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s u m m a r y

Understanding hydrological flow pathways is important for modelling stream response, in order to
address a range of environmental problems such as flood prediction, prediction of chemical loads and
identification of contaminant pathways for subsequent remediation. This paper describes the use of para-
metrically efficient, low order models to identify the dominant modes of stream response for catchments
within the Upper Eden, UK. A first order linear model adequately identified the dominant mode in all but
one of the sub-catchments. A consistent pattern of time constants and pure time delays between catch-
ments was observed over different periods of data. In the nested catchments, time constants increased as
the catchment size increased from 1.1 km2 at Gais Gill (2–7 h) to 69.4 km2 at Kirkby Stephen (5–10 h) to
223.4 km2 at Great Musgrave (7–16 h) to 616.4 km2 at Temple Sowerby (11–22 h), but Blind Beck (a small
catchment 8.8 km2, time constants 11–21 h) had time constants most similar to Temple Sowerby. This
was attributed to a combination of the storage role of permeable rock strata, where present, and the effect
of scale on sub-surface and channel routing. A first order model could not be identified for the 1.0 km2

Low Hall catchment, which comprises permeable sandstone overlain by Quaternary sediments. A sec-
ond-order model of Low Hall stream showed a higher proportion of water taking a slower pathway
(76% via a slow pathway; time constant 252 h) than a model with the same structure for the 8.8 km2

Blind Beck (46% via slow pathway; time constant 60 h), where only 38% of the basin was underlain by
the same permeable sandstone. This highlights the need to quantify the role of deep pathways through
permeable rock, where present, in addition to the effect of catchment size on response times.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Water may travel along many different flow pathways through
a catchment, including fast pathways, such as overland flow, shal-
low sub-surface flow, pipe flow or drain flow, and slower pathways
such as sub-surface flow through the deeper strata of regolith and
rock. Knowledge of these pathways is particularly important in
water quality studies as different pathways may have different
chemical signatures. The way in which these pathways are repre-
sented in hydrological modelling depends on the type and struc-
ture of the model.

There exists a range of hydrological models of varying complex-
ity, classified into various types by Wheater et al. (1993), for a
range of scales from plot scale (<1 ha) to large catchment scale
(>1000 km2), and the choice of an appropriate model depends on
both the modelling task and the input information available. If
the model is assessed on successful simulation of the stream
ll rights reserved.
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hydrograph alone, then there may be many good models with dif-
ferent parameter sets which give an equally acceptable fit to the
calibration data; this is the concept of ‘equifinality’ (Beven, 1996,
2006; Beven and Freer, 2001). However, because of the lack of data
on internal variables, some of the models may fit for the wrong
reasons and if predictive models are to be used with confidence
for conditions beyond our current experience (e.g. for climate
change assessment) then it is necessary to get the right answer
for the right reasons (Kirchner, 2006; Kirchner et al., 1996; Seibert
and McDonnell, 2002). McDonnell (2003) suggests that observed
non-linear responses in catchments, due to threshold behaviour,
hysteresis and storage effects, challenge conventional model struc-
ture and some of its assumptions.

Uhlenbrook et al. (2003) recommend the construction of mod-
els that capture the dominant modes of a system, with as few tune-
able parameters as possible, as an increase in the number of
parameters also increases the uncertainty of the model. Transfer
function models, whose structure and parameters are determined
by the information in the data are considered to be among the
most parsimonious for investigating rainfall–runoff (McGuire and
McDonnell, 2006; Young, 2003). This is the approach used in
data-based mechanistic (DBM) modelling.

http://dx.doi.org/10.1016/j.jhydrol.2011.03.001
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The objective of this study was to use DBM modelling to inves-
tigate the dominant pathways of the water expressed in the stream
response of the Upper Eden catchment and to see if and how these
changed with catchment scale or underlying geology.

2. Materials and methods

2.1. Catchment descriptions

The study area was the Upper Eden catchment, situated in
north-west England, UK. The River Eden is 80 miles long and rises
in the limestone on the border of Cumbria and Yorkshire and then
runs north through the towns of Kirkby Stephen and Appleby, and
onto Carlisle city where it discharges into the Solway Firth. The
Upper Eden is the part of the catchment above the flow gauging
station at Temple Sowerby (616 km2; Lat. 54.65�N, Long.
2.61�W). Elevations range from around 90 m above sea level in
the valley bottom, to nearly 800 m in the Pennines on the eastern
side. The Eden Valley is made up of Permian and Triassic sand-
stones overlying rocks of the Carboniferous Series. It is separated
from the Carboniferous rocks of the Pennines by the Pennine fault
(Taylor et al., 1971; Taylor, 2003). Both the Penrith sandstone and
the St Bees sandstone in the valley bottom are defined as major
aquifers (Allen et al., 1997). In contrast, the valley sides are mainly
Carboniferous limestone and limestone layers. The headwater
catchment of Gais Gill in the south-west of the catchment consists
of an impermeable greywacke. The valley floor is covered by a var-
iable thickness of Quaternary drift made up of poorly sorted mix-
tures of clays, silts, sands and gravels interspersed with alluvial
deposits. Coarse river terrace deposits cover a large proportion of
the small catchment of Low Hall. The steeper sides of the valley
mostly have no covering of drift. Rainfall totals in the Upper Eden
vary from less than 650 mm per year in the valley bottom to over
2000 mm per year on the fells and have been linearly related to
elevation (Walsh, 2004). The Upper Eden is primarily used for live-
stock farming, with sheep on the upland areas and beef or dairy
cattle on the more fertile lowland areas.

The Eden is one of four UK catchments in the Catchment
Hydrology and Sustainable Management (CHASM) research
programme. CHASM is a UK framework for catchment research
Fig. 1. The Upper Eden catchment within the UK, showing sub-catchments and location
squares in the map, while the rain gauges are shown with filled triangles. The 1.0 km2

gauging station is adjacent to that of the 8.8 km2 Blind Beck gauging station, so both ar
to address issues such as flooding, water quality, ecology and land
use over a range of scales from plot scale to basin scale (Quinn
et al., 2000). As a result, the Upper Eden is relatively densely instru-
mented and provides hydrometric data for a database maintained
by Newcastle University.

The sub-catchments modelled ranged in size from Temple Sow-
erby (616 km2) to Gais Gill (1.2 km2) and Low Hall (1.0 km2)
(Fig. 1). The location of the gauging station for each sub-catchment
and the percentages of limestone, sandstone and drift deposits are
given in Table 1. The larger sub-catchments are gauged by the
Environment Agency (EA).

2.2. Data-based mechanistic (DBM) models

DBM philosophy makes no prior assumptions about the pro-
cess-descriptions of model structure but allows the data to deter-
mine the structure, which is then interpreted in terms of
physical processes. The modeller starts with time-series data and
fits a range of models such as transfer function models. An optimal
model and associated parameters is identified using statistical
measures, but only accepted if it has a plausible physical explana-
tion (Young, 1998, 2003; Young and Beven, 1994; Young et al.,
2004). Parameter uncertainty is identified as part of the model
identification process and is constrained by keeping the number
of parameters to the minimum required to explain the data, which
then allows meaningful interpretation of parameter differences
(e.g., between several catchments).

Transfer function models are the core of many DBM models. A
transfer function is a linear relation between an input and an out-
put via one or more stores. The stores deplete exponentially, which
is a constraint on DBM models that use transfer functions. A gen-
eral, discrete-time, single-input, single-output transfer function
model can be written as:

yðkÞ ¼ Bðz�1Þ
Aðz�1Þ uðk� dÞ ð1Þ

where u(k) represents the input at the kth sampling time, y(k)
represents the output at the kth sampling time and d is a pure time
delay. The polynomials A and B are defined as:
of gauging stations and rain gauges. The river gauging stations are shown with filled
catchment area of Low Hall stream is too small to be represented in this map; its
e shown with the same symbol.



Table 1
Summary of sub-catchments and gauging stations used in modelling. L = Limestone, SST = Penrith/St Bees Sandstone (see Allen et al., 1997; British Geological Survey, 1997). OS is
the UK Ordnance Survey.

Sub-catchment Area (km2) Geology Gauge location OS Grid ref Gauge maintained by

Temple Sowerby 616.4 69% L NY605283 EA
28% SST

Great Musgrave 223.4 83% L NY764131 EA
13% SST

Kirkby Stephen 69.4 91% L NY773097 EA
6% SST

Gais Gill 1.1 100% Greywacke NY714011 CHASM
0% SST

Blind Beck 8.8 62% L NY753131 CHASM
38% SST (regolith = 61% till, 17% river terrace)

Low Hall stream 1.0 100% SST (regolith = 40% till, 60% river terrace) NY753130 This project
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Aðz�1 ¼ 1þ a1z�1Þ þ a2z�2 þ � � � þ anz�n ð2Þ

and

Bðz�1Þ ¼ b0 þ b1z�1 þ b2z�2 þ � � � þ bmz�m ð3Þ

where z�i is the backwards shift operator, i.e. z�iy(k) = y(k � i).
The characteristics of the model depend on the polynomials A

and B, in particular on their roots. The structure of a simple transfer
function model is sometimes denoted by the triad [n, m, d] or the
pair [n, m] if the pure time delay is excluded (Young and Beven,
1994).

A simple first order transfer function model with structure
[1, 1, d] can be written using the notation of Eq. (1) as

yðkÞ ¼ b
1þ az�1 uðk� dÞ ð4Þ

This system will have a characteristic time constant, TC, in units
of the model time step, and a steady state gain, SSG, defined by

TC ¼ �Dt
lnð�aÞ ; SSG ¼ b

1þ a
ð5Þ

where Dt is the time step of the model, determined by the sampling
resolution of the time-series data (or an integer integral of the sam-
pling resolution), and a and b are the parameters defined in Eq. (4).

When this model is applied to the rainfall–runoff response of a
catchment, typically the input to the model is a rainfall time series
(e.g., mm/h) and the output is a river runoff time series (e.g., mm/
h) sampled at the same time interval (Young, 2003). The concep-
tual interpretation of the linear store expressed by Eq. (4) is the
depletion of a single uniform store; normally interpreted as the
drainage from a sub-surface moisture store into the river. The time
constant is a measure of how fast the system responds, measured
by the speed of the recession. There may be a delay (d) before any
response at all is seen in the output (a pure time delay). This does
not necessarily mean that the response seen in each stream hydro-
graph is the same water that fell in the rain-event immediately
preceding each hydrograph, as studies have indicated that there
can be a ‘groundwater ridging’ phenomenon with the stream re-
sponse being made up of ‘old’ water that has been in the ground
for some time (Cloke et al., 2006; Pearce et al., 1986; Sklash and
Farvolden, 1979; Sklash et al., 1986).

If the rainfall used as model input is representative of the catch-
ment average rainfall, then the SSG is the ratio of the catchment
average rainfall, integrated over the modelled period, to the inte-
grated river runoff. Thus, if a SSG of 0.5 was obtained, the runoff
total is equivalent to half of the rainfall total. The difference com-
prises evapotranspiration outputs or groundwater exchanges
across catchment divides or changes in sub-surface storage, or
some combination of all these. In catchments without groundwa-
ter exchanges across divides and modelling periods normally in ex-
cess of 1 year, the difference between the rainfall input and river
discharge output (i.e. P–Q) equates largely to the evapotranspira-
tion output for the catchment.

For some catchments within this study, rainfall input was mea-
sured at a maximum of two rain gauges. As a consequence, the
catchment average rainfall could not be derived to give even an
approximate estimate of the annual evapotranspiration (from an
integral of P–Q). Even with data from a detailed rain gauge net-
work, uncertainties remain with evapotranspiration estimates
from P–Q. Thus, in this study, the SSG is not interpreted. However,
within temperate catchments of the Eden where the rainfall re-
gime is predominantly frontal, the rain-event hyetographs for all
rain gauges within a catchment are expected to have approxi-
mately the same linearly-scaled shape (e.g. Mayes et al., 2006).

Another commonly identified model in hydrology has two lin-
ear stores in parallel, which can be interpreted as a parallel, fast re-
sponse pathway with a short time constant and a slower pathway
with a longer time constant. Provided the pure time delay is the
same on both pathways, two first order transfer functions can be
added, resulting in a second order [2, 2] model, which has real
roots. If such a model is identified, the time constants and relative
proportions of water taking each pathway can be determined from
a partial fraction decomposition of the second order transfer func-
tion (e.g. Beven, 2001, p. 109).

Within this study, model structure and parameters are identi-
fied using the Simplified Refined Instrumental Variable algorithm,
an iterative process giving a set of unbiased parameters which
optimises the model whilst also estimating the uncertainty on
the model parameters. This is carried out using the CAPTAIN tool-
box which runs within Matlab� (Taylor et al., 2007). Models are
evaluated according to the coefficient of determination, R2

T , and
the Young Identification Criterion (YIC) (Young, 1984), an objective
statistical measure which combines how well the model fits the
data and a measure of the over-parameterisation. R2

T is defined as:

R2
T ¼ 1� r̂2

r2
y

ð6Þ

where r̂2 is the variance of the model residuals and r2
y is the vari-

ance of the observations (output) y.
YIC is defined as:

YIC ¼ loge
r̂2

r2
y
þ logefNEVNg ð7Þ

where NEVN is the normalised error variance norm defined as:

NEVN ¼ 1
np

Xnp

i¼1

r̂2P̂ii

â2
i

ð8Þ

np is the number of parameters estimated, P̂ii is the ith diagonal in
the parameter covariance matrix, â2

i is the square of the ith param-
eter. The first term in Eq. (7) is based on the coefficient of determi-



Table 2
Summary of rain gauges used in modelling.

Location Grid reference Elevation (m) Maintained by

Aisgill Moor SD778963 360 EA
Scalebeck NY673144 183 EA
Gais Gill NY714009 390 CHASM
Great Asby NY695125 250 CHASM
Sykeside NY747122 180 CHASM

Fig. 2. Hourly rainfall at Scale Beck and hourly discharge per unit area at Temple
Sowerby, 01 December 2003–30 November 2007. Water levels and rainfall were
supplied at 15 min resolution by the Environment Agency.
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nation and is a measure of how well the model explains the data
(the smaller the model residuals, the more negative this term be-
comes). The second term represents the impact of uncertainty in
the parameter values, which is correlated with model complexity
(or over-parameterisation); generally, a higher order model will
capture more of the dynamics of the system, but with higher uncer-
tainty in the parameter estimates. In that case the second term in
YIC will dominate. Thus YIC is a compromise between the fit of
the model and model complexity.

2.3. Data preparation

High temporal resolution data of rainfall and flow (i.e., 15 min
resolution) were required in order to capture the storm-event
dynamics which are observable at the scale of the smallest mod-
elled sub-catchment (�1 km2). Rainfall data from several weather
stations were required in order to choose the most appropriate ser-
ies for the scale of the catchment being modelled. Rainfall data
from Scalebeck and Aisgill Moor were obtained from the Environ-
ment Agency as 15 min time series. Rainfall data from weather sta-
tions at Sykeside (NY747122), Great Asby (NY695125) and Gais
Gill (NY714009) were supplied by CHASM as tipping bucket times
for the period January 2007–February 2009. The tip times were
integrated over 15 min intervals to create a time series at 15 min
resolution. A summary of the rain gauges is given in Table 2.

Flow data were required for catchments of different scale and
on different geologies. Water level data for the gauging sites at
Kirkby Stephen, Great Musgrave and Temple Sowerby (see
Fig. 1.) were supplied by the Environment Agency as time series
at 15 min resolution. Levels were converted to discharge using
the ratings published by the Environment Agency (http://
www.environment-agency.gov.uk/hiflows/91727.aspx). The flow
data for Blind Beck and Gais Gill were obtained from CHASM as
time series at 15 min resolution. Discharge values were based on
stage-discharge relationships built up by Newcastle University
over several years. The maximum rated flow in Blind Beck was
1.32 m3 s�1 (exceeded by 4% of flows during January 2006–Decem-
ber 2008. For the smallest sub-catchment of Low Hall, within the
catchment of Blind Beck (entirely on the sandstone), water level
data at 15 min resolution and water level to discharge rating were
collected by the lead author during the period December 2007–
December 2008. The maximum rated flow in Low Hall stream
was 0.12 m3 s�1 (exceeded by 4% of flows in the period December
2007–December 2008). The river discharges (m3 s�1 per 15 min or
1 h time steps) were converted to runoff (i.e., mm/h) by dividing by
the respective catchment areas (Table 1).

2.4. Time periods modelled

Rainfall–runoff was modelled over both long periods (up to
4 years where data were available) and short periods (minimum
8 days) to see if trends in time constants between catchments were
consistent. Data were modelled with an hourly time step, as this
gave sufficient sampling of the dynamics in each catchment. For
all the sub-catchments in Fig. 1, rainfall–runoff was modelled using
a range of linear transfer function models from first to third order,
with a time delay up to 8 h (8 time steps), i.e. with a structure
[1 1 0] to [3 3 8].
3. Results and discussion

3.1. Time constants and pure time delays for the Upper Eden

The hourly rainfall at Scale Beck and hourly discharge per unit
area at Temple Sowerby is shown in Fig. 2 for the 4 year period 1
December 2003–30 November 2007. The highest runoff rates are
generally recorded in the winter months, and these usually corre-
spond with heavy rainfall. In the winter months, this rainfall is
generally from frontal rain systems which give a relatively smooth
trend of rain across the whole catchment (Walsh, 2004). However,
Fig. 2 also shows that the most intensive rainfall events in the sum-
mer months are not always followed by a corresponding rise in the
runoff. This is probably due to the greater prevalence of convective
rainfall in the summer, which falls intensively over small areas,
thus making a single rain gauge much less representative of the
larger catchment. An extensive network of rain gauges is therefore
important (Wilkinson, 2009), particularly for modelling focused
only on convective storms.

Fig. 2 also shows the frequently observed and well documented
non-linearity of the rainfall to flow (e.g. Jakeman et al., 1990;
Whitehead et al., 1979; Young and Beven, 1994), where the rain
falling in summer results in a much smaller stream response than
the same amount of rain in winter when the catchment is much
wetter. As the purely linear models identified mostly had a high
R2

T , the additional parameterisation of the non-linearity was not
added to aid identifiability of the time constants of the linear trans-
fer functions. For the catchments of Temple Sowerby, Great Mus-
grave, Kirkby Stephen, Gais Gill and Blind Beck the data indicated
that a first order model with a pure time delay was, for almost
all periods modelled, the simplest model that best explained the
data (most negative YIC). Table 3 summarises the model results
over the different time periods chosen. The rainfall used in each
case, the model structure identified, the model fit (coefficient of
determination and YIC) and time constant are also shown. In all
these catchments, the time constants are several times larger than
the sampling interval, therefore the sampling interval does not im-
pact on the accuracy of the time constants derived from discrete
time modelling (Littlewood and Croke, 2008; Littlewood et al.,
2010). Where rainfall–runoff has been modelled for a year or more,
the time constants are longer than for the same catchment mod-
elled for several months. The model fit is also less good for the
longer periods. This is because the dynamics within the catchment
may change between the seasons and time constants for the
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Table 3
Summary of modelling results comparing time constants for different sub-catchments over different periods. R2

T is the coefficient of determination, YIC is the Young Information
Criterion (see Young, 1984).

Time period Catchment Rain gauge Model structure Time delay (h) R2
T

YIC Time constant (h)

4 years: October 2003–November 2007 Temple Sowerby Scale Beck [1 1 5] 5 0.68 �7.2 21.7
Great Musgrave Scale Beck [1 1 3] 3 0.64 �7.3 15.8
Kirkby Stephen Aisgill Moor [1 1 2] 2 0.68 �11.1 9.3

16 months: November 2006–April 2008 Blind Beck Sykeside [1 1 0] 1 0.67 �5.9 20.7

4 months: December 2006–April 2007 Temple Sowerby Scale Beck [1 1 5] 5 0.91 �11.4 16.3
Great Musgrave Scale Beck [1 1 3] 3 0.85 �10.3 12.4
Kirkby Stephen Aisgill Moor [1 1 2] 2 0.84 �10.1 6.5
Gais Gill Gais Gill [1 1 0] 0 0.83 �9.9 6.5
Blind Beck Sykeside [1 1 1] 1 0.84 �6.3 20.6

8 days: 30 January 2004–7 February 2004 Temple Sowerby Scale Beck [1 1 5] 5 0.94 �10.1 11.3
Great Musgrave Scale Beck [1 1 2] 2 0.88 �8.7 7.6
Kirkby Stephen Scale Beck [1 1 2] 2 0.85 �8.1 5.2
Gais Gill Scale Beck [1 1 0] 0 0.66 �5.7 2.5
Blind Beck Scale Beck [1 1 1] 1 0.86 �8.5 10.9

Fig. 3. Observed and modelled discharge using a first order linear model, December
2006–April 2007, (a) at Temple Sowerby, where a = [1.0–0.9405], b = [0 0 0 0 0
0.1161], R2

T = 0.91, YIC = �11.42, TC = 16.3 h; (b) at Great Musgrave, where a = [1.0–
0.9226], b = [0 0 0 0.0757], R2

T = 0.85, YIC = �10.32, TC = 12.4 h; (c) at Kirkby
Stephen, where a = [1.0–0.8574], b = [0 0 0.1161], R2

T = 0.84, YIC = �10.09,
TC = 6.5 h. a and b are vectors of the coefficients in the polynomials in Eqs. (2)
and (3); R2

T is the coefficient of determination; YIC is the Young Information
Criterion; TC is the time constant.
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summer may be different. The time constant derived from several
years of data therefore represents an average for the changing
dynamics of the system through the seasons.

The relative difference between the time constants for different
catchments is, however, consistent regardless of the length of the
period modelled. There is a trend of increasing time constant from
Gais Gill to Kirkby Stephen to Great Musgrave to Temple Sowerby.
This is not just related to an increase in catchment size as time con-
stants in Blind Beck (8.8 km2) are similar to Temple Sowerby
(616 km2). The fastest response of all is seen in the Gais Gill
catchment, a small, steep, upland catchment on an impermeable
greywacke geology (British Geological Survey, 1997). As the catch-
ment size increases from Kirkby Stephen to Temple Sowerby, so
does the proportion of the catchment on permeable sandstone
(see Table 1) with the potential for deeper pathways and greater
storage.

The pure time delay also increases as the catchment size in-
creases, with no time delay at Gais Gill, 2 h at Kirkby Stephen,
increasing to 5 h at Temple Sowerby. Time constants for the Blind
Beck catchment, a small catchment of only 8.8 km2, are much more
similar to those of the Temple Sowerby catchment than the catch-
ments with a smaller proportion of permeable sandstone between
1 and 69 km2 in area. Table 1 also shows that the geology of the
Blind Beck catchment is most similar to Temple Sowerby, (i.e.,
38% sandstone, 62% limestone in Blind Beck compared to 28%
and 69% respectively for Temple Sowerby). Although the time con-
stant is similar for Temple Sowerby and Blind Beck, the pure time
delay at Temple Sowerby is 5 h compared to only 1 h at Blind Beck.
This may suggest that a similar pathway is dominant in both, but
the response at Temple Sowerby has a delay in initial response
due to channel routing from the rainy headwaters.

The observed and modelled discharge from the nested catch-
ments Temple Sowerby, Great Musgrave and Kirkby Stephen is
shown in Fig. 3 for the 4 month period from 1 December 2006 to
1 April 2007. Although a first order model cannot capture all the
dynamics, in all these cases it models the rise and initial fall of
the hydrographs well, explaining 84% of the observed data at Kirk-
by Stephen, 85% at Great Musgrave and 91% at Temple Sowerby.
The long recessions are underestimated, (but are also underesti-
mated even with a second-order model), indicating the presence
of a very slow pathway, but one generating only a small proportion
of the total discharge (i.e., by definition not a dominant runoff
pathway). For this 4 month period the time constant increases as
the catchment size increases, from 6.5 h at Kirkby Stephen to
16.3 h at Temple Sowerby, indicating that the dominant response
at Temple Sowerby is slower than that at Kirkby Stephen.
The observed and modelled discharge at Temple Sowerby, Great
Musgrave and Kirkby Stephen for the 8 day period 30 January–7
February 2004 is shown in Fig. 4. This multi-day flood event was
responsible for extensive flooding of farmland in the Vale of Eden



Fig. 4. Observed and modelled discharge using a first order linear model, 8 days
from 30 January 2004, (a) at Temple Sowerby, where a = [1.0–0.9152],
b = [0 0 0 0 0 0.0679], R2

T = 0.94, YIC = �10.09, TC = 11.3 h; (b) at Great Musgrave,
where a = [1.0–0.8765], b = [0 0 0.1154], R2

T = 0.88, YIC = �8.67, TC = 7.6 h; (c) at
Kirkby Stephen, where a = [1.0–0.8258], b = [0 0 0.2222], R2

T = 0.85, YIC = �8.05,
TC = 5.2 h. a and b are vectors of the coefficients in the polynomials in Eqs. (2) and
(3); R2

T is the coefficient of determination; YIC is the Young Information Criterion;
TC is the time constant.

Fig. 5. Observed and modelled discharge using a first order linear model, 8 days
from 30 January 2004, (a) at Gais Gill, where a = [1.0–0.6716], b = [0.4075],
R2

T = 0.66, YIC = �5.70, TC = 2.5 h; (b) at Blind Beck, where a = [1.0–0.9126], b = [0
0.0781], R2

T = 0.86, YIC = �8.51, TC = 10.9 h. a and b are vectors of the coefficients in
the polynomials in Eqs. (2) and (3); R2

T is the coefficient of determination; YIC is the
Young Information Criterion; TC is the time constant.
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and in the City of Carlisle (Mayes et al., 2006). To enable a direct
comparison between sites for this event, the same rainfall input
was used for all of them, the rainfall at Scale Beck. There may be
a weak relationship between rainfall and altitude at the catchment
scale, but this is unlikely to have an effect on the time constants,
the purpose of this comparison. Comparison with the rainfall mea-
sured at a large number of rain gauges and averaged for each
catchment using Thiessen polygons, as shown in Mayes et al.
(2006), indicates that the rainfall pattern shown at Scale Beck is
very similar to the catchment averaged pattern. Fig. 4 shows that
a first-order, linear model identifies the dominant mode well for
this storm event (R2

T P 0.85), in spite of the short time period.
The damping of the hydrograph between Kirkby Stephen and Tem-
ple Sowerby is also visible.

Fig. 5 shows the observed and modelled discharge at Gais Gill
and Blind Beck for the same 8 day period. The fit of the model at
Gais Gill (R2

T = 0.66) is not as good as for the other sites, partly be-
cause of the smaller ‘integrator effect’ resulting from the smaller
sub-surface storage.

For this event the same pattern of time constants is observed,
with time constants increasing from 2.5 h at Gais Gill in the head-
waters, to 7.6 h at Great Musgrave and 11.3 h at Temple Sowerby.
Once again the time constant at Blind Beck (10.9 h) is most similar
to Temple Sowerby.
Chappell et al. (2007) suggest that information about the dom-
inant flow pathways can be drawn from knowledge of the presence
or absence of permeable topsoil, permeable subsoil, permeable
regolith and/or permeable rock. They suggest a conceptual model
with four types of water pathway depending on the presence or
absence of up to four types of strata (i.e., topsoil, subsoil, perme-
able regolith, permeable rock). A type I system has a thin layer of
topsoil over impermeable rock. This would result in a very fast re-
sponse in the hydrograph (time constant of minutes to a few
hours). At the other end of the scale, a type IV system allows water
movement through topsoil, subsoil and regolith to a deep perme-
able rock layer. This can result in a very slow response in the hyd-
rograph (time constant of several months). The time constants for
all of the catchments shown here suggest that most of the Upper
Eden is Type II or III, with water flowing predominantly through
the subsoil and/or regolith (except Gais Gill, which could represent
Type I). In contrast, a Type IV system would be the River Lambourn
in Berkshire UK, where the hydrograph shows a very slow re-
sponse, with an annual cycle responding to winter rain. The River
Lambourn is on a deep chalk aquifer and has long been a subject
of study in the NERC LOCAR (Lowland Catchment Research) pro-
gramme (e.g. Griffiths et al., 2006; Jackson et al., 2006; Wheater
et al., 2007). For the Lambourn catchment gauged at Shaw
(234.1 km2, i.e. a similar size catchment to the Eden gauged at
Great Musgrave) the same DBM modelling indicates a first order
model with a pure time delay of 7 days and a time constant of
107 days. The model results illustrating this long time constant
are shown in Fig. 6. Because of the long time constant of the dom-
inant mode it was necessary to model a period of data covering
several years. The rainfall used in this case was the residual rainfall
after an evaporation component had been removed. A daily time
step was sufficient and very similar results were obtained with a
10 day time step. The model fit is less good in the drier years
(e.g. 2004 and 2005); however, the results are only included here
as a reference for a catchment with a time constant a factor of
100–500 times larger than any of those in the Upper Eden.



Fig. 6. Observed (grey dots) and modelled (black line) discharge at Shaw, River
Lambourn, Berkshire (234.1 km2), using a first order model with a one day time
step, October 1999–September 2005. Time constant = 107.1 days; pure time
delay = 7 days.

Fig. 7. Observed and modelled discharge in Low Hall stream and Blind Beck, for the
period 21 December 2007–15 February 2008, using a second order [2 2] model.

Fig. 8. Decomposition of second-order model into two parallel pathways for (a)
Low Hall stream (1.0 km2) and (b) Blind Beck (8.8 km2).
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3.2. Time constants and pure time delays within Blind Beck

Rainfall–runoff in the catchment of Blind Beck was also com-
pared with that in its 1.0 km2 Low Hall sub-catchment. The low
flow in Low Hall stream had a much higher specific conductivity
than in Blind Beck, which was due to a higher concentration of cal-
cium carbonate in the water, suggesting that the water in Low Hall
stream spent longer in the ground, with longer contact with the
rock. In addition, Low Hall stream was warmer than Blind Beck
in winter and colder than Blind Beck in summer (Ockenden,
2010). This is consistent with Low Hall stream having a greater in-
put from a deeper source with slower velocities and greater stor-
age. DBM modelling was used to investigate whether this
difference was identifiable from the rainfall–runoff response.

In contrast to the other catchments in the Upper Eden, an
acceptable first order model (R2

T > 0.6) could not be identified for
the Low Hall catchment. In this case a second-order model was
identified, with a [2 2 d] structure, where d is the pure time delay.
Using the method of decomposition into partial fractions (Beven,
2001), this was interpreted as two parallel pathways.

For comparison with Blind Beck, the same time period was
modelled for both Low Hall and Blind Beck, using a [2 2 d] model
for both, as this was the simplest acceptable model identified for
Low Hall. For both Blind Beck and Low Hall the time delay was
1 h (i.e., 1 time step). The observed and modelled discharges are
shown for both Blind Beck and Low Hall in Fig. 7. Compared to a
first order model of Blind Beck, the second-order model captures
the latter part of the recessions much better, which results in a
slightly better R2

T value (0.91 compared to 0.88 for the same period
at Blind Beck), but a less negative YIC (�9.5 for the second-order
model compared to �10.3 for the first order model) due to the in-
crease in number of parameters to be identified.

Decomposition of each model into two parallel paths gives the
results shown in Fig. 8. The time constant for the slow pathway at
Low Hall stream is 251.6 h, with approximately 76% of the water
taking this path. In comparison, the time constant for the slow path-
way at Blind Beck is 60.3 h with only 46% of water taking this path.
Thus the model supports the evidence that more of the water in
Low Hall stream has taken a slower and possibly deeper pathway.

In contrast, if a [2 2 d] model is used to model the runoff at Tem-
ple Sowerby for the same period, the model decomposition gives a
fast time constant of 10.6 h, with 70% taking this pathway and a
slow time constant of 138.9 h with 30% taking this pathway. Com-
pared to Blind Beck, although the fast time constant is longer, this
is offset by more water taking this route, so differences are not
clear.
The uncertainty in the time constants and percentages on each
path for these second-order models was investigated with a Monte
Carlo analysis (with 10,000 realisations) using the uncertainty on
the model parameters, estimated at the time of model identifica-
tion. The 5% and 95% confidence limits on the time constants and



Table 4
5% and 95% confidence limits for time constants and percentages on each pathway for Low Hall, Blind Beck and Temple Sowerby, from Monte Carlo analysis.

Fast pathway Slow pathway

TC1 (h) % TC2 (h) %

Low Hall Stream 8.5–9.3 23.8–25.0% 243.0–259.7 74.9–76.2%
Blind Beck 6.6–7.1 44–66% 56.5–64.7 34–56%
Temple Sowerby 10.3–10.9 63–78% 132.9–145.5 22–37%
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pathway percentages for Low Hall, Blind Beck and Temple Sowerby
for the period modelled above are shown in Table 4.

The presence of a slower pathway in the runoff dynamics of Low
Hall stream is confirmed by this Monte Carlo analysis. The smaller
range of uncertainty in the percentages on each path for the Low
Hall model is due to better model identification. For both Blind Beck
and Temple Sowerby, the data suggest a first order model for least
parameter uncertainty, but a second-order model is necessary for
comparison with Low Hall. Although the second-order models also
fit the data well, the parameter uncertainty is increased.
4. Conclusions

Data-based mechanistic modelling was shown to be a useful
tool for investigating spatial variations in runoff dynamics in the
Upper Eden catchment, UK. A first order linear model adequately
identified the dominant mode in the sub-catchments of Gais Gill,
Kirkby Stephen, Great Musgrave, Temple Sowerby and Blind Beck.
A consistent pattern of dynamic response characteristics (notably
the time constant) between catchments was observed. In the
nested catchments, time constants increased as the catchment size
increased, because the sub-surface and channel routing distances
increased. However, the 8.8 km2 Blind Beck catchment had time
constants most similar to the 616 km2 Temple Sowerby basin. This
was attributed to the relatively high proportion of permeable sand-
stone underlying both catchments. Thus the proportion of a catch-
ment on permeable rock aquifer can become as important a factor
as the catchment size (that affects the sub-surface and channel
routing times).

The pure time delay was 5 h at Temple Sowerby compared to
1 h at Blind Beck. This suggested that the response at Temple Sow-
erby could be due to the effect of channel routing in response to
rainfall primarily in the headwater sub-catchments.

A first order model could not be identified for the 1.0 km2 sub-
catchment of Low Hall stream that was entirely on permeable
sandstone overlain by Quaternary deposits, including a high pro-
portion of coarse river terrace deposits. A second-order model
identified a higher proportion of water taking a slow pathway in
Low Hall stream (probably via the greater storage afforded by
the greater proportion of the deeper rock pathway) compared with
the water in Blind Beck. The presence of the more permeable drift
cover in the Low Hall sub-catchment compared to that in Blind
Beck may be an important factor in allowing the deep groundwater
to return to the surface in this sub-catchment.

Acknowledgements

We are grateful to the Environment Agency and CHASM for pro-
vision of rainfall and flow data. MCO was funded by NERC Award
NER/S/A/2006/14326 for a Ph.D. studentship at the Centre for Ecol-
ogy and Hydrology, Wallingford and Lancaster Environment
Centre.

References

Allen, D.J., Brewerton, L.J., Coleby, L.M., Gibbs, B.R., Lewis, M.A., MacDonald, A.M.,
Wagstaff, S.J., Williams, A.T., 1997. The Physical Properties of Major Aquifers in
England and Wales. British Geological Survey Technical Report WD/97/34,
Environment Agency R&D Publication 8.

Beven, K., 1996. Equifinality and uncertainty in geomorphological modelling. In:
Rhoads, B.L., Thorn, C.E. (Eds.), The Scientific Nature of Geomorphology.
Binghamton Symposia in Geomorphology: International Series. John Wiley &
Sons, pp. 289–313.

Beven, K., 2001. Rainfall–Runoff Modelling: the Primer. John Wiley & Sons Ltd.,
Chichester.

Beven, K., 2006. A manifesto for the equifinality thesis. Journal of Hydrology 320 (1–
2), 18–36.

Beven, K., Freer, J., 2001. Equifinality, data assimilation, and uncertainty estimation
in mechanistic modelling of complex environmental systems using the GLUE
methodology. Journal of Hydrology 249 (1–4), 11–29.

British Geological Survey, 1997. Solid and Drift Edition: England and Wales Sheet
40, Kirkby Stephen. Map Scale 1:50, 000. British Geological Survey, Keyworth.

Chappell, N.A., Sherlock, M.D., Bidin, K., MacDonald, R., Najman, Y., Davies, G., 2007.
Runoff processes in Southeast Asia: role of soil, regolith and rock type. In:
Sawada, H., Araki, M., Chappell, N.A., LaFrankie, J.V., Shimuzu, A. (Eds.), Forest
Environments in the Mekong River Basin. Springer Verlag, Tokyo.

Cloke, H.L., Anderson, M.G., McDonnell, J.J., Renaud, J.P., 2006. Using numerical
modelling to evaluate the capillary fringe groundwater ridging hypothesis of
streamflow generation. Journal of Hydrology 316 (1–4), 141–162.

Griffiths, J., Binley, A., Crook, N., Nutter, J., Young, A., Fletcher, S., 2006. Streamflow
generation in the Pang and Lambourn catchments, Berkshire, UK. Journal of
Hydrology 330 (1–2), 71–83.

Jackson, B.M., Wheater, H.S., Mathias, S.A., McIntyre, N., Butler, A.P., 2006. A simple
model of variable residence time flow and nutrient transport in the chalk.
Journal of Hydrology 330 (1–2), 221–234.

Jakeman, A.J., Littlewood, I.G., Whitehead, P.G., 1990. Computation of the
instantaneous unit-hydrograph and identifiable component flows with
application to 2 small upland catchments. Journal of Hydrology 117 (1–4),
275–300.

Kirchner, J.W., 2006. Getting the right answers for the right reasons: linking
measurements, analyses, and models to advance the science of hydrology.
Water Resources Research 42 (3), W03S04.

Kirchner, J.W., Hooper, R.P., Kendall, C., Neal, C., Leavesley, G., 1996. Testing and
validating environmental models. Science of the Total Environment 183 (1–2),
33–47.

Littlewood, I.G., Croke, B.F.W., 2008. Data time-step dependency of conceptual
rainfall–streamflow model parameters: an empirical study with implications
for regionalisation. Hydrological Sciences Journal – Journal Des Sciences
Hydrologiques 53 (4), 685–695.

Littlewood, I.G., Young, P.C., Croke, B.F.W., 2010. Preliminary comparison of two
methods for identifying rainfall–streamflow model parameters insensitive to
data time-step: the Wye at Cefn Brwyn, Plynlimon, Wales. In: Proceedings of:
British Hydrological Society Third International Symposium: Managing
Consequences of a Changing Global Environment, Newcastle, UK, July 2010.

Mayes, W.M., Walsh, C.L., Bathurst, J.C., Kilsby, C.G., Quinn, R.F., Wilkinson, M.E.,
Daugherty, A.J., O’Connell, P.E., 2006. Monitoring a flood event in a densely
instrumented catchment, the Upper Eden, Cumbria, UK. Water and
Environment Journal 20 (4), 217–226.

McDonnell, J.J., 2003. Where does water go when it rains? Moving beyond the
variable source area concept of rainfall–runoff response. Hydrological Processes
17 (9), 1869–1875.

McGuire, K.J., McDonnell, J.J., 2006. A review and evaluation of catchment transit
time modeling. Journal of Hydrology 330 (3–4), 543–563.

Ockenden, M.C., 2010. Identification of Catchment Runoff Processes as a Basis for
Defining Water Quality Protection Zones. Ph.D. Thesis, Lancaster University,
Lancaster, UK, 287 pp.

Pearce, A.J., Stewart, M.K., Sklash, M.G., 1986. Storm runoff generation in humid
headwater catchments. 1. Where does the water come from. Water Resources
Research 22 (8), 1263–1272.

Quinn, P.F., O’Connell, P.E., Kilsby, C.G., Parkin, G., Bathurst, J.C., Younger, P.L.,
Anderton, S.P., Riley, M.S., 2000. Catchment hydrology and sustainable
management (CHASM): generic experimental design. In: Proceedings of
Conference on Monitoring and Modelling Catchment Water Quantity and
Quality. UNESCO/IHP - VI, Ghent, Belgium, September 27–29, 2000.

Seibert, J., McDonnell, J.J., 2002. On the dialog between experimentalist and modeler
in catchment hydrology: use of soft data for multicriteria model calibration.
Water Resources Research 38 (11). Article 1241.

Sklash, M.G., Farvolden, R.N., 1979. Role of groundwater in storm runoff. Journal of
Hydrology 43 (1–4), 45–65.

Sklash, M.G., Stewart, M.K., Pearce, A.J., 1986. Storm runoff generation in humid
headwater catchments. 2. A case-study of hillslope and low-order stream
response. Water Resources Research 22 (8), 1273–1282.



M.C. Ockenden, N.A. Chappell / Journal of Hydrology 402 (2011) 71–79 79
Taylor, B.J., Burgess, I.C., Land, D.H., Mills, D.A.C., Smith, D.B., Warren, P.T., 1971.
British regional geology: Northern England, fourth ed.. Institute of Geological
Sciences, London UK.

Taylor, C.J., Pedregal, D.J., Young, P.C., Tych, W., 2007. Environmental time series
analysis and forecasting with the captain toolbox. Environmental Modelling &
Software 22 (6), 797–814.

Taylor, G., 2003. Geology from rail journeys: the Settle-Carlisle Railway. Geology
Today 19 (4), 143–148.

Uhlenbrook, S., McDonnell, J., Leibundgut, C., 2003. Preface: runoff generation and
implications for river basin modelling. Hydrological Processes 17 (2), 197–198.

Walsh, C.L., 2004. Simulation and Analysis of River Flow Regimes: Implications for
Sustainable Management of Atlantic Salmon (Salmo salar) Under Climate
Change. Ph.D. Thesis, University of Newcastle upon Tyne, Newcastle, UK.

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. John Wiley & Sons Ltd., pp. 101–132.

Wheater, H.S., Peach, D., Binley, A., 2007. Characterising groundwater-dominated
lowland catchments: the UK Lowland Catchment Research Programme
(LOCAR). Hydrology and Earth System Sciences 11 (1), 108–124.
Whitehead, P., Young, P., Hornberger, G., 1979. Systems-model of stream flow and
water-quality in the Bedford-Ouse River. 1. Stream flow modeling. Water
Research 13 (12), 1155–1169.

Wilkinson, M.E., 2009. A Multiscale Nested Experiment for Understanding and
Prediction of High Rainfall and Flood Response Spatial Behaviour in the Eden
Catchment, Cumbria, UK. Ph.D. Thesis, Newcastle University.

Young, P.C., 1984. Recursive Estimation and Time-Series Analysis. Springer-Verlag,
Berlin.

Young, P., 1998. Data-based mechanistic modelling of environmental, ecological,
economic and engineering systems. Environmental Modelling & Software 13
(2), 105–122.

Young, P., 2003. Top-down and data-based mechanistic modelling of rainfall-flow
dynamics at the catchment scale. Hydrological Processes 17 (11), 2195–2217.

Young, P.C., Beven, K.J., 1994. Data-based mechanistic modelling and the rainfall-
flow nonlinearity. Environmetrics 5 (3), 335–363.

Young, P.C., Chotai, A., Beven, K.J., 2004. Data-based mechanistic modelling and the
simplification of environmental systems. In: Wainwright, J., Mulligan, M. (Eds.),
Environmental Modelling: Finding Simplicity in Complexity. John Wiley and
Sons Ltd., pp. 371–388 (Chapter 22).


	Identification of the dominant runoff pathways from data-based mechanistic modelling of nested catchments in temperate UK
	Introduction
	Materials and methods
	Catchment descriptions
	Data-based mechanistic (DBM) models
	Data preparation
	Time periods modelled

	Results and discussion
	Time constants and pure time delays for the Upper Eden
	Time constants and pure time delays within Blind Beck

	Conclusions
	Acknowledgements
	References


