impacts of Spatial and Temporal Scales on a Distributed Hydrological
Model, (Unpublished). Institute of Mediterranean Agrarian and Environmental
Sciences, University of Évora.

Nachtergaele, F., Batjes, N., 2012. Harmonized World Soil Database. FAO, Rome.
Naseela, E., Dodamani, B., Chandran, C., 2015. Estimation of runoﬀ using nrcs-cn method
and shetran model. Int. Adv. Res. J. Sci. Eng. Technol 2, 23–28.
Nash, J.E., Sutcliﬀe, J.V., 1970. River ﬂow forecasting through conceptual models part i –
a discussion of principles. J. Hydrol. 10 (3), 282–290.
National River Flow Archive, 2012. Catchment data. http://www.ceh.ac.uk/data/nrfa/
data/search.html, Accessed date: 7 March 2012.
National River Flow Archive, 2014a. Gauged daily ﬂows. http://www.ceh.ac.uk/data/
nrfa/data/gauged_ﬂow.html, Accessed date: 19 September 2014.
National River Flow Archive, 2014b. Hydrometric areas for Great Britain and northern
Ireland. https://catalogue.ceh.ac.uk/documents/1957166d-7523-44f4-b279aa5314163237, Accessed date: 19 September 2014.
O'Connell, P., 1991. A historical perspective. In: Recent Advances in the Modeling of
Hydrologic Systems. Springer, pp. 3–30.
Olivera, F., Valenzuela, M., Srinivasan, R., Choi, J., Cho, H., Koka, S., Agrawal, A., 2006.
Arcgis-swat: a geodata model and gis interface for swat. J. Am. Water Resour. Assoc.
42 (2), 295–309.
Olsen, M., Troldborg, L., Henriksen, H.J., Conallin, J., Refsgaard, J.C., Boegh, E., 2013.
Evaluation of a typical hydrological model in relation to environmental ﬂows. J.
Hydrol. 507, 52–62.
Op de Hipt, F., Diekkrüger, B., Steup, G., Yira, Y., Hoﬀmann, T., Rode, M., 2017. Applying
shetran in a tropical west african catchment (dano, Burkina Faso)calibration, validation, uncertainty assessment. Water 9 (2), 101.
Ordnance Survey, 2012. Mapping data and geographic information from Ordnance
Survey. https://www.ordnancesurvey.co.uk/opendatadownload/products.html,
Accessed date: 1 March 2012.
Ordnance Survey, 2013a. Land-form PANORAMA User Guide and Technical Speciﬁcation
v5.2. Tech. Rep. Ordnance Survey.
Ordnance Survey, 2013b. Meridian 2 user Guide and Technical Speciﬁcation v6.0. Tech.
Rep. Ordnance Survey.
Ordnance Survey, 2018. Ordnance survey open rivers dataset. https://www.
ordnancesurvey.co.uk/business-and-government/products/os-open-rivers.html,
Accessed date: 1 June 2018.
Paniconi, C., Putti, M., 2015. Physically based modeling in catchment hydrology at 50:
survey and outlook. Water Resour. Res. 51 (9), 7090–7129.
Parkin, G., Birkinshaw, S., Younger, P., Rao, Z., Kirk, S., 2007. A numerical modelling and
neural network approach to estimate the impact of groundwater abstractions on river
ﬂows. J. Hydrol. 339 (1), 15–28.

110

