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Abstract

A study has been undertaken in a small agricultural catchment in east Scotland with
the objective of assessing the value of high-resolution isotope data for integration within
hydrological models. Daily samples of precipitation and stream flow, collected over a
year, have been analyzed for deuterium content using new laser spectroscopy technol-5

ogy. This study set out to evaluate whether the utility of such high-resolution isotope
data outweighs the associated uncertainty, as well as uncertainty in discharge mea-
surements. A multi-criteria approach was used to evaluate the simulation of two inde-
pendent objective functions – stream flow and stream deuterium – against model and
data errors. Particular emphasis was placed on different input and output sampling res-10

olutions. The data indicate that moderate isotopic variability in the stream response be-
tween rainfall events, which is not captured using weekly tracer data, has little influence
on model performance. In contrast, the input resolution of precipitation deuterium con-
centrations, which were much more variable, proved to be crucial. A low-parameterized
Catchment Isotope Model (CIM) was developed and adequately reflects flow dynamics15

and deuterium peaks, but a simple assumption of “good-mixing” in the isotope module
is not able to fully reproduce the daily stream deuterium dynamic. Multi-criteria eval-
uation, however, significantly constrained acceptable behavioural parameter sets and
therefore reduced the model’s degree of freedom. This approach has provided fur-
ther assessment of the value of tracers in hydrological modelling, demonstrating their20

usefulness in terms of model conceptualization, development and calibration, which
outweighs the additional parameter and measurement uncertainty.

1 Introduction

Considerable uncertainty surrounds the prediction of hydrological responses of catch-
ment systems to land use and climate change (Ivanovic and Freer, 2009). A major25

limitation in understanding catchment behaviour is the difficulty of adequately charac-
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terizing hydrological flow pathways, storage-discharge relationships, water residence
times, mixing processes and their interactions with the biosphere. This leads to high
predictive uncertainty in hydrological modelling (Beven, 2006), which has also impor-
tant implications for modelling and predicting water quality changes resulting from envi-
ronmental changes. Recent technological developments have potential in tackling the5

challenge of more adequately characterizing the hydrological processes in catchments
through the provision of new and higher resolution data sets (Tetzlaff et al., 2007a;
Soulsby et al., 2008). Conservative tracers have proven utility in understanding water
and solute fluxes due to their integrative nature which helps overcome the variability
of hydrometric point measurements (Soulsby et al., 2000, 2003; Soulsby and Tetzlaff,10

2008; Dunn and Bacon, 2008). Since e.g. Herzer and Kinzelbach (1987) linked water
and solute fluxes in hydrological modelling to simulate pollutant transport, the mixing-
cell concept has been adapted in conceptual models to identify parameter values and
to verify internal model function (de Grosbois et al., 1988). Geochemical tracer inte-
gration into models – as an additional objective function – has also been shown to15

help improve calibration and constrain behavioural parameter sets (Birkel et al., 2009).
However, stable isotopes of water have been mainly used in lumped parameter models
to study mean transit times (Malozcewski and Zuber, 1982). More recent work has
implemented stable isotopes into conceptual models (Stadnyk et al., 2005), but sim-
ulations have been shown to depend heavily on the sampling resolution (Dunn et al.,20

2008b).
In recent years, laser spectroscopy has opened possibilities for providing high tem-

poral resolution isotope data with a significant reduction in analysis costs (Lyon et al.,
2009). Previous studies have used higher resolution isotope data focusing on single
events (e.g. Weiler et al., 2003; Wissmeier and Uhlenbrook, 2007), but these have25

limitations for representing the longer term context of mixing processes required to
underpin modelling. Stable isotopes can provide invaluable insights into mixing pro-
cesses, hydrological flow paths, residence times and solute transport (e.g. Soulsby et
al., 2006; Tetzlaff et al., 2007b; Tetzlaff and Soulsby, 2008; Turner et al., 2006). How-
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ever, the added value of stable isotopes in hydrological modelling studies remains still
uncertain mainly due to the fact that high resolution isotope data for longer time periods
were not available (Dunn et al., 2008b).

In discussions about uncertainty in model applications (Pappenberger and Beven,
2006), the potential significance of measurement errors has recently received more5

attention. Work by Harmel et al. (2006) assessed the importance of measurement
errors in discharge observations and water quality studies; suggesting direct inclusion
of measurement errors in model evaluation (Harmel et al., 2007). Similarly, Liu et al.
(2009) suggested an approach towards defining the limits of acceptability in measure-
ment errors. This supports the need to account for data errors in a diagnostic model10

evaluation as proposed by Gupta et al. (2008). Recent studies have acknowledged
the additional uncertainty incorporating isotope data in hydrological modelling (Feni-
cia et al., 2008b), but do not fully account for the errors and consequences for model
calibration and evaluation.

This study was undertaken to examine the value of high-resolution isotope time se-15

ries for the conceptualization, calibration and evaluation of simple, low-parameterized
hydrological models. A particular focus was to account for the errors and uncertain-
ties associated with the fundamental data used in the modelling analysis of isotope
variability in precipitation and streamflow. The study had three specific objectives:

1. To generate a high-resolution data set of deuterium in daily precipitation and20

streamflow.

2. To conceptualize and develop a simple, low-parameterized flow-tracer model suit-
able for simulating water and isotope fluxes.

3. To assess the importance of sampling resolution on the utility of incorporating
tracers in the modelling process.25

4. To evaluate the advantages of incorporating high resolution isotope data in simple,
multi-calibrated conceptual flow-tracer models relative to measurement errors.
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2 Study site

The study was based in the 2.3 km2 Wemyss catchment, which is drained by the Bal-
dardo burn, a tributary of the Lunan Water in north-east Scotland (Fig. 1). Annual
average precipitation is estimated at around 820 mm, this is generated mainly by At-
lantic air masses with highest monthly precipitation in October (120 mm) and lowest in5

July (40 mm). Annual discharge (2008–2009) at Wemyss is 238 mm. The difference
includes evapotranspiration, plus leakage to deeper groundwater in a regional aquifer
(see below). The Wemyss sub-catchment is underlain by Old Red Sandstone of De-
vonian age, which forms part of a highly productive aquifer (Ó Dochartaigh, 2004).
The aquifer is vulnerable to pollution from land use as it is overlain by relatively freely10

draining podzols, which mainly contribute to groundwater recharge (Table 1). How-
ever, around 30% of these soils show gley characteristics indirectly impeding drainage.
These areas facilitate the generation of quickly flowing surface and near-surface runoff
processes (Dunn et al., 2009). Intense agricultural activities (87%), such as crops
and livestock (Fig. 1), have resulted in soil under-drainage and a significant number of15

drainage ditches where soils are prone to water-logging and these are likely to form an
important runoff generation mechanism for peak flows (SEPA, 2005).

3 Data

3.1 Hydrological data

Discharge (15 min resolution) was continuously measured at a natural rated section20

of the Baldardo Burn and the Lunan Water at Kirkton Mill (KM). At Wemyss, mean
stream velocities measured with an ISCO 740 area-velocity flowmeter were used to
calibrate a rating curve. Monitoring over the duration of the study (1 May 2008–31
May 2009) indicated that the water balance at Wemyss is not closed presumably due
to a significant amount of leakage to regional groundwater recharge (>100 mm a−1).25
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Precipitation data were derived from daily observations from a station located at Forfar
(5 km from catchment) and a tipping bucket gauge (Campbell) located at the Wemyss
study site. The evapotranspiration ET was estimated according to Dunn and Mackay
(1995) using data from a meteorological station located close to the catchment at an
altitude of 300 ma.s.l. Although, this may slightly underestimate ET for the lowland5

site at Wemyss, the energy balance is rather constant in the east of Scotland and the
estimates were deemed reasonable. The data were summed to daily averages for this
study.

3.2 Isotope data base

Daily streamflow and precipitation samples (Fig. 2) have been collected for stable iso-10

tope analysis using ISCO automatic samplers since April 2008. Paraffin oil was applied
to the sample bottles to avoid evaporation losses (IAEA, 2009). In order to interpret
sources of error and to facilitate statistical analysis, weekly stream grab samples were
also collected. For precipitation, daily samples were accumulated over 24 h, while the
stream samples were composites of four equal samples taken at six-hourly intervals.15

The deuterium (2H/1H) and oxygen-18 (18O/16O) ratios are simultaneously determined
with a Los Gatos Research (LGR) DLT-100 laser diode water isotope analyzer and
transformed into the δ-notion (δ2H and δ18O in ‰) according to VSMOW standards.
Due to the inter-dependence of both isotopes our analysis focuses on deuterium. Dur-
ing analysis a standard analytical protocol was applied, as recommended by Lis et al.20

(2008). At the beginning and end of each analyzer run (54 samples) a range of five
working standards is used to set up the calibration and to monitor accuracy and pre-
cision. Additionally, after every fifth unknown and unfiltered sample, a single standard
is placed to monitor and correct for any drift occurring. The samples are injected five
times consecutively and the average of the two last is taken into account for analysis.25

An artificial weekly time series of the precipitation input (Cin) was also constructed from
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the available daily samples by applying a volume weighting function:

Cin(ti ) =

N∑
i=1

δi ∗ Pi

N∑
i=1

Pi

(1)

Where N is the number of single sampling events in regular time steps during the whole
observation period, Pi and δi are precipitation rates of a single event and its isotope
content, respectively. The daily record was then updated with the volume weighted5

mean, in order to mimic weekly and bi-weekly recollection of rain bulk samples and the
level of commonly available data (e.g. Dunn et al., 2008b).

4 Methodology

4.1 Statistical methods

The δ2H time series were summarized using basic statistic descriptors such as mean,10

maximum, minimum, standard deviation (Std. Dev.) and the 10th and 90th percentile
to compare different sampling resolutions. In addition, the skewness and kurtosis were
examined to assess differences in sampling collection method. In terms of assessing
the significance of measurement uncertainty in the modelling process, the accuracy
of discharge measurements (Di Baldassarre and Montanari, 2009) and stable isotope15

sampling and analysis were assumed to be the largest potential source of error. This
is reasonable given the uniformity of precipitation and evapotranspiration in this small
catchment with limited variation in relief. The measurement uncertainty of discharge
and stable isotope data was assessed applying the Root Mean Square Error propaga-
tion method (RMSE, Eq. 2). The total potential Error (Ep) incorporates the sampling20

method, analytical method and sample preservation for stable isotopes and the rat-
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ing curve, streambed condition, individual streamflow measurements and continuous
stage measurement uncertainty for discharge observations (Harmel et al., 2006):

Ep =

√√√√ n∑
i=1

(
E2

1 + E2
2 + . . .E2

n

)
(2)

The upper (UBi (u)) and lower (UBi (l )) measurement uncertainty boundaries for Ep are
calculated (Harmel et al., 2009) and then applied to the model output (observation Oi )5

for model calibration and analysis (Eq. 3):

UBi (u) = Oi +
Ep

100
∗ Oi | UBi (l ) = Oi −

Ep

100
∗ Oi (3)

4.2 Modelling approach

4.2.1 Model concept

A simple rainfall-runoff model, the Catchment Isotope Model (CIM), was developed to10

examine the value of incorporate tracers and to assess the significance of errors and
uncertainties in the data (Fig. 3 and Table 2). The model is based on rainfall-runoff
relationships using three parameters in two parallel reservoirs, where in each Q=S/k
(linear scaling parameter k, storage S and discharge Q). These are used to route any
conservative tracer through the catchment (Hooper et al., 1988) assuming that solutes15

fully mix within each of the two storage compartments. The following equation (Eq. 4)
mathematically expresses the link of water and tracer fluxes in the applied mixing cell
approach (Herzer and Kinzelbach, 1987):

∆N
N ∗∆t

=
∆V

V ∗∆t
(4)

with V being the volume of water in the storage (mm), ∆V/∆t the water flux per time20

step ∆t (mm d−1), N the amount of tracer and ∆N/∆t the solute flux per time step
6214
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∆t (flux d−1). Thus, the solute module is fully dependent on the parameterization and
calibration of the water flux model. The upper storage Sup is not restricted to a lower
limit; sub-zero values indicate that the storage is emptied by transpiration and does not
generate any lateral flow. This allows threshold-like behaviour to be captured by the
model (Fenicia et al., 2008b). Due to the high turn over of storage in the flow model,5

the two storage parameters SMV (upper mixing volume), VMV (lower mixing volume)
are introduced into the isotope module (Barnes and Bonell, 1996) to account for an
additional mixing volume (immobile water) in the catchment system (Fig. 3, Table 3)
resulting in a 5-parameter version of the CIM model.

The unclosed nature of the water balance in the Wemyss catchment raises the ques-10

tion of leakage from the superficial catchment to the deeper sub-surface, which we
acknowledge by an additional loss parameter GWloss (Eq. 7) to account for a regional
groundwater recharge (6-parameter model). The value of an additional parameter c
to conceptualize a preferential direct runoff generation component Qdirect(t) (Leaney et
al., 1993) was also explored (7-parameter model). This mechanism allows direct mix-15

ing of rain with stream water, even when the upper storage is not activated. The water
and tracer components (Q, P , ET, S, V ) are subdivided into upper, up, and lower, l ,
compartments. Total runoff is the sum of the discharge of both upper and lower stor-
age, whereas the simulated stream tracer concentration is calculated via a weighted
mean of storage outflow and concentration (Eq. 15). Input time series are looped over20

5 years to establish initial conditions and to verify the internal water balance. All water
balance components are quantified in mm d−1 and all isotope concentrations in ‰.

4.2.2 Model application: sensitivity, calibration and evaluation under uncer-
tainty

A stepwise, multi-criteria calibration (Khu et al., 2008) was used to evaluate the be-25

haviour of the model and the added value of isotope data. The procedure can be
summarized as follows:
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1. Monte Carlo (MC) random sampling with 10 000 iterations was used to assign
parameter values to model simulations.

2. A subjective sensitivity analysis was applied to all parameters to define efficiency
criteria thresholds taking into account measurement uncertainty.

3. The discharge objective function thresholds using different performance criteria5

(multi-criteria modes) are then used to calibrate the flow model over a second
10 000 iteration MC phase.

4. Finally, the calibration (10 000 iterations) of the flow-tracer CIM model uses both
the discharge (Q) and the independent deuterium (δ2H) (multi-criteria measures)
in evaluation according to the efficiency criteria thresholds.10

As different performance criteria differ in their treatment of bias and extreme values,
their suitability for evaluating different objective functions varies. Thus, for evaluation
of the CIM model; the Nash–Sutcliffe (NS) efficiency (Nash and Sutcliffe, 1970), volu-
metric error VE criteria (Criss and Winston, 2008) and Root Mean Square Error RMSE
were used as objective functions for simulation of discharge and isotope content. The15

NS and RMSE criteria are biased towards evaluation of extreme values, whereas the
VE measure is more objective at evaluating the system dynamics. Applying the ac-
cepted behavioural parameter sets to the model allows model uncertainty boundaries
to be established.

We adapted the simple methodology of Harmel et al. (2006) to integrate the total20

probable error range of measured data directly into the model calibration and eval-
uation procedure. The traditional error term Ei=Oi−Pi used in performance criteria
determines the deviation of predicted Pi from observed Oi values. This was substituted
by the uncertainty error term EUi=UOi (u, l )−Pi for calculating the VE, NS and RMSE,
which defines the deviation as the difference between the predicted data and the upper25

and lower uncertainty limits (UOi (u, l ), Eq. 3). For predicted values that lie within the
uncertainty boundaries, the modified deviation EUi is set equal to zero. For predicted
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data points that lie outside the uncertainty limits, the error estimate is minimized for
each measured and predicted data pair. This allows the value of additional data as
objective functions for model calibration to be assessed in the context of measurement
uncertainty. As it gives equal value to all predictions that fall between the broader limits
of the observed data, the method results in higher values of the efficiency terms than5

would be achieved through simple calibration to the observed data.

5 Results

5.1 Isotope response to hydrological variability

Over the 13 month study period 1 May 2008–31 May 2009, we observed slightly drier
conditions than average, resulting in the Baldardo burn falling dry during one week in10

July 2008 following a dry spring (Fig. 2). The late summer was wetter and precipitation
was greatest between December and February 2009. Drier conditions followed on in
spring. In general, stream isotopes reflect precipitation variability and seasonality al-
beit in a damped manner. Precipitation with an enriched positive isotopic content was
characteristic of summer 2008, and more depleted signatures were observed during15

the winter (Fig. 2). Highest positive stream deuterium signatures can be observed for
small events in the low flow period in May 2008. Heavy winter storms cause a reversal
of in stream deuterium signatures to more negative values and the most notable iso-
tope characteristics are expressed in events (December to February). During this time
aquifer recharge is also most likely.20

5.2 Assessment of different sampling resolutions and methods

Table 3 summarizes the statistics of the isotope data for both daily and weekly sam-
ples. The broader data range, in terms of extreme values, is captured by the daily
stream samples, though comparable mean values and percentiles were observed for
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both methods. From these differences it would be reasonable to expect that the sam-
pling resolution will have important implications for modelling, especially when the in-
put function forces the simulation of stream isotopes. The data suggest the difference
in sampling resolution will be most important for precipitation because of the greater
temporal variability. It is also notable that the mean streamflow deuterium is not in5

equilibrium with the mean precipitation value over the duration of the sampling record
(Table 3).

With regards to the sampling methods, the statistical differences between weekly
spot samples and the mean daily composite sample for streamwater were surprisingly
similar for their mean isotope composition, standard deviation, percentiles, extreme10

values and skew (Table 4). However, a higher kurtosis for the grab samples indicated
a higher number of samples close to the mean value reflecting composite samples
better represent average isotopic conditions rather than at only one point in time.

5.3 Model conceptualization, development and evaluation under uncertainty

5.3.1 Discharge and isotope data uncertainty15

We based our estimates of uncertainty in discharge measurements on evaluation of our
data and literature values (Harmel et al., 2006). This resulted in an assumed ±10% un-
certainty in the rating curve, ±8.5% error in the manual measurements of velocity and
depth, an additional ±10% error due to varying streambed conditions and ±0.035%
error for automatic stage recording. These errors propagate to a total potential error of20

Ep=±16.5%, which is used to calculate discharge uncertainty boundaries according to
Eq. (3).

The uncertainty of measured deuterium isotopes in precipitation and stream water
was estimated by taking the mean analytical measurement error for all runs (0.72‰)
into account. The potential uncertainty in sampling method is evaluated by the differ-25

ence in standard deviation (δ2H=±0.12) between weekly composite and grab samples
(Table 4). There was no evidence of evaporation in the field-stored sample bottles,
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though for occasional small sample volumes at the rain sampler and during warm
weather direct evaporation from the gauge orifice, and associated fractionation, may
occur with limited enrichment. We account for potential evaporation losses in the sam-
ple bottle with an estimated sample preservation error of ±0.5 for δ2H. This gives
a combined potential isotope measurement error of Ep=±3% for δ2H data used to5

calculate uncertainty boundaries.

5.3.2 Iterative model development with consideration of uncertainty

The modelling procedure adopted in the application of CIM compared three differently
parameterized conceptual models (Fig. 4). As shown in Fig. 3, these were a basic
5-parameter model, a 6-parameter model (accounting for deeper leakage) and a 7-10

parameter model (allowing a proportion of precipitation to remain unmixed). A sum-
mary of the results is given in Table 5, which shows the maximum values of the per-
formance measures achieved for each model; these already include measurement un-
certainty. As expected the 5-parameter model had the poorest performance statistics
(Q NS=0.72,Q VE=0.51) over- and underestimating high- and low flow periods, re-15

spectively. By including the regional groundwater recharge (loss parameter – GWloss)
in the 6-parameter model, the simulation of the hydrodynamics substantially improved
(Q NS=0.86 and Q VE=0.64). The deuterium simulation of both models showed dif-
ferences that were much more subtle. The general dynamic of the 2H response was
captured, but not the detail (Fig. 4b). However, further improvement was achieved by20

including the direct runoff component in the 7-parameter model. The addition of this
preferential flow parameter resulted little improvement to discharge simulations, but
significantly increased the performance of the isotope module (D NS=0.45 vs. 0.54).

As a result of this step-wise development, the 7-parameter CIM model was used for
testing parameter sensitivity and the effect of sampling resolution on isotope simulation.25

Generally, the hydrodynamics were simulated satisfactorily by the model (Fig. 4a). The
daily deuterium stream signal shows fine scale variability during recessions and high
flows, which are not captured by the model. The measurement uncertainty bands
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suggest the fine scale variability in measured isotope dynamics is real rather than just
measurement error. The model damps out this variability, especially where no input
occurs. However, most measured isotope extremes and the general dynamics were
reflected in the simulation. Figure 5 compares the measurement uncertainties with
the uncertainties in the simulations. The estimated CIM model uncertainty mostly lies5

in between the designated discharge and deuterium measurement uncertainty, except
for low flow and recession periods and the following rewetting phase. Although, model
uncertainty outweighs the uncertainty associated with measured data during these
periods, it can be seen that the estimated measurement uncertainty is an important
source of error.10

5.3.3 Comparing parameter sensitivity and model calibration against measure-
ment errors

The parameter sensitivity was evaluated after 10 000 MC iterations. All five flow module
parameters (k1, k2, R, c and GWloss) facilitated the subjective definition of efficiency
criteria thresholds (indicated by lines in Figs. 6 and 7) whose exceedance is accepted15

as behavioural. The discharge Q thresholds for calibration (incorporating measurement
uncertainty) were set to Q VE>0.65; Q NS was set to exceed 0.85 and Q RMSE be-
low 0.35 mm. In addition, the deuterium (D) volumetric error D VE>0.975, D NS>0.5
and D RMSE<2.15 were defined as behavioural tracer thresholds. The least sensi-
tive parameter accounts for regional groundwater recharge (GWloss) ranging from 0.120

to 0.8 d−1, whereas the recharge rate parameter (R) is very sensitive with a narrow
interval from 0.1 to 0.42 d−1. The direct effect of model evaluation against estimated
measurement errors (uncertain parameter space – grey cubes) can be seen in Figs. 6
and 7, respectively. The flow module performance measures increased about 20% in
average, whereas the isotope module efficiencies increased up to 100%.25

At first sight, the parameter space for both isotope mixing volumes (SMV , VMV ) (Fig. 7)
looks rather insensitive compared to the flow parameters. However, the upper mixing
volume (SMV ) slightly decreased towards the maximum sampling limit of 1000 mm,
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whereas the lower mixing volume (VMV ) shows contrary behaviour. For both param-
eters, a minimum initial volume is required to exceed the defined threshold values
(SMV>50 mm and VMV>150 mm), which confirms the necessity of additional mixing
volumes to adequately simulate stream deuterium signals. Despite the broad range of
equally acceptable behavioural parameter sets and associated equifinality, the results5

for both parameter intervals are clearly separated (Table 6). The SMV interval ends at
450 mm before the lower mixing volume starts at 500 mm. The multi-criteria calibrated
parameters satisfy the efficiency criteria thresholds, but do not reach the maximum val-
ues (Fig. 7 – black circles). Note that the volumetric error criterion appears to be very
insensitive with only minimal changes in the parameter space.10

The calibration of the flow module (multi-modes calibration – black triangles above
threshold in Fig. 6) determined by discharge efficiency criteria thresholds (Q NS, Q VE,
and Q RMSE) resulted in 445 behavioural parameter sets from 10 000 random model
runs. The calibration of the CIM model (multi-criteria calibration – grey circles above
threshold in Figs. 6 and 7), which satisfied the criteria for simulation of flow and deu-15

terium resulted in 24 behavioural parameter sets. This significantly constrained the
intervals of behavioural parameter values (Table 6).

5.3.4 The effect of input forcing on tracer simulation

The multi-criteria calibrated 7-parameter CIM model clearly shows that model perfor-
mance decreases with increasing sampling interval (Table 7). Considering the model20

simplicity, which is relatively insensitive to the daily isotope variability in streamflow, the
decline in performance appears quite substantial. NS for deuterium decreased from
a value of 0.54 (daily input) to 0.45 (bi-weekly data). Figure 8 shows the most obvi-
ous differences, which occurs simulating extreme values (e.g. in January 2009). In this
case, weekly or bi-weekly sampling resolutions require many precipitation events to be25

updated with the weighted mean isotope value (note that in Fig. 8 the size of circles
corresponds to precipitation volume). This updating procedure averages out extreme
events. The stream isotope signature simulated during recession and low flow periods,
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when the lower storage dominated, appears unaffected by the different input function
resolutions due to relatively high mixing volumes in the storage system.

6 Discussion

6.1 The effect of isotope sample resolution on modelling

The more variability that is observed in isotopic stream signatures, the higher the sam-5

pling resolution should be to inform model concepts (Soulsby et al., 2008). In well-
mixed systems such as Maimai (e.g. Pearce et al., 1986), where tracer dynamics in
streamflow are generally treated as “event-based” (Fenicia et al., 2008b), sample reso-
lution may play a minor role as long as major events are captured (Dunn et al., 2008b).
This has implications for field data collection, instrumentation and for high-resolution10

sampling campaigns (Moss, 1979; Fenicia et al., 2008b). The CIM model calibrated
against weekly data (not shown here) performs slightly better (10%) than applied to
daily data due to an averaging of the isotope dynamics in stream water. However,
the results for both daily and weekly isotope data are very similar and suggest that
multi-criteria calibration can be successfully applied to our data regardless of sampling15

resolution. However, we hypothesized that daily measurements of the isotope content
of precipitation would improve daily model simulations. This was confirmed by compar-
ing daily, weekly and bi-weekly input functions on model performance (Table 7). The
importance of input data resolution on model performance can be compared to the
importance of model conceptualization. For example, including a preferential flow path20

conceptualization into the model structure (Leaney et al., 1993) resulted in a similar
performance improvement (Table 5) as applying a finer input sampling resolution from
bi-weekly to daily (Dunn et al., 2008a).
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6.2 Uncertainties involved in deuterium simulation

Both storages in CIM conceptualize soil and till layers contributing to in-stream mixing
and successfully simulate general tracer dynamics and extremes. Due to the unclosed
water balance and regional groundwater recharge in the Wemyss catchment, it cannot
yet be established whether, or the extent to which, deep groundwater from the un-5

derlying sandstone aquifers contributes to mixing (Dunn and Bacon, 2008). However,
although the daily isotope record aided the conceptualization of a preferential flow path
(Weiler and McDonnell, 2007), to represent important changes in stream isotopic sig-
nature, much of the uncertainty in simulated discharge and deuterium (Fig. 5) is caused
by over-simplistic model assumptions. CIM is not able to account for important between10

precipitation event variability (McDonnell et al., 1991) as observed in the daily data
record. Especially during low flow periods the isotopic signature in discharge might be
affected by in-stream biogeochemical processes causing fractionation. Furthermore,
interaction between the unsaturated and saturated zones (Seibert et al., 2003; Birkel
et al., 2009) resulting in mass transfer between mobile/immobile domains (Simic and15

Destouni, 1999) is neglected. Due to mass movement, soils tend to be thinner on the
hilltops and thicker on the mid and lower slopes in the Wemyss catchment suggest-
ing spatially variable transmissivity (Sayama and McDonnell, 2009). This most likely
distributes processes in vertical and downslope dimensions, thus affecting water ages
(Stewart and McDonnell, 1991). The interaction of mixing processes in time and space20

is also not considered (Katsuyama et al., 2009). Therefore, potential areas to improve
deuterium simulations are the underlying assumptions of solute mixing in terms of the
sub-surface volumes and processes that are involved (McGuire et al., 2006).

6.3 Measurement uncertainty of discharge and isotope data

The total estimated RMSE error of 16.5% for measured discharge data using the rating25

curve method is low compared to other studies by e.g. Di Baldassarre and Monta-
nari (2009). This may simply reflect the small and relatively stable channel section.
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However, accounting for higher measurement uncertainties under low and high flow
situations (Harmel et al., 2007) was beyond the scope of this simple error estimation,
but for future studies the error interval could be estimated around a mean value for
hydrological and isotope data to weight the uncertainty towards extreme values. In
contrast to Harmel et al.’s (2006) analysis of water quality, we did not find a significant5

statistical difference between the sample collection methods (Table 4). This suggests
that even in a relatively small catchment (2.3 km2) where a sub-daily runoff response
occurs, spot samples seem to adequately characterize the mean daily stream isotope
composition, as long as sampled over sufficient long time periods.

6.4 Model sensitivity and multi-criteria calibration10

Using multiple model performance measures (NS, VE and RMSE) and isotope data, in
addition to flow data, for calibration and evaluation (Khu et al., 2008) of the CIM model
was found to help identify and constrain behavioural parameter sets (Table 6). This
is consistent with previous studies which used geochemical tracers in multi-calibration
of hydrological models (e.g. Balin, 2004; Birkel et al., 2009; Tetzlaff et al., 2008). Our15

basic calibration objectives are limited to the specific character of the performance
measures. However, tracer and flow module parameters are uncorrelated in relation
to their respective objective function. This means the isotope mixing volume param-
eters only affect the simulation of δ2H and vice versa, which allows calibration of the
isotope module parameters to the specific performance measures for deuterium sim-20

ulation (Fenicia et al., 2007). This highlights the advantages of multi-objective model
calibration using tracers (Fenicia et al., 2008a).

Figure 6 shows that model parameters are well identifiable even if that depends to
a certain degree on the objective function applied (Fenicia et al., 2008b). The isotope
mixing volume parameters were found to be less identifiable (Fig. 7) than the flow pa-25

rameters due to a poorer performance of deuterium simulations. Hooper et al. (1988)
found only one identifiable passive storage for the Birkenes model simulating conser-
vative tracers in streamflow. However, the parameters are necessary to account for
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“old” water stored in the unsaturated zone prior to the event (cf. McGuire et al., 2006)
to achieve sufficient damping in the stream response (Barnes and Bonell, 1996). The
parameter space implies that better simulations are achieved for higher immobile mix-
ing volumes (>effective porosity), which is consistent with thick soil and till layers and
underlying sandstones in the Wemyss catchment (Table 1). However, equifinality in the5

only two tracer parameters makes it impossible to determine catchment mixing volumes
with any degree of certainty (Page et al., 2007). In general, a multi-objective calibration
approach supports the value of tracer data in hydrological modelling (McGuire et al.,
2006) despite the additional uncertainty introduced.

7 Conclusions10

In this paper we have explored the added value of a daily precipitation and stream
deuterium δ2H dataset in modelling the hydrological behaviour of a small agricultural
catchment. A simple Catchment Isotope Model CIM has been applied and its perfor-
mance assessed using multi-objective calibration incorporating model and measure-
ment uncertainty. The CIM model was able to simulate the runoff response with well-15

constrained values for its parameters. The isotope module (two additional parameters)
based on an assumption of “good mixing” was found to adequately reflect the sys-
tem’s response to extreme isotope input concentrations, but to average out between
precipitation event dynamics. These dynamics in the isotope response can be seen
in the measured data even once uncertainty has been included and indicate a more20

variable catchment system in terms of mixing processes. The isotope parameters are
insensitive suggesting equifinality, which precludes accurate determination of effective
catchment mixing volumes and suggests a wide distribution of transit times for water
in the catchment. This difficulty shown here has wider implications for the even more
challenging task of simulating reactive tracers. However, the implementation of iso-25

tope data as an additional independent objective function into the calibration routine
of the CIM model successfully constrained behavioural parameter sets and therefore
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the model’s degrees of freedom. The multi-criteria calibration was equally success-
ful for the different output resolutions tested. It was also shown that the resolution
of input data is important for the isotope model performance and it is recommended
that sampling procedures should be designed to capture as much temporal variability
as possible. The high-resolution isotope data presented here, also allowed significant5

enhancement of the CIM model by conceptualizing a preferential flow path, which di-
rectly contributes to in-stream mixing. This process is not of importance for the flow
module, but clearly improved the isotope simulation and would not have adequately
been captured from weekly stream deuterium concentrations. Despite the introduc-
tion of additional uncertainty we therefore conclude that high-resolution isotope data is10

beneficial, especially for model conceptualization and calibration.
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Table 1. Topographic, geologic, soil and land use descriptors of the Wemyss study catchment.

WEMYSS
Area (km2) 2.3

Topography
Mean elevation (m a.s.l.) 134.7
Min. elevation (m a.s.l.) 66
Max. elevation (m a.s.l.) 250.9
Mean slope ( ˚ ) 8.8
Max. slope ( ˚ ) 45
Drainage density (km/km2) 0.76
Bedrock geology
Lower Old Red Sandstone (%) 100
Superficial geology
Till (Diamicton) (%) 100
Landcover
Forest (%) 8.8
Grassland (%) 30.4
Agriculture (%) 56.5
Heather (%) /
Buildings (%) 4.3
Soils
Humus iron podzol (%) 100
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Table 2. Equations used to develop the Catchment Isotope Model (CIM).

Variable Equation Parameters Number

Effective rain Peff(t)=P (t)−ET(t),
if P >ET

P (t)=precipitation (mm d−1);
ET(t)=evapotranspiration
(mm d−1);

Eq. (5)

Effective evapotranspiration ETeff(t)=ET(t)−Peff(t),
if ET>P

Eq. (6)

GWloss GWloss(t)=Sup ∗ k Sup=upper storage volume

(mm); k=rate parameter (d−1);

Eq. (7)

Linear reservoir outflow Q(t)=Sup×k Q(t)=discharge (mm d−1); Eq. (8)
Storage Sup=(St−1+Peff(t))−(ETeff(t)+Q(t)) Eq. (9)
Recharge R(t)=Sup×R R=rate parameter (d−1); Eq. (10)
Streamflow Qtotal(t)=Qup(t)+Ql(t); Qtotal(t)=streamflow (mm d−1);

Qup(t)=upper storage outflow

(mm d−1);
Ql(t)=lower outflow (mm d−1);

Eq. (11)

Tracer input S=(St−1−Qt−1)+N(t) N(i )=tracer input (‰); Eq. (12)
Storage mixing volume S=Sup+SMV SMV=additional mixing volume

upper storage (mm);
Eq. (13)

Tracer outflow CQ(t)=(Q(t) ∗ CS(t))/S CQ(t)=discharging tracer con-
centration (‰); CS(t)=tracer con-
centration in storage (‰);

Eq. (14)

Stream tracer concentration CQtotal(t)=[(CQup(t) ∗Qup(t))
+(CQl(t) ∗Ql(t))]/Qtotal(t);

CQtotal(t)=total stream concentra-
tion (‰); CQup(t)=upper storage
tracer outflow (‰); CQl(t)=lower
storage tracer outflow (‰);

Eq. (15)
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Table 3. Wemyss daily and weekly statistics for deuterium δ2H in stream (Q) and precipitation
(P ) water.

Daily δ2H Mean Min Max Std. dev. 90th percentile 10th percentile

Q Wemyss
P

–53.18
–45.76

–79.69
–151.02

–30.79
2.77

5.58
29.42

–48.84
–14.75

–57.37
–87.61

Weekly δ2H
Q Wemyss
P

–53.36
–49.57

–72.11
–134.42

–43.21
–4.71

5.29
28.53

–48.51
–19.17

–57.75
–89.32
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Table 4. Weekly stream composite and grab samples for the same period of time at Wemyss.

Mean Min Max Std. dev. 90th percentile 10th percentile Kurtosis Skew

Composite δ2H samples –53.36 –72.11 –43.21 5.29 –48.51 –57.75 3.56 3.6
Grab δ2H samples –53.35 –71.06 –41.03 5.17 –48.79 –57.60 5.18 3.69

6235

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/6207/2009/hessd-6-6207-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/6207/2009/hessd-6-6207-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 6207–6246, 2009

Assessing the added
value of

high-resolution
isotope tracer data

C. Birkel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 5. Performance statistics for discharge (Q NS, Q VE, and Q RMSE) and deuterium
(D NS, D VE, and D RMSE) simulation applying different model parameterizations (5 to 7 pa-
rameters) under measurement uncertainty.

Discharge Q Deuterium D
Model Q NS Q VE Q RMSE D NS D VE D RMSE

5-Par CIM
6-Par CIM
7-Par CIM

0.72
0.86
0.87

0.51
0.64
0.64

0.43
0.33
0.32

0.43
0.45
0.54

0.96
0.97
0.98

2.32
2.26
2.06
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Table 6. Initial, multi-mode and multi-criteria calibrated behavioural parameter range applied
with the seven-parameter CIM model.

Initial parameter range Multi-mode calibrated Multi-criteria modes and measures calibrated
parameter range (flow model) parameter range (flow-tracer model)

Parameter min max min max min max

k1 (d−1) 0 1 0.15 0.5 0.25 0.45
k2 (d−1) 0 1 0.001 0.15 0.03 0.04
R (d−1) 0 1 0.12 0.42 0.27 0.4
c (d−1) 0 1 0.001 0.3 0.03 0.08
GWloss (d−1) 0 1 0.1 0.8 0.15 0.7
SMV (mm) 0 1000 – – 180 450
VMV (mm) 0 1000 – – 500 950
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Table 7. Performance statistics (D NS, D VE, and D RMSE) for deuterium simulation applying
different input function resolutions.

7-PAR CIM D NS D VE D RMSE

Daily input 0.54 0.98 2.06
Weekly input 0.51 0.97 2.09
Bi-weekly input 0.45 0.97 2.24
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Fig. 1. Topography and land use of the Wemyss sub-catchment with reference to the Lunan
catchment.
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Fig. 2. Daily hydrological (precipitation P and discharge Q) and daily and weekly deuterium
isotopes (δ2H) in P and Q for the study period (1 May 2008–31 May 2009) at Wemyss.
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Fig. 3. Structure of the Catchment Isotope Model CIM.
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Fig. 4. (a) Discharge and (b) deuterium simulations with increasing model complexity (from 5-
to 7-parameter CIM model) for the study period 1 May 2008–31 May 2009.
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Fig. 5. Combined data input, output and model uncertainty.
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Fig. 6. Flow module parameter sampling space testing sensitivity and defining behavioural
threshold values (lines) for model calibration. Black triangles above threshold indicate the multi
modes calibration of the flow model. The grey circles above threshold show the multi-criteria
calibrated flow-tracer CIM model under measurement uncertainty.
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Fig. 7. Sensitivity of mixing volume parameters (SMV and VMV ) and the definition of threshold
values (lines) for multi-criteria calibration (black circles above threshold) of the flow tracer CIM
model under measurement uncertainty.
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Fig. 8. Effect of different input sampling resolutions (daily, weekly and bi-weekly) on multi-
criteria calibrated 7-parameter CIM stream deuterium simulation. Shown for the winter and
spring period 1 November 2008–1 March 2009.
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