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Application of hydrological models to ungauged basins is both a highly relevant and challenging task.
While research has brought forth various approaches for inferring or transferring tuneable model param-
eters from gauged and calibrated catchments, it has also been recently shown that a few short measure-
ments can support predictions in an ungauged basin by constraining the acceptable range of the
parameters. For the present study, we examined a combination of both parameter regionalisation and
short-term runoff measurements. More precisely, we attempted to select complete parameter sets from
a range of calibrated catchments using a few measurements. Then, we tested a number of ways to com-
bine the hydrographs simulated with these parameter sets with those simulated using a well-established
Nearest Neighbour scheme, in order to make use of both actually measured runoff data as well as hydro-
logical similarity. The experimental basis for our study were 49 representative catchments in Switzerland
which have been successfully calibrated and regionalised with the hydrological modelling system
PREVAH. Results show that even a few short measurements during mean runoff conditions can lead to
models that are more efficient than those achieved with hydrological similarity alone. The possible
improvement depends largely on the regime type of the catchment examined. Also, the most suitable
season to perform measurements varies: In catchments dominated by snow melt or ice melt or both, con-
siderable improvements can be achieved with as few as two measurements during spring or summer,
whereas rainfall-dominated catchments show only moderate improvements with no particular season
being more suitable for the measurements. Our findings highlight the value of field measurements in
mountain areas. The information gained in these regions from short measurements may act as a counter-
balance to the sparse operational observation networks.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Long series of hydrological measurements are the basis for tack-
ling highly relevant questions in water resources management and
water-related natural hazards, which concern both the human as
well as the natural environment. Since direct measurements are
available for only a limited number of sites, predictions in
ungauged basins are an important albeit challenging task. This is
highlighted by the attention the topic has received through the
International Association of Hydrological Sciences (IAHS) decade
on predictions in ungauged basins (PUB) (Hrachowitz et al., 2013).

In this context, the value of short runoff measurements gath-
ered during a targeted field campaign has been recognised
recently. Rather than relying on long data series for calibration of
conceptual models or attempting a fully physical parameterisation
of the catchment, using short measurements might lead to a feasi-
ble way of achieving improved predictions for ungauged sites (see
Beven, 2002). Developing this approach, Seibert and Beven (2009)
demonstrated that even a relatively small number of runoff mea-
surements help in constraining model predictions, provided that
these measurements are timed sensibly. The value of additional
data from groundwater levels (Juston et al., 2009), glacial mass bal-
ances (Konz and Seibert, 2010) and soft data (Seibert and
McDonnell, 2013) has been shown in similar studies. Related anal-
yses were also performed by Perrin et al. (2007, 2008) who relied
on short, partly continuous series of runoff data to select parame-
ters from a vast library of predefined sets. Drogue and Plasse
(2014), finally, showed that runoff measurements at random times
can improve distance-based regionalisation approaches.

In the present study, we examine whether a successful
regionalisation (i.e. one that performs only slightly worse than a
calibrated model) can be further improved with a number of
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short measurements. This question was studied thoroughly for the
Nearest Neighbour regionalisation developed for the conceptual,
process-oriented hydrological modelling system PREVAH
(Precipitation-Runoff-EVApotranspiration-HRU related model;
Viviroli et al., 2009a). The Nearest Neighbour scheme was chosen
since it is based on extensive model calibration for 140 sites with
long gauge data series. It therefore offers a large pool of model
parameter sets and, at the same time, extensive data to scrutinize
the value of the measurement data introduced. The latter is of par-
ticular importance since results may differ from catchment to
catchment and from year to year, resulting in misleading findings
if only a few cases are examined (Seibert and Beven, 2009). All of
our parameter sets are derived from calibration and provide func-
tional and mutually adjusted parameter combinations. In contrast
to purely random (‘‘Monte-Carlo’’) parameter sets, they have the
large advantage that they do not contain many implausible param-
eter combinations and are thus a computationally effective basis
for our experiments (see e.g. Bárdossy, 2007; Khu and Werner,
2003; Perrin et al., 2008; Viviroli et al., 2009b). We tested our
approach for 49 out of the abovementioned 140 calibrated catch-
ments, these 49 having continuous series of at least 20 years of
runoff measurements at the hourly time-step, which allowed for
a thorough analysis and assessment.
Table 1
Catchment-specific tuneable parameters of PREVAH as used in the present study (for
details see Viviroli et al., 2007).

Abbreviation Description Unit

BETA Non-linearity exponent for soil
moisture recharge

(–)

CG1H Storage time for quick baseflow (h)
ICERMF Radiation melt factor for ice (mm h�1 K�1 W�1 m2)
ICETMF Temperature melt factor for ice (mm d�1 K�1)
K0H Storage time for surface runoff (h)
K1H Storage time for interflow (h)
K2H Storage time for slow baseflow (h)
PERC Percolation rate (mm h�1)
PKOR Water balance adjustment factor for

rainfall
(%)

RMFSNOW Radiation melt factor for snow (mm h�1 K�1 W�1 m2)
SGR Threshold for generation of surface

runoff
(mm)

SLZ1MAX Maximum storage available for fast
baseflow

(mm)

SNOKOR Water balance adjustment factor for
snowfall

(%)

T0 Threshold temperature for snowmelt (�C)
TMFSNOW Temperature melt factor for snow (mm d�1 K�1)
2. Experimental basis

2.1. Hydrological model

2.1.1. General description
All simulations for this study have been performed with

PREVAH (Precipitation-Runoff-EVApotranspiration-HRU related
model; for definition of HRU see below) (Viviroli et al., 2009a).
PREVAH is a conceptual, process-oriented hydrological modelling
system which has been developed based on the HBV model
(Bergström, 1972; Lindström et al. 1997) and relies on the aggrega-
tion of gridded spatial information into hydrological response units
(HRUs, see Ross et al., 1979; Gurtz et al., 1999). These HRUs unite
areas of a basin where similar hydrological behaviour is expected,
thus representing a computationally efficient, dynamic spatial dis-
cretisation: With increasing variability of the physical catchment
characteristics, the size of the HRUs decreases, while the number
of HRUs increases (for details, see Viviroli et al., 2009a). Raster cells
of 0.5 � 0.5 km2 have proven reasonable as a basis for generating
HRUs (Viviroli et al., 2009b).

PREVAH has already been used successfully in a large number of
catchments and for a broad range of topics in Switzerland and
abroad (see Viviroli et al., 2009a for an overview). Recent applica-
tions include flood estimation (Viviroli et al., 2009b,c; Viviroli and
Weingartner, 2011), studies of climate and land use change
impacts on flood and low flow hydrology (Addor et al., 2014;
Bosshard et al., 2014; Köplin et al., 2012, 2013, 2014a,b; Meyer
et al., 2011; Schattan et al., 2013) as well as flood, drought and
water resources forecasting at various lead times (Addor et al.,
2011; Fundel and Zappa, 2011; Fundel et al., 2013; Jörg-Hess
et al., 2014; Liechti et al., 2013; Romang et al., 2011; Zappa et al.,
2014).

The basic parameterisation of PREVAH relies on the topographic
analysis of a Digital Elevation Model (DEM), on land cover charac-
teristics and on maps of soil types. Each HRU is provided with a set
of parameters based on information derived from the DEM (eleva-
tion, aspect and slope) and the soil map (plant-available soil field
capacity, soil depth, hydraulic conductivity). Information on land
cover provides additional values required for determining evapo-
transpiration (albedo, root depth, interception storage capacity,
vegetation height, leaf area index and minimum stomatal
resistance of the various vegetation classes). Non-vegetated sur-
faces (snowpack, glaciers, rock, large water bodies and urban
areas) are parameterised separately (Gurtz et al., 1999).
Meteorological and geophysical pre-processing is handled by a
suite of comprehensive tools (Viviroli et al., 2007, 2009a).

2.1.2. Model input, model parameters and parameter estimation
For the present study, PREVAH was run at an hourly time-step,

being forced by series of six observed climatic variables at the
same time-step, namely precipitation, air temperature, global radi-
ation, relative sunshine duration, wind speed and relative humid-
ity. All of these variables were interpolated in space with
Detrended Inverse Distance Weighting and Ordinary Kriging (see
e.g. Garen and Marks, 2001; Isaaks and Srivastava, 1989; for eleva-
tion effects and detrending, see also Goovaerts, 2000) and averaged
to 100 m elevation bands. The catchment-specific tuneable param-
eters of PREVAH are found in Table 1.

To calibrate the tuneable parameters against observed runoff,
PREVAH provides an automatic global search algorithm based on
an iterative procedure that sequentially treats the parameters
pair-wise and narrows down the considered parameter space step
by step (Zappa and Kan, 2007). Although being straight-forward,
the algorithm leads to stable efficiencies and plausible flow com-
ponents by evaluating multiple efficiency criteria (for details see
Viviroli et al., 2009b). In the model version used here, the parame-
ter for soil moisture recharge (BETA) was not calibrated, but com-
puted from soil depth and altitude for each HRU (for details see
Viviroli, 2007). Details of the model’s physics, structure and param-
eterisation are reported in the comprehensive description by
Viviroli et al. (2007).

2.2. Regionalisation

The baseline parameterisation was derived from a Nearest
Neighbour regionalisation approach. This approach essentially
consists in identifying a calibrated donor catchment that is as sim-
ilar as possible to the ungauged target basin in question. All tune-
able model parameters are then transferred from the donor to the
target as a complete, unaltered set, preserving the mutual adjust-
ment of the calibrated model parameters (Kokkonen et al., 2003;
Young, 2006). Catchment similarity can be determined, for exam-
ple, from spatial proximity (see Patil and Stieglitz, 2012 and refer-
ences therein) or, as done in this study and explained in more



Table 2
Catchment attributes used for determining hydrological similarity in the Nearest Neighbour approach, grouped by topic. The set was chosen from a total of 82 attributes by
retaining the two attributes with highest correlation to each of the 14 tuneable model parameters (see main text for details; see Section 2.1.2 and Table 1 for explanation of model
parameters).

Attribute Unit Thematic group Model parameter(s) with highest correlation

Catchment maximum elevation (m a. s. l.) Physiographya RMFSNOW
Catchment perimeter (m) Physiography SLZ1MAX
Surfaces with inclination >15� (%) Physiography K0H
Contributing areasb (%) Physiography T0
Soil-covered areas (%) Land usec K1H
Forested areas (%) Land use K2H
Forested area in contributing areasb (%) Land use T0
Hard rock, generic (%) Hydrogeologyd TMFSNOW, SLZ1MAX
Unconsolidated rock, intermediate permeability (%) Hydrogeology K2H, ICETMF
Hydraulic conductivity, average (mm h�1) Physiography K1H, CG1H
Hydraulic conductivity, standard deviation (mm h�1) Physiography CG1H, ICERMF
Hydraulic conductivity, kurtosis (–) Physiography ICERMF
Net field capacity, average (%) Physiography SGR, K0H
Net field capacity, standard deviation (%) Physiography PERC
1 h precipitation intensity, observed maximum (mm h�1) Precipitatione PERC
15 min precipitation intensity with return period 2.33 years (mm) Precipitation RMFSNOW
1 h precipitation intensity with return period 100 years (mm) Precipitation PKOR, ICETMF
24 h precipitation intensity with return period 100 years (mm) Precipitation PKOR
24 h precipitation intensity, variability of Julian Date of yearly maximaf (–) Precipitation TMFSNOW
Soil-topographic index,g average (–) Soilc SNOKOR
Soil-topographic index, standard deviation (–) Soil SGR
Soil-topographic index, skewness (–) Soil SNOKOR

a Based on 100 � 100 m2 digital elevation model from SFSO (2003).
b Contributing areas defined as having an average distance to the channel of no more than 250 m (see Kölla, 1987).
c See SFSO (2003) for details.
d See Bitterli et al. (2004) for details.
e Based on Geiger et al. (1992), Jensen et al. (1997) and MeteoSwiss (2013).
f See Burn (1997).
g See e.g. Ambroise et al. (1996).
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detail below, from distance in a multi-dimensional space of catch-
ment attributes (see e.g. Young, 2006).

As a basis for our experiments, we used the Nearest Neighbour
approach by Viviroli et al. (2009c) that has been developed and
thoroughly evaluated for 140 meso-scale catchments in
Northern-alpine Switzerland. The approach combines five inde-
pendent simulations, based on parameter sets from five Nearest
Neighbour catchments, by computing the median runoff value
for each (hourly) time-step. The underlying similarity measure
was derived from a statistical analysis of catchment attributes:
From a total of 82 attributes (Viviroli et al., 2009c), the two with
the highest correlation to each of the 14 tuneable model parame-
ters were retained. Since some attributes occurred more than once
in the analysis, the resulting set consists of 22 attributes only
instead of the 28 theoretically possible (see Table 2). These attri-
butes were used with equal weight for computing the Euclidean
Distance in the resulting 22-dimensional space. As a slight devia-
tion from the original method, we did not restrict the search for
Nearest Neighbours to zones of similar mean elevation, although
this distinction leads to slightly improved results. This was done
to keep the amount of potential donor catchments as large as pos-
sible in the experiments that follow.

Note that Viviroli et al. (2009c) came up with an extended
regionalisation by combining the Nearest Neighbour approach
with two additional approaches. This led to more stable results,
as was also shown in a similar study by Oudin et al. (2008). The
first additional approach consists of interpolating model parame-
ters in space with Kriging, the second one in deriving them from
catchment attributes with a regression analysis. Both additions
treat the model parameters individually – rather than as a set –
and are used for a simulation each. Finally, the median runoff value
is calculated from the Nearest Neighbour, Kriging and regression
hydrographs for each time-step (as described above, the Nearest
Neighbour hydrograph itself is a combination of five simulations).
We will refer to this refined approach as ‘‘extended
regionalisation’’ and use it as an additional benchmark in assessing
our experiments.
2.3. Study catchments and investigation period

As a data basis, we used a set of 49 study catchments in
Switzerland (Fig. 1). This set consists of meso-scale catchments
with long-term measurements (at least 20 years) and no signifi-
cant direct human flow alterations, and covers the most relevant
hydrological conditions in the Northern Alpine, Plateau and Jura
regions of Switzerland. Catchments south of the main alpine ridge
were not considered because there, hydropower production leads
to a marked impairment of most observed hydrographs (see
Margot et al., 1992; Köplin et al., 2010).

For these 49 catchments, extended by an additional set of 91
catchments with shorter measurements (at least 5 years), the
regionalisation explained above (Section 2.2) has been examined
comprehensively by Viviroli et al. (2009c). For comparability and
consistency reasons, we use the same 20-year investigation period
as Viviroli et al. (2009c), namely 1984–2003, with 1983 serving as
warm-up year to initialise the model storages, and 1994–1997
serving for model calibration. Before 1983, applications are
restricted by a lack of meteorological data at hourly resolution,
while after 2003, consistency problems arise in the interpolation
of model input due to the reorganisation of the Swiss meteorolog-
ical observation network (MeteoSwiss, 2010).
3. Methods

3.1. Sampling strategies

Similar to the approach used in previous studies (Seibert and
Beven, 2009; Seibert and McDonnell, 2013), we pretended that
runoff data were available only for selected points in time



Fig. 1. Map of Switzerland showing the location of the 49 study catchments and the corresponding gauging stations (basemap: Swiss Federal Office of Topography).
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distributed over a ‘field campaign period’ of three months. In such
a field campaign, hourly runoff would be measured a number of
times (up to 256 times) for a certain duration (up to 8 h). The com-
plete observed hydrograph was used only later for evaluating the
various experiments.

We assumed that the time of the year during which a field cam-
paign takes place has an influence on the results. Therefore, we
divided the calendar year into four seasons. October 1st, the begin-
ning of the hydrological year in Switzerland, lies at the start of the
fall season (October, November and December), with the seasons
winter (January, February and March), spring (April, May and
June) and summer (July, August and September) following. All fur-
ther analyses were done for each of these four seasons individually.
In addition, we examined the results of performing the measure-
ments in the course of one full hydrological year (October to
September), and, in selected cases, also distributed the measure-
ments across half a year instead of three months only (spring/sum-
mer: April to September, fall/winter: October to March).

For determining the time at which an individual measurement
is carried out, a number of different sampling strategies were
examined. The basic idea for these strategies was that during a
field campaign measurements would be attempted to be taken
during average flow conditions. Apparently, the exact time of
occurrence of average flow is unknown in an ungauged catchment.
However, we here focus on the potential value of such data if it
were available, and this more theoretical strategy would have to
be adapted in practice. In initial tests, best results were achieved
with first subdividing the field campaign period into as many time
segments of identical length as there would be measurements.
Then, average runoff was determined for each segment. Finally,
one measurement was made per segment, at exactly the time
when the hydrograph reached average runoff (see Fig. 2). Where
average runoff occurred more than once in a time segment, the
instance with the most steady runoff (i.e. the smallest gradient in
the hydrograph) was used. Strategies with focus on low flow and
on peak flow might be more favourable for parameter sets refer-
ring to flood or low flow conditions (Viviroli et al., 2009b; Meyer
et al., 2011) which were, however, not in the scope of this study.

3.2. Introduction of field measurements

For each of the 49 study catchments, 48 catchments were avail-
able as potential donors of model parameters. Each potential donor
parameter set was then used for simulating a hydrograph. Ordered
by decreasing hydrological similarity (cf. Table 2) of the corre-
sponding donor catchments, these Nearest Neighbour hydrographs
were called NNBR01–48, where NNBR01 is the hydrograph simulated
with the parameters from the hydrologically most similar
catchment.

Runoff measurement data were introduced subsequently as fol-
lows: For the small number of time steps with (assumed) measure-
ments, the root mean square error (RMSE) of observation and
simulation was computed for each donor catchment. Sorted by
increasing RMSE, these hydrographs were called field01–48, where
field01 has the smallest RMSE. field01–48 is thus essentially a
re-ordering of NNBR01–48 using runoff measurements gained in
the field campaign.

A number of strategies were then tested to make use of the field
hydrographs (Table 3). In a first straight-forward approach, the
field01 hydrograph was used directly. Aiming at more robust
results, the simulated hydrographs field01–05 were then also com-
bined, in a first variant by computing their median at each time
step, and in a second variant by computing their weighted mean
at each time step (with weights 5/15 for field01, 4/15 for field02, 3/15
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Fig. 2. Visualisation of the sampling strategy used, example for 4 measurements: first, the field campaign period was divided into time segments of identical length (as many
segments as there would be measurements). Second, average runoff was determined for each segment. Third, one measurement was made per segment at the time of average
runoff. Where average runoff occurred more than once in a time segment, the instance with the smallest gradient in the hydrograph was used.

Table 3
Strategies for using field-based and similarity-based Nearest Neighbours in the present article.

Strategy Explanation

field01 From all hydrographs simulated with parameter sets from the 48 potential donor catchments, use the one hydrograph with the smallest root
mean square error (RMSE) relative to the field measurements performed

field01–05 Same as field01, but combining the five hydrographs with smallest RMSE by computing their median for each time-step
field01–05, weighted Same as field01–05, but mean with weights 5/15, 4/15, . . ., and 1/15 assigned to the hydrographs ordered by increasing RMSE
field01 � NNBR01 Same as field01, but in combination with the hydrograph simulated using the parameter set from the hydrologically most similar donor

catchment (compute mean for each time-step)
field01–05 � NNBR01–05 Same as field01 � NNBR01, but combining the five hydrographs with smallest RMSE and the hydrographs simulated with parameter sets from

the five hydrologically most similar donor catchments (compute median for each time-step)
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for field03, 2/15 for field04, and 1/15 for field05). The use of five donor
catchments was intended as a compromise between achieving
robust results and including too many and potentially unsuitable
parameter sets (see Viviroli et al., 2009c).

In addition, the hydrographs selected on the basis of runoff mea-
surements were combined with the similarity-oriented Nearest
Neighbour hydrographs, on the one hand by computing the mean
of field01 and NNBR01 at each time step (field01 � NNBR01), and on
the other hand by computing the median of field01–05 and NNBR01–05

at each time step (field01–05 � NNBR01–05). These combinations aim
at pairing hydrological information from the integrated catchment
response (field measurements) with hydrological information from
catchment attributes (Nearest Neighbours).

The approach of combining a number of hydrographs based
both on field measurements as well as Nearest Neighbour relations
slightly resembles the methods used by Drogue and Plasse (2014).
These authors selected their donor catchments on the basis of a
hybrid distance that combines distance in space (rather than
hydrological dissimilarity as in our case) with the distance
between short observations and simulations with donor catchment
parameter sets (using square root transformed runoff values for
computing RMSE). Furthermore, they combined this hybrid dis-
tance with the map correlation method (Archfield and Vogel,
2010).
3.3. Evaluation of simulations

All of the combination strategies described above were tested
for each of the 20 years 1984–2003, and for each year used, effi-
ciency scores were computed for the entire period 1984–2003.
As this was done in each of the 49 study basins, 49 � 20 = 980 eval-
uations were available per strategy.
3.3.1. Number and duration of measurements examined
The various strategies for using sampled data were evaluated

for 1, 2, 4, 8, 16, 32, 64, 128 and 256 measurements, each with a
duration of 1, 2, 4 and 8 h (one measurement per hour). Note that
256 measurements of 8 h duration result in a total measurement
time of 2048 h or 85.3 days. When performed in the course of
one season (i.e., 3 months), this is almost tantamount to a contin-
uous measurement. Although it is not realistic to perform such a
high number of measurements in the course of a short field cam-
paign, we chose to examine this as well to identify the theoretical
limits of the approach.

In addition to the above, all analyses were also done without
using any field data. For this, the order of field01–48 was determined
randomly, while the order of the Nearest Neighbour hydrographs
was left unchanged. The hydrographs field01 and field01–05, now
unrelated to our assumed measurement campaign, were then used
just as described in Section 3.2. For each combination strategy,
these random experiments were performed 10,000 times, and the
median of the corresponding efficiency scores was retained. In pre-
senting and discussing the results (Section 4), these scores will be
referred to as having a measurement duration of 0 h.

3.3.2. Efficiency score
In all our experiments, model performance was evaluated for

the entire period using the so-called ‘‘Lindström efficiency’’ EV

(Lindström, 1997; Lindström et al., 1997). EV expands the popular
Nash–Sutcliffe efficiency (E, Nash and Sutcliffe, 1970) by a term for
the relative volume error (DV ), namely

E ¼ 1�
Pn

t¼1ðQ t � qtÞ
2

Pn
t¼1ðQ t � QÞ2

; E 2 � �1;1�

and

DV ¼
Pn

t¼1ðqt � QtÞPn
t¼1Q t

; DV 2 � �1;1½

to

EV ¼ E�xjDV j with x ¼ 0:1; EV 2 � �1;1�;

where Qt is observed runoff at time step t, qt simulated runoff at
time step t, Q the average of observed runoff, n the number of time
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steps and x a weight. EV is very similar to E, but evades some of its
deficits (see e.g. Gupta et al., 2009; Schaefli and Gupta, 2007) by
adding a penalty for volume error. Following the recommendation
of Lindström (1997), we set x to 0.1 to achieve a good compromise
between E and DV . Note that E and EV put more weight on high
flows than on low flows (Legates and McCabe, 1999; Krause et al.,
2005), and that the characteristics of the chosen efficiency criterion
will influence the conclusions on our sampling strategies.

As a reference for assessing our strategies, we used the median
of the EV score of the Nearest Neighbour regionalisation (see
Section 2.2) in all of our 49 study catchments. The gain or loss in
efficiency that results from introducing field measurements is then
expressed as DEV . To ensure that the reference score is comparable,
however, it has to combine as many hydrographs as the strategy
does. It follows, for example, that field01 must be assessed against
NNBR01, while field01–05 is assessed against NNBR01–05 and field01–05�
NNBR01–05 against NNBR01–10 (see Table 4 for details). Note that
Table 4
Reference hydrographs and corresponding efficiencies (EV score, median over all 49
study catchments) for all strategies evaluated.

Hydrograph evaluated Reference hydrograph Reference efficiency (EV )

field01 NNBR01 0.63
field01–05 NNBR01–05 0.70
field01–05, weighted NNBR01–05 0.70
field01 � NNBR01 NNBR01–02 0.69
field01–05 � NNBR01–05 NNBR01–10 0.70

Simulate hydrographs with parameter sets fr
the other 48 study catchments, order by..

... increasing RMSE to measurements: field
... decreasing hydrological similarity: NNBR

Study catchment

Study year

Field campaign

Combine field and NNBR hydrographs

Compute model efficiency 1984–2003

Evaluate results

Fig. 3. Flowchart of met
the standard Nearest Neighbour scheme used by Viviroli et al.
(2009c), equivalent to NNBR01–05, achieves a median EV score of
0.70 over all study catchments. The significance of the changes in
the median of DEV was assessed with a two-sided Wilcoxon
signed-rank test (Hollander and Wolfe, 1999) at a level of a ¼ 0:05.

Fig. 3 summarises the methods and data used in a flowchart.
3.3.3. Grouping by runoff regime type
Besides evaluating our strategies for all study catchments

(Sections 4.1 and 4.2), we also performed analyses on the catch-
ments grouped by their dominant regime type. This served to
examine the relevance of snow and ice melt processes in our con-
siderations (Section 4.3). We devised three groups of regime types,
namely (i) glacial, glacionival and nival types (18 catchments,
dominated by snow melt or ice melt or both), (ii) nivopluvial types
(14 catchments, dominated by a mixture of snow melt and rainfall)
and (iii) pluvial types (17 catchments, dominated by rainfall). For
more details on the individual regime types, we refer to the work
of Aschwanden and Weingartner (1985) and Weingartner and
Aschwanden (1992). A further refinement of the regime types
was not envisaged since the number of study catchments per
regime would become too small.

The above analysis by regime type was done for the hydrograph
field01 (i.e., the simulated hydrograph with the best correspon-
dence to the field data) since this proved to be the one most sensi-
tive to the introduction of field measurements. Note that the
median of the improvements achieved with calibration and
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extended regionalisation were recomputed separately for each
group of regime types. However, the reference value of EV , and thus
also the level of DEV ¼ 0, still applies to the entire set of 49 study
catchments (as reported in Table 4) for better comparison between
the experiments.

4. Results

4.1. Overall results

A first overview of the results is provided in Table 5 which lists
the absolute EV values, computed as median over the 49 study
catchments. We chose the example of 8 measurements with a
duration of 2 h each to represent a reasonable effort for a field cam-
paign. The best absolute result, with EV = 0.72, was achieved with
the combined hydrographs of five measurement-oriented and five
similarity-oriented donors (field01–05 � NNBR01–05) and the mea-
surements taking place in spring or summer. All other approaches
that combine hydrographs performed only slightly worse, reaching
EV values of 0.70 in spring and summer, and, for the weighted com-
bination of NNBR01–05, of 0.71 in summer. The best absolute scores
are thus close to the results of a calibration, which achieves a med-
ian EV of 0.73 over the same set of study catchments. Also, the
extended regionalisation that combines Nearest Neighbour,
Kriging and regression approaches (median EV of 0.71) was
surpassed.

4.2. Improvements by strategy

To examine the efficacy of the individual strategies in more
detail, we will look at the improvements possible with each of
them below. Note that the reference efficiencies are different for
each strategy (see Table 4 and Section 3.3.2).

When using only the one regionalised hydrograph with closest
agreement to these measurements (field01) (Fig. 4, top), at least 8
measurements were necessary to significantly improve model effi-
ciencies, although results were always better than just using an
arbitrary donor catchment (i.e. nm = 0 measurements). Gauging
during spring or summer led to the highest improvements,
whereas gauging during fall and especially winter did not lead to
noticeable improvements even with many measurements.
Gauging during the spring and summer half year led to even better
results than seasonal or full-year measurements in some cases.
Although measurements of longer duration generally led to some-
what higher efficiencies, the duration of the measurements had
less influence on the results than the season during which these
measurements were performed. A large number of measurements
was necessary to surpass the efficiency of the extended regionali-
sation scheme by Viviroli et al. (2009c) (see Section 2.2), namely
64 measurements in spring or summer, or 32 measurements over
the entire year. The efficiency of a calibrated model cannot be
achieved, even with a quasi-continuous sampling of 256 measure-
ments during three months.
Table 5
Efficiencies (EV score) for all combinations of field-based (fieldi) and similarity-based
(NNBRi) hydrographs with 8 measurements of 2 h duration, computed as the median
of the results in 49 study catchments.

Hydrograph evaluated Efficiency (EV )

Winter Spring Summer Fall Entire year

field01 0.64 0.67 0.66 0.64 0.68
field01–05 0.68 0.70 0.70 0.66 0.70
field01–05, weighted 0.68 0.70 0.71 0.68 0.72
field01 � NNBR01 0.68 0.70 0.70 0.69 0.70
field01–05 � NNBR01–05 0.70 0.72 0.72 0.71 0.72
The combination of the five hydrographs with closest agree-
ment to our field measurements (field01–05) (Fig. 4, middle)
required more field measurements than field01 to improve model
performance. However, by weighting the hydrographs according
to their agreement with gauged data (field01–05, weighted) (Fig. 4,
bottom), significant improvements were achieved with 16 or more
measurements during the spring season or at least 4 measure-
ments during one year. This is comparable to the effort necessary
when using the field01 hydrograph, with the important difference
that the improvements achieved are clearly smaller.

Combining field measurements and Nearest Neighbours region-
alisation (field01 � NNBR01) yielded significant improvements with
four measurements during any season, or two distributed across
the entire year (Fig. 5, top). An influence of the gauging season
was barely noted for up to 32 measurements, where the results
of the extended regionalisation were clearly surpassed in all cases
evaluated. Using five measurement-oriented and five similarity
-oriented hydrographs (field01–05 � NNBR01–05) instead of one only
led to very similar results (Fig. 5, bottom). The most notable differ-
ence is that the influence of the season is discernible again, i.e. that
measuring in spring or summer is more favourable than measuring
during fall or winter.
4.3. Analysis by regime type

For insights into the importance of seasonal catchment beha-
viour, results from field01 are presented for three regime type
groups separately.

Fig. 6 (top) shows the results for the basins of glacial, glacionival
and nival regime type. Whereas at least 8 measurements were
found to be necessary to achieve a significant improvement in
the entire set of study catchments on average (Fig. 4, top), 2 mea-
surements during spring or summer already led to a significantly
improved efficiency for these regimes. Marked improvements were
achieved with more measurements during spring or summer,
although performing more than 32 measurements did not further
improve the results. The duration of the individual measurements
made little difference to the results. Analyses with an assumed
measurement period of 6 months showed that distributing the
measurements across the spring and summer half-year leads to
results superior to those achieved with measurements in spring
or summer alone, most notably if 4 measurements were per-
formed. An exception was the case of one single measurement,
where best results were achieved in summer. For 8 or more mea-
surements, spring and summer half-year measurements led to
results equal to those of measurements during the entire year.

The nivopluvial regime types (Fig. 6, middle) exhibit a quite dif-
ferent behaviour: First of all, the influence of the season has dimin-
ished strongly, although measuring during spring or summer was
still more favourable. It is especially noteworthy that spring and
summer measurements yielded better results than all-year mea-
surements. Also in contrast to the glacial, glacionival and nival
regimes, fall measurements led to equally poor results as winter
measurements. Apart from that, many more measurements were
generally necessary than in the glacial-glacionival-nival group to
achieve an improvement. Also, long measurements led to higher
improvements than short measurements.

The pluvial regime types (Fig. 6, bottom), finally, did not show
any clear preference for a gauging season. More than that, seasonal
measurements were inferior to distributing the same number of
measurements over the entire year. In comparison to the nivoplu-
vial regimes, improvements were achieved with fewer measure-
ments, although not as few as for the glacial, glacionival and
nival regimes. Also here, long measurements led to higher
improvements than short measurements.



Fig. 4. Results for using the parameter set yielding results closest to those of the
measurements (field01, top), the five parameter sets yielding results closest to those
of the measurements (field01–05, middle), and the five parameter sets yielding
results closest to those of the measurements, with weighting (field01–05, weighted,
bottom). Values are relative to the results of using the parameter set of the
hydrologically most similar catchment (NNBR01, top), and the sets of the five
hydrologically most similar catchments (NNBR01–05, middle and bottom). The result
of picking arbitrary donor catchments is indicated at nm = 0. Significant improve-
ments (Wilcoxon rank-sum test, two-sided, a = 0.05) are denoted with a star. For
reference values of EV see Table 4 and Section 3.3.2.

Fig. 5. Results for combining simulations with the parameter set yielding results
closest to those of the measurements with those from the hydrologically most
similar catchment (field01 � NNBR01, top), and combining simulations with the five
parameter sets yielding results closest to those of the measurements with those
from the five hydrologically most similar catchments (field01–05 � NNBR01–05,
bottom). Values are relative to results of using the parameter sets of the two
hydrologically most similar catchments (NNBR01–02, top), and the sets of the ten
hydrologically most similar catchments (NNBR01–10, bottom). The result of picking
arbitrary donor catchments is indicated at nm = 0. Significant improvements
(Wilcoxon rank-sum test, two-sided, a = 0.05) are denoted with a star. For reference
values of EV see Table 4 and Section 3.3.2.

56 D. Viviroli, J. Seibert / Journal of Hydrology 529 (2015) 49–61
4.4. Range of results

The above results always related to the median of our 49 study
basins, and thus to the improvements that can be expected in at
least 50% of the cases. In a practical application, however, we are
also interested in a single basin and a single year, and thus in the
range of the results. Therefore, the interquartile and whisker
ranges for Figs. 4–6 are provided in Figs. 7–9. For clarity, the ranges
of the individual measurement durations (1, 2, 4 and 8 h) have
been averaged. Note that the whiskers extend to the most extreme
data point which is no more than 1.5 times the interquartile range
from the box (Murrell, 2005). Also note that the scale of the ordi-
nate is different from that of the original figures.

In general, the range of the results is considerable, at least in
relation to the improvements possible. The range is widest when
only the single regionalised hydrograph with closest agreement
to the measurements (field01) is used, and it is narrowest for the



Fig. 6. Results for using the parameter set yielding results closest to those of the
measurements (field01, similar to Fig. 4, top), grouped by regime types. Values are
relative to results of using the parameter set of the hydrologically most similar
catchment (NNBR01). The result of picking arbitrary donor catchments is indicated
at nm = 0. Significant improvements (Wilcoxon rank-sum test, two-sided, a = 0.05)
are denoted with a star. For reference values of EV see Table 4 and Section 3.3.2.
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combination of five measurement-oriented and five
similarity-oriented hydrographs (field01–05 � NNBR01–05).

Also, the range does not narrow down systematically when
more measurements are done, although it rises simultaneously
with the median results, which we have already seen improve at
significant levels. An exception is found in catchments with glacial,
glacionival and nival regimes (Fig. 9, top), where the range
decreases slightly for spring and summer measurements and
increases for fall and winter measurements.
5. Discussion

It is apparent from the median results (Figs. 4–6) that measure-
ments in fall or winter generally yield inferior results when com-
pared to measurements in spring or summer or over the course
of an entire year. The explanation for this must be sought in the
information contained in the field data at different times of the
year, and the relevance of this information for identifying
well-suited parameter sets (or rather, in our case, the correspond-
ing donor catchments). This hypothesis is corroborated by our
analysis by regime type: For catchments with significant influence
of snow and ice melt, it proved more effective to gauge during
spring or summer when the dominance of these processes is high.
Although the knowledge of fall and winter time runoff might lead
to simulations with improved low-flow behaviour, the much more
active parts of the hydrograph in spring (dominated by snow melt)
and summer (dominated by ice melt) will not benefit from this
information. Consequently, an exclusive focus on inactive parts of
the hydrograph will lead to lower efficiencies in the overall
simulation.

In the particular case of the glacial, glacionival and nival regime
types, our findings agree well with those for glacierised catch-
ments of Konz and Seibert (2010), who showed that even a few
runoff measurements led to improved simulations, provided that
the measurements are taken during the melting season. Also in
agreement with our results, they noted that additional measure-
ments during the low flow period are necessary, however, to
achieve further improvements.

For the nivopluvial regime types – where the influence of melt
processes is smaller, but still important –, we noted that spring and
summer measurements yield better results than all-year measure-
ments. This could be due to the superposition of snowmelt and
rainfall influences, making it difficult to capture both with the
same number of measurements distributed across the entire year.
Also in contrast to the glacial, glacionival and nival regimes, fall
measurements led to equally poor results as winter measurements,
because there are no ice melt processes to be captured in the tran-
sition from late summer to early fall months. The necessity of both
more and longer measurements for achieving improvements is
explained by the behaviour of rainfall (pluvial influence) being
more erratic than that of melt processes (glacial, glacionival and
nival influences).

In the case of the pluvial regime types, no single season seems
to contain more important hydrological information than any
other, which is in full agreement with the premise of the pluvial
regime, namely rainfall being the sole dominant influence across
the entire year. In contrast to the more regular snow and ice melt
processes, the temporal distribution of rainfall may even show
notable variations between and within years, which limits the
effectiveness of measurements during one season only. In this case,
it might be favourable to perform measurements during
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Fig. 7. Results for using the parameter set yielding results closest to those of the
measurements (field01, top), the five parameter sets yielding results closest to those
of the measurements (field01–05, middle), and the five parameter sets yielding
results closest to those of the measurements, with weighting (field01–05, weighted,
bottom). Values are relative to results of using the parameter set of the hydrolog-
ically most similar catchment (NNBR01, top), and the sets of the five hydrologically
most similar catchments (NNBR01–05, middle and bottom). The result of picking
arbitrary donor catchments is indicated at nm = 0. For reference values of EV see
Table 4 and Section 3.3.2. See also Fig. 4.
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Fig. 8. Results for combining simulations with the parameter set yielding results
closest to those of the measurements with those from the hydrologically most
similar catchment (field01 � NNBR01, top), and combining simulations with the five
parameter sets yielding results closest to those of the measurements with those
from the five hydrologically most similar catchments (field01–05 � NNBR01–05,
bottom). Values are relative to results of using the parameter sets of the two
hydrologically most similar catchments (NNBR01–02, top), and the sets of the five
hydrologically most similar catchments (NNBR01–05, bottom). The result of picking
arbitrary donor catchments is indicated at nm = 0. For reference values of EV see
Table 4 and Section 3.3.2. See also Fig. 5.
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particularly dry or wet periods or otherwise unusual conditions, as
discussed for model calibration by Singh and Bárdossy (2012).
Analysing such advanced measurement schemes (e.g. based on
an Antecedent Precipitation Index) was however not within the
scope of the present study that focused on taking field measure-
ments during average flow conditions.

Using only the one regionalised hydrograph with closest agree-
ment to the measurements (field01) showed largest gains in effi-
ciency against using the hydrologically most similar Nearest
Neighbour (NNBR01) when a sufficient number of measurements
were done. This points to the value of short measurements where
it is not possible to determine hydrological similarity comprehen-
sively. The limitations of using agreement to the measurements
only are however shown for combining five corresponding hydro-
graphs (field01–05, in particular when no weighting is done), where
hydrological similarity alone (NNBR01–05) is more effective unless
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Fig. 9. Results for using the parameter set yielding results closest to those of the
measurements (field01, similar to Fig. 7, top), grouped by regime types. Values are
relative to results of using the parameter set of the hydrologically most similar
catchment (NNBR01). The result of picking arbitrary donor catchments is indicated
at nm = 0. For reference values of EV see Table 4 and Section 3.3.2. See also Fig. 6.
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32 or more measurements are performed. Combinations of infor-
mation from the field measurements and information from hydro-
logical similarity (field01 � NNBR01, field01–05 � NNBR01–05) lead to
smaller absolute gains in efficiency against the Nearest
Neighbour benchmarks (NNBR01–02 and NNBR01–10, respectively).
The risk of causing losses in efficiency is however much
smaller, and it is even possible to attain the efficiency of a calibra-
tion. Provided that a sufficient effort is taken, it is thus still possible
to improve a sophisticated regionalisation with short
measurements.

Occasionally, the combination of many short measurements
and regionalisation leads to results higher than those of standard
calibration. This is possible because the model was calibrated for
each catchment with runoff data from the same five years 1994–
1997, whereas the assumed short measurements cover any of the
years 1984–2003 and may thus add information to the parameter
estimation problem.

When it comes to assessing the various strategies examined in
absolute terms, the median improvements achieved are small to
moderate, and depending on the individual catchment and year
studied, there is scope for both gains as well as losses in model effi-
ciency (Figs. 7–9). It should be noted, however, that the Nearest
Neighbour regionalisation reaches high efficiencies already on its
own. Finding that improvements are not higher proves that the
regionalisation indeed works well and that runoff measurements
– in the framework of the present study – only provide limited,
albeit still important additional information. This has to be viewed
in the context of the data-rich environment in which our regional-
isation was developed: It is based upon comprehensive sets of cal-
ibrated model parameters and catchment attributes, which may
not be available in other parts of the world. The improvements
possible with limited measurements might thus be higher in
data-scarce regions where the development of an effective region-
alisation is not feasible.
6. Conclusions and outlook

A comprehensive set of study catchments was examined
regarding the value of field data for improving a Nearest
Neighbour regionalisation scheme. Our analyses highlight that
runoff data measured in a short field campaign can indeed further
improve model performance. The possible improvements depend,
to a large extent, on the regime type of the basin considered and
the season during which these measurements take place. In basins
where processes of snow and ice melt are dominant, higher
improvements are achieved when these processes are captured
by measurements in spring or summer, and even two measure-
ments can lead to a significant improvement. This highlights the
high value of field measurements in mountain areas, which is
amplified by the low density of operational measurements at high
altitudes (Perks et al., 1996; Viviroli et al., 2011). Even in compar-
atively data-rich regions, like Switzerland in the present study, a
few well-targeted measurements can lead to improvements.
Whether it is worthwhile making short measurements in a partic-
ular case is ultimately a question of balancing the cost of the mea-
surements against the potential benefits achieved through
improved simulations.

When provided with the possibility of distributing the same
number of measurements across an entire year instead of a single
season, choosing the entire year resulted in slightly better results
for purely melt or purely rainfall dominated catchments. When a
mixture of these influences is present, however, spring or summer
measurements are more favourable.

In comparison to the measurement season and the number of
measurements, the duration of each of the individual measure-
ments is less decisive. Taking more than one measurement at a
time is thus only advisable if the cost of getting to a site is much
larger than the cost of doing a measurement. However, a differen-
tiation by regime type is due also here: Where melt processes are
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dominant, the measurement duration will not make a noticeable
difference in the results. This is because the corresponding hydro-
graphs do not exhibit extreme fluctuations over the day.
Rainfall-dominated catchments, in contrast, benefit from longer
measurements, because their runoff can change sharply from one
hour to the next.

To maximise the impact of the measurements, it proved most
successful to combine simulations chosen on the basis of these
measurements with simulations selected upon catchment similar-
ity (Nearest Neighbours). With such a strategy, 4 measurements in
spring or summer were sufficient to surpass the results of an
extended regionalisation that combines hydrological similarity
(Nearest Neighbours) with parameter interpolation in space
(Kriging) and model parameters derived from catchment attributes
(regression). This underscores the high value of actual ‘‘field truth’’
from the catchment under consideration, even if many catchments
with calibrated model parameter sets are available as potential
donors.

Our analyses focused on models with good overall performance
and on measurements during average flow, which is relevant for a
wide range of hydrological applications – most specifically for
those focusing on overall water balance characteristics. Further
research should also focus on peak and low flow and on the impor-
tance of unusual (e.g. particularly wet or dry) periods. In this con-
text, we recommend testing additional efficiency criteria that are
sensitive on different parts of the hydrograph. From a practical
point of view, it should also be examined in future studies to what
extent the benefits of short measurements are diminished if the
envisaged runoff measurement strategy (such as measuring during
average runoff as in the present paper) is not followed exactly.
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