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Assessment of catchment response and calibration
of a hydrological model using high-frequency
discharge–nitrate concentration data
Rajesh R. Shrestha, Karsten Osenbrück and Michael Rode

ABSTRACT
This study uses a high-frequency discharge and nitrate concentration dataset from the Weida
catchment in Germany for the catchment scale hydrologic response analysis. Nitrate transport in the
catchment is mostly conservative as indicated by the nitrate stable isotope (δ15N and δ18O) analysis.
Discharge–nitrate concentration data from the catchment show distinctive patterns, suggesting
ﬂushing and dilution response. A self-organizing feature map-based methodology was employed to
identify such patterns or cluster in the datasets. Based on knowledge of the catchment conditions
and prevailing understanding of discharge–nitrate concentration relationship, the clusters were
characterized into ﬁve qualitative ﬂow responses: (1) baseﬂow; (2) subsurface ﬂow increase; (3)
surface runoff increase; (4) surface runoff recession; and (5) subsurface ﬂow decrease. Such
qualitative ﬂowpaths were used as soft data for a multi-objective calibration of a hydrological model
(WaSiM-ETH). The calibration led to a reasonable simulation of overall discharge (Nash–Sutcliffe
coefﬁcient: 0.84) and qualitative ﬂowpaths (76% agreement). A prerequisite for using such
methodology is limited biogeochemical transformation of nitrate (such as denitriﬁcation).
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INTRODUCTION
Previous studies on temporal and spatial patterns of nutrient

discharge and nitrate concentration datasets in many

ﬂuxes from catchments indicate that hydrological connectivity

streams exhibit distinctive patterns. Characteristic nitrate

by subsurface ﬂow is a key driver of nitrate mobilization and

concentration peaks preceding or succeeding the discharge

transport processes (Stieglitz et al. ; Ocampo et al.

hydrograph peaks followed by steady declines in the concen-

a). Studies from different catchments (Creed et al. ;

tration have been observed in catchments of different sizes,

McHale et al. ; Ocampo et al. b; Rusjan et al.

such as: 135 ha Archer Creek catchment (Inamdar et al.

; Rode et al. ; Hesser et al. ) found evidence of

); 10.5 km2 Turkey Lakes catchment (Creed & Band

strong linkage between hydrological ﬂowpath and nitrate

); 42 km2 Padež catchment (Rusjan et al. );

transport. Hence, hydrological ﬂowpath could provide a

46 km2 River Dart catchment (Webb & Walling ); and

basis for understanding the nitrate transport process. Further-

114 km2 Zwalm catchment (Van Herpe & Troch ). In

more, streamﬂow concentration and isotopic composition

general, the early nitrate concentration peaks seem to be a

could yield insights into many key questions in catchment

characteristic of smaller catchments (e.g., Creed & Band

hydrology (Kendall & McDonnell ; Kirchner et al. ).

; Inamdar et al. ), which has been attributed to

Similar to ﬂushing of near-surface dissolved organic

rapid ﬂushing from near-surface soil layers or displacement

carbon by rising water table (Hornberger et al. ),

of nitrate-rich till waters by inﬁltrating precipitation. The

doi: 10.2166/nh.2013.087
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lagged nitrate concentration peaks have been observed pri-

natural biogeochemical transformation (denitriﬁcation) of

marily in meso-scale catchments (e.g., Webb & Walling

nitrate, it is necessary to analyze the transformation pro-

; Van Herpe & Troch ; Rusjan et al. ), which

cesses. In catchments with limited nitrate transformation,

has been attributed to delayed subsurface ﬂow response

it may be possible to use the nitrate concentration data for

from catchment uplands and/or saturated throughﬂow pro-

characterizing the hydrological response.

cess, which gradually ﬂush nitrate from enriched soil
horizons.

The characterization of the hydrological ﬂow response
is especially relevant, given that it is poorly understood in

Steady decline in nitrate concentration after the ﬂushing

most catchments. Although hydrograph separation methods

response is another characteristic pattern of nitrate

such as digital ﬁlters (e.g., Arnold et al. ; Spongberg

response. Van Herpe & Troch () attributed the decline

; Eckhardt ) allow quantiﬁcation of catchment

to diluting effect of surface runoff. In humid agricultural

response to storm events, they lack physical basis for expla-

catchments, shifts from a ‘ﬂushing’ or ‘concentration’ pat-

nation of the responses (Furey & Gupta ). On the other

tern in spring to a ‘dilution’ storm pattern in the fall and

hand, ﬂow components simulated by hydrological models

winter have been observed (Peter ; Vanni et al. ;

are rarely calibrated, mainly due to the lack of information

Petry et al. ; Salvia-Castellvi et al. ; Poor &

on subsurface ﬂow. The hydrological models also suffer

McDonnell ). Webb & Walling () explained such

from the problem of equiﬁnality (Beven & Freer ), as

shift in terms of ﬂows from increased soil moisture and/or

many different parameter sets within a chosen model struc-

expanded saturation areas. Such conditions could lead to

ture can give similar model performances. In this context,

quickﬂow response during winter storms, and, as a conse-

hydro-chemical variables such as groundwater level and/or

quence, marked dilution responses occur.

chemical concentration may provide supplementary infor-

The cited studies indicate that nitrate ‘ﬂushing’ and

mation to constrain the model calibration within a

‘dilution’ response could be prevalent in small to meso-

plausible parameter set. Seibert & McDonnell () pro-

scale catchments. The assumption could especially be

vided an example of such an approach; they employed soft

valid in upland catchments with quick hydrological

data (qualitative knowledge from catchment, e.g., new

response (with soils and bedrock of low permeability,

water ratio) in addition to hard data (runoff) for a multi-

where regional groundwater ﬂow is of minor importance;

criteria calibration of a hydrological model. Their result indi-

e.g., Soulsby et al. ; Hesser et al. ), where the fast

cated that the parameter set determined by multi-criteria

groundwater ﬂow quickly ﬂushes out the accumulated

calibration (using both hard and soft data) could better cap-

nitrate from a catchment, and the quickﬂow from saturated

ture key processes controlling the catchment response. The

areas provides the diluting inﬂuence.

case for multi-criteria calibration of hydrological models is

Therefore, understanding such ‘ﬂushing’ and ‘dilution’

also supported by other studies (e.g., Anderton et al. ;

processes in a catchment could provide insights into the

Bergström et al. ; Shrestha & Rode ), which indi-

mixing and transport of soluble nitrate from different hydro-

cated that the approach leads to a more plausible

logical ﬂowpaths. Kirchner et al. () argued that high-

identiﬁcation of model parameters and increased conﬁ-

frequency measurements of chemical behavior could yield

dence of hydrological simulation. Therefore, the use of

novel insights into many key questions in catchment hydrol-

qualitative hydrological ﬂow responses as soft data could

ogy. Conservative tracers are commonly used for such

also be a useful strategy for an improved hydrological

evaluation. However, most of these conservative tracers

model calibration.

(e.g., Mg, Cl, Na, or environmental isotopes) can only be

This paper explores a methodology for characterizing

detected by chemical or isotope analyses and long-term

patterns in discharge and nitrate-N concentration data and

high-frequency values are difﬁcult to obtain. An alternative

using the characterized patterns for calibration of a hydrolo-

is to use the constituents like nitrate, which can be acquired

gical model. Prior to the use of nitrate concentration data for

at high-frequency resolution (such as hourly or sub-hourly)

such characterization, nitrate stable isotope data were ana-

through optical sensor technology. However, given the

lyzed to verify basic assumptions on nitrate transport and
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degradation processes. A self-organizing feature map

state of Thuringia, Germany, the Weida stream is a small

(SOFM; Kohonen ; Kohonen et al. ) based method-

tributary of the Weisse Elster River in the Elbe River

ology was employed for identiﬁcation of patterns or clusters

basin. The Weida stream ﬂows into the Weisse Elster

in the datasets. The clusters were characterized into qualitat-

River through Zeulenroda reservoir, which is a part of the

ive ﬂow responses based on the knowledge of catchment

Thuringia drinking water supply system. Average annual

conditions and prevailing understanding of discharge–

precipitation in the catchment (1984–2003) is 630 mm,

nitrate concentration relationship. The qualitative ﬂow

which is distributed throughout the year (March–May:

responses were employed as soft data for multi-objective

152 mm; June–August: 210 mm; September–November:

calibration of a hydrological model (WaSiM-ETH). The

142 mm; December–February: 124 mm). Average mean

study uses data from Weida catchment in north-eastern

temperature (1984–2003) in the catchment is 8.3 C

Germany, which is a sub-catchment of the Weisse Elster

(March–May: 7.9 C; June–August: 16.6 C; September–

River in the Elbe River basin.

W

W

W

W

W

November: 8.3 C; December–February: 0.2 C). Discharge
at the Laewitz hydrometric station is perennial, with mean
annual discharge of 0.6 m3/s (March–May: 0.9 m3/s; June–

STUDY AREA AND DATA

August: 0.3 m3/s; September–November: 0.4 m3/s; December–February: 1.0 m3/s).

The study area, the Weida catchment, covers an area of
2

about 100 km

with relief varying from 357 to 552 m

(Figure 1). Located in the lower mountain range in the

Figure 1

|

Study area: Weida catchment.
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well-developed cambisols and ﬂuvisols in the stream valleys

(Table 1) and aggregated to an hourly time step. The three

(Fink ). Sandy loam (40%) and silt loam (36%) are the

selected periods consist of the highest peaks and the highest

dominant soil types in the catchment. Due to relatively

nitrate-N concentration in the available datasets. Addition-

low permeability, interﬂow appears to be the dominant

ally, the three winter–spring high ﬂow data were selected

runoff component in the catchment (Hesser et al. ).

because nitrate-N concentration data during low ﬂow

Land use in the catchment is dominated by arable land

summer conditions may be inﬂuenced by higher denitriﬁca-

(40%), followed by forest (29%), and grassland (26%). Agri-

tion and biotic uptake. Mean temperature during the periods

cultural land use in the Weida catchment is moderately

ﬂuctuates between below freezing to above freezing, causing

intensive. Arable crops are dominated by winter wheat,

frequent snow accumulation and melt. Therefore, both pre-

winter barley, rape, maize, sugar beet, and potato. Typical

cipitation and snowmelt contribute to the runoff.

fertilizer application rates are 125 kg ha1yr1 (winter
1

1

wheat), 150 kg ha yr

1

1

(maize), 70 kg ha yr

(summer

barley), and 90 kg ha1yr1 (oats) (Fink ).

Statistical characteristics of the discharge and nitrate-N
concentration data used in this study are summarized in
Table 1. Correlation coefﬁcients between discharge and
nitrate-N concentration are in between 0.34 and 0.54, implying some relation between the datasets. However, the

DATA AND ANALYSIS

magnitude and ranges of the three datasets are considerably
different. For example, 2001 (2003–2004) dataset has the

Nitrate data and discharge–nitrate concentration

highest (lowest) mean discharge but the lowest (highest)

relationship

mean nitrate-N concentration. Discharge–concentration
plots of the three datasets (Figure 2) also illustrate the varia-

Discharge and nitrate-N data at 1-minute intervals is avail-

bility in these periods. Although the three periods show

able from the Laewitz monitoring station at the mouth of

similar loops, equivalent nitrate-N concentration values for

the Zeulenroda reservoir (Figure 1). The monitoring

a given discharge are different for the three periods and

system

(Stamosens

also within each period. Such differences show that nitrate

CNM750/CNS70, Endress þ Hausser) with a maximum

responses are highly variable for different runoff periods,

employs

a

photometric

sensor
1

measurement error of 2% or ±0.1 mg L

in clear water con-

which may be due to differences in catchment moisture con-

dition (Hesser et al. ). The sensor uses a multiple beam

dition, nitrate input, and storage in the catchment. However,

ﬂash process for continuous monitoring of nitrate concen-

the discharge nitrate-N concentration loops (Figure 2) are all

tration without chemical analysis. However, the nitrate-N

characterized by the anti-clockwise hystereses with peak

concentration data obtained from the sensor are discontinu-

nitrate-N concentration following the discharge peak, and

ous due to missing values. In addition, the data consist of

lower nitrate-N concentration on the rising limb of dis-

noticeable noise and errors.

charge hydrograph in comparison to the receding limb.

For this study, three consistent winter–spring datasets

Such patterns in discharge–nitrate concentration were also

from the years 2001, 2003–2004, and 2004 were selected

observed in the similarly sized meso-scale catchments (e.g.,

Table 1

|

Statistical characteristics of discharge and nitrate-N conc. data, correlation is between discharge and nitrate-N concentration data for a given period

Year

Period

Data

Min.

2001

March 1–May 1

Discharge [m3/s]

0.29

1.51

Nitrate-N conc. [mg/L]

7.08

10.02

Discharge [m3/s]

0.11

0.89

5.26

0.84

Nitrate-N conc. [mg/L]

6.80

13.30

16.27

2.06

Discharge [m3/s]

0.16

1.16

6.23

1.24

Nitrate-N conc. [mg/L]

3.17

12.42

18.39

4.41

2003–04

Dec. 9–March 23

2004

Oct. 28–Dec. 15

Downloaded from https://iwaponline.com/hr/article-pdf/44/6/995/370600/995.pdf
by guest

Mean

Max.

Std. deviation

Corr. coef.

7.13

1.35

0.52

13.75

2.02
0.34
0.54

999

Figure 2

R. R. Shrestha et al.

|

|

Discharge–nitrate concentration data for catchment response assessment

Hydrology Research

|

44.6

|

2013

Discharge–nitrate-N plots for three periods.

Webb & Walling ; Van Herpe & Troch ), where

() indicated a dominant contribution of fast ground-

they explained the patterns in terms of ‘concentration’ and

water ﬂow component, and a minor contribution of slow

‘dilution’ effects. Such patterns in the analyzed datasets

groundwater ﬂow component. Computed mean residence

also suggest prevalence of ‘concentration’ and ‘dilution’

time of groundwater ﬂow was 22.5 months (2 months and

effects in the Weida catchment, which could be used as a

73.5 months for the fast and slow groundwater ﬂow com-

basis for characterizing hydrological ﬂowpath as discussed

ponents, respectively, according to Hesser et al. ()).

in the Introduction.

Due to such a short residence time, they suggested low deni-

The Weida stream also receives ﬂow from the Loessau

triﬁcation in the dominant fast groundwater ﬂow. Overall

reservoir located outside the catchment (Figure 1) contribut-

retention of nitrate leached from the unsaturated zone was

ing about 10% of the total ﬂow (Fink ). Since only

computed to be 8%. Calculated total reduction capacity is

weekly grab sample nitrate-N concentration data were avail-

lower than lowland catchments with glacial till or quatern-

able from the reservoir, direct characterization of the

ary loess (Rode et al. ).

contribution of the external inﬂow to discharge–nitrate-N

Nitrate ﬂuxes from catchments may also be affected by

concentration relationship could not be undertaken. How-

the biotic uptake. High rates of nitrate transport typically

ever, available data from the reservoir indicated that the

occur during infrequent high ﬂows whereas high rates of

average nitrate-N concentration (∼5.0 mg/L) of the inﬂow

biological assimilation and storage typically occur during

was far less than the concentration in the Weida stream

frequent low ﬂows in streams (Royer et al. ), and rates

during the three periods of interest (Table 1). Therefore,

of biological assimilation may be higher in the summer

the effect of mixing of low nitrate-N concentration external

when temperature is warmer and biological activity is

inﬂow could be assumed to be similar to the diluting effect

greater. At high nitrate loading rates, such as in the case of

of surface runoff.

analyzed datasets, Mulholland et al. () suggested that

Previous studies of nitrate transport in the Weida catch-

removal of N becomes ineffective and the stream network

ment (Shrestha et al. ; Hesser et al. ) indicated

exports virtually all catchment-driven nitrogen. Similarly,

subsurface ﬂow dominated transport. Results of the determi-

Alexander et al. () showed that for an agricultural

nistic-fuzzy rule-based nitrate transport model by Shrestha

stream (Indiana) with comparable high nitrate concen-

et al. () showed a strong relationship between subsur-

trations, N removal was nearly negligible from late autumn

face ﬂow and nitrate-N concentration. Results of the

to the beginning of summer. Such observation is also sup-

conceptual lateral nitrate transport model by Hesser et al.

ported by earlier studies (e.g., Hill ) which concluded
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that during critical times of the year (i.e., high discharge,

is common for nitrate in watersheds with dominant agricul-

high NO3–N concentrations) the export of NO3–N from

tural land use (Kendall & Aravena ; Xue et al. ).

agricultural streams was not affected by biotic uptake and

The spreads of δ15N and δ18O values are small during the

denitriﬁcation. Therefore, based on the results of such pre-

sampling period of more than 2 yr. This suggests that most

vious studies, the biotic uptake of nitrate can be

of the nitrate in stream water originates from a few dominat-

reasonably assumed to be limited for the three high ﬂow

ing

periods analyzed in this study.

sources

including

NH4-fertilizer

and

manure

applications. Buda & DeWalle () reported similar ﬁndings in watersheds dominated by agricultural land use,

Nitrate stable isotope sampling and analysis

which also included storm events. Persistently low δ18O

In addition to continuous discharge and nitrate-N data,

condition indicate that nitrate from atmospheric deposition

nitrate stable isotope (δ15N and δ18O) data and concurrent

or NO3-fertilizer application (both usually characterized by

major ions were obtained at the monitoring station at Lae-

δ18O values greater than þ15‰ according to Xue et al.

nitrate values (<þ 7‰, see Figure 3) including high ﬂow

witz from 2007 to 2009. The data were obtained from the

() and Kendall & Aravena ()) are of minor impor-

analysis of a total of 115 grab samples taken at weekly

tance or not directly (i.e., via transformation to reduced N

intervals. At baseﬂow condition (28 May 2008), 14 sup-

compounds) released to the hydrological ﬂowpaths. A few

plementary stream samples were taken along the proﬁle of

stream samples with higher δ15N values are probably due

the Weida stream and its major tributaries. Although the

to the increased inﬂuence of efﬂuents from sewage treat-

majority of the stream samples were taken during baseﬂow

ment plants or septic tanks along the Weida stream during

or hydrograph recession, most of the cold season samples

baseﬂow conditions.

represent water and nitrate ﬂuxes near peakﬂow condition.

Unlike conservative tracers, the transport of nitrate in

Samples were ﬁlled in 0.5-L high-density polyethylene

subsurface ﬂow may additionally be affected by biogeochem-

(HDPE) bottles and stored under cool conditions prior to

ical processes like microbial denitriﬁcation. If denitriﬁcation

measurement. Isotopes of nitrogen and oxygen of nitrate

takes place, the δ15N as well as δ18O values of the residual

were analyzed using the denitriﬁer method (Sigman et al.

nitrate are expected to become progressively enriched with

; Casciotti et al. ). The method uses gaseous N2O,
which is produced under controlled conditions from
microbial degradation of nitrate dissolved in the water
sample (for details see Shomar et al. ; Knöller et al.
). For the measurement of the isotopic composition of
the produced N2O, a modiﬁed gasbench II-system connected to a mass spectrometer delta V plus (Thermo) was
used. Results are given as δ15N and δ18O values relative to
the international references AIR and VSMOW (Vienna
Standard Mean Ocean Water), respectively. The analytical
uncertainties are in the range of ±0.3‰ for δ15N and
±1.0‰ for δ18O.
The stable isotope nitrate data (δ15N and δ18O) in stream
water was analyzed to provide information on the source
and transport process of nitrate in the Weida catchment.
Of particular interest in this analysis is the extent of non-conservative processes like microbial denitriﬁcation. The

Figure 3

| δ15N and δ18O of nitrate in stream water of the Weida. Given for comparison
are approximate ranges (gray boxes) for the isotopic composition of different
sources of nitrate compiled from the literature (adapted from Kendall &
Aravena (2000)). The direction of a possible isotope fractionation trend due to

results of the isotope analyses (Figure 3) indicate that the

denitriﬁcation is indicated by the arrow. Numbers indicate the approximate

δ15N and δ18O values of most samples fall in a range that

þ6.2‰ and an enrichment factor of about 7‰ (see text for details).
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decreasing nitrate concentrations due to higher reaction

winter and fall seasons, see Figure 3) was observed. This

rates of lighter isotopes (Kendall & Aravena ). Accord-

indicates that denitriﬁcation cannot be ruled out completely,

ing to Figures 3 and 4, there is no clear trend towards

although seasonal variations in isotopic compositions may

heavier isotopic composition (i.e., higher δ values) along

also be due to variations in the dominating N sources

the indicated lines. Mixing processes may reduce the magni-

(Savard et al. ). A conservative estimate of the maximum

tude of observed isotope enrichments if differences in the

amount of denitriﬁcation may be obtained by making the

level of denitriﬁcation and hence in nitrate concentration

unlikely assumption that the spread of data in the direction

and isotopic signatures of the mixing components are high

of the trend line in Figure 3 is mainly due to denitriﬁcation.

(Green et al. ). In the Weida catchment, however,

For the calculation, the difference of the 80th and 20th per-

such differences between stream water and inﬂowing sur-

centiles of the observed δ15N values was used as a measure

face or groundwater are likely to be small. This is

of the isotope enrichment during a Rayleigh-type process

supported by homogeneous nitrate concentrations and iso-

with an enrichment factor of 5 to 7%, which is in the

topic signatures along a proﬁle of the Weida River during

lower range of values reported in the literature from natural,

baseﬂow conditions, as well as groundwater samples

not diffusion controlled water systems (Mariotti et al. ;

(Figures 3 and 4). Therefore, the low variability of nitrate

Sebilo et al. ). The calculation shows that a maximum

stable isotopes suggests that nitrate released to and trans-

of 20% of nitrate, but most probably less, has been removed

ported in the stream has not signiﬁcantly been affected by

from solution by denitriﬁcation processes. A low denitriﬁca-

denitriﬁcation in the subsurface or the stream itself during

tion is also in correspondence with the slight increase of

the investigated period. However, a small difference (about

δ15N values with decreasing nitrate concentrations in

1%) between the isotopic composition of stream nitrate

Figure 4(b). However, most probably a large part of the

15

during the warm and cold seasons (higher mean δ N

trend in Figure 4(b) is due to mixing of different sources of

value in summer as compared to a lower mean in the

nitrate that may be expected from the different water ﬂowpaths contributing to stream runoff during storm and
baseﬂow conditions. Due to only small variations of isotope
values, mixing of different N sources and a small contribution
from denitriﬁcation cannot be separated. If minor denitriﬁcation is present in the catchment, it is associated with low
discharge conditions as indicated by an increased mean
δ15N value during low discharge conditions in Figure 4(a).
Therefore, the results of nitrate stable isotope analyses
suggest that the transport of nitrate in the Weida catchment
can be reasonably well described by conservative transport
processes, i.e., by advection along hydrological ﬂowpaths.
This is particularly the case during high discharge conditions,
when low values of nitrate stable isotopes provide no evidence of the presence of denitriﬁcation.
In summary, nitrate transport and transformation processes in the Weida catchment during high ﬂow conditions
can be considered to be dominated by fast groundwater
ﬂow and interﬂow-driven processes, and limited residence

Figure 4

|

Relationship between δ15N of nitrate and (a) discharge of the Weida at Laewitz
and (b) nitrate-N concentration in stream water of the Weida at Laewitz. Note
the log scaling of nitrate-N concentrations. The arrow indicates the direction of
a possible isotope fractionation trend for denitriﬁcation in natural water ﬂuxes
(Mariotti et al. 1981; Sebilo et al. 2003).
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characteristics provide a reasonable basis for employing

to a division of the two input datasets into clusters of differ-

nitrate for the hydrological ﬂowpath analysis.

ent ranges and could not capture rising and falling patterns
in the datasets. Therefore, besides discharge (Q) and nitrateN concentration (N) data series, a rate of change of these

MODELING APPROACH

variables (dQ/dt and dN/dt) were employed as additional
inputs. These inputs provide information on the rising and

Cluster analysis of discharge–nitrate concentration data

falling pattern datasets and could guide the SOFM training
to distinguish such changes. Therefore, the SOFM cluster

This study used a SOFM (Kohonen ; Kohonen et al.

QNcluster can be expressed as a function of these four input

) based methodology for identiﬁcation of clusters in dis-

variables:

charge–nitrate concentration data. The SOFM is a type of
artiﬁcial neural network, which learns to classify input vec-

QNcluster ¼ f ðQ, N, dQ=dt, dN=dtÞ

(1)

tors by mapping patterns in datasets. It converts complex,
nonlinear statistical relationships (in a high-dimensional

Since the four input datasets are of different ranges, it is

space) into simple relationships (in a low-dimensional

important to normalize the input datasets so that the data-

space) based on regularities and correlations in the datasets.

set with a higher variability does not dominate SOFM

As it compresses information while preserving the impor-

training. For this reason, all four input vectors were nor-

tant topological and metric relationships, it can be

malized to zero mean and one standard deviation.

described as a model for knowledge abstraction (Kohonen

Additionally, discharge and nitrate-N concentration data

et al. ). The abstraction of information in a SOFM

were weighted by 2 (by trials), so that minor changes in

from high-dimensional data to low-dimensional output

dQ/dt and dN/dt do not affect the cluster identiﬁcation

takes place in an unsupervised manner.

process.

A wide range of applications of the SOFMs in hydrology

After the deﬁnition of input vectors, an appropriate

have been reported in the recent literature, such as charac-

architecture of the SOFM needs to be designed. Since a

terization and diagnosis of groundwater quality (Hong &

large network may lead to overﬁtting (Alvarez-Guerra

Rosen ), decomposition of effective rainfall runoff data

et al. ), SOFM training should be started with a small

into different segments (Jain & Srinivasulu ), estimation

number of neurons and gradually increased to achieve satis-

of design hyetographs of ungauged sites (Lin & Wu ),

factory output. In the present application, the SOFM

and classiﬁcation of sediment quality (Alvarez-Guerra

training was started with 3 × 2 neurons, and SOFM architec-

et al. ). A review of applications of SOFMs in hydrology

ture with a 4 × 3 neurons was found to be adequate to

is available in the ASCE Task Committee on application of

capture the rise and fall of discharge and nitrate-N concen-

Artificial Neural Networks in Hydrology (a, b) and

tration at different data ranges. Initially, the SOFM trained

Kalteh et al. (). More details on the SOFM are available

with the 2003–2004 dataset was used for the simulation of

in Kohonen () and Kohonen et al. ().

2001 and 2004 clusters. However, the simulated clusters

The SOFM models were developed using an algorithm

were not able to represent the relationships in these data-

found in the MATLAB Neural Network Toolbox (Demuth

sets. As outlined previously, each of the 2001, 2003–2004,

et al. ). The ﬁrst step in SOFM-based discharge–

and 2004 datasets have different variability with different

nitrate-N concentration cluster identiﬁcation is the selection

ranges of discharge and nitrate-N concentration datasets

of appropriate input variables. With the selected input vari-

related to one another. Therefore, the SOFMs were trained

ables, the SOFM should be able to identify all relevant

for individual datasets. Since the cluster results are to be

patterns in discharge and nitrate-N concentration data,

later used for the hydrological model calibration and

such as changes in nitrate-N concentration corresponding

meteorological inputs required for the hydrological model

to discharge. Preliminary SOFM trainings with discharge

are available only at a daily resolution (explained later),

and nitrate-N concentration time series as inputs only led

the SOFMs were also retrained for a daily time step.
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The characterization of the cluster results was supported

The WaSiM-ETH hydrological model was set up for the

by the prevailing knowledge on the catchment scale hydro-

Weida at a 100-m grid resolution using: (1) a digital

logical and nutrient response (such as the ‘concentration’

elevation model from Thüringen State Land Surveying

and ‘dilution’ effects), and understanding of the ﬂow–nitrate

Office (); (2) land use data based on the 1999 Land-

transport relationship in the Weida catchment. Although the

sat-ETM image classiﬁcation (Bongartz ); and (3) soil

cluster results were not sufﬁcient to quantitatively separate

data based on 1:25,000 soil map with supplementary classi-

the ﬂow into surface runoff and subsurface ﬂow com-

ﬁcation based on local soil proﬁles (Fink ). The model

ponents, qualitative responses could be deﬁned based on

was run at a daily time step since the daily meteorological

the dynamics of discharge and nitrate concentration

inputs (i.e., precipitation, temperature, global radiation, rela-

response.

tive sunshine duration, wind velocity, relative humidity, and
vapor pressure) were available. Due to this limitation, sub-

Hydrological model setup and calibration

daily variations of the catchment hydrological response
and their relation with nitrate concentration could not be

The qualitative hydrological ﬂow responses deﬁned from

analyzed. Precipitation data from ﬁve stations and meteoro-

discharge and nitrate-N clusters were used for calibration

logical data from three nearby stations were used. Spatial

of ﬂow components simulated by the Water balance

interpolation of the forcing data were carried out using an

Simulation Model, WaSiM-ETH (Schulla ; Schulla &

inverse distance weighting algorithm. Discharge from Loes-

Jasper ). The WaSiM-ETH was chosen for this

sau reservoir was introduced as external inﬂow.

catchment as it has been successfully applied for similar

An indirect methodology was formulated to employ

mountainous catchments in the region (Rode & Linden-

discharge–nitrate-N cluster results (as soft data) for cali-

schmidt ; Lindenschmidt et al. ; Shrestha &

bration of simulated ﬂow components. The methodology

Rode ).

uses a number of rules to compare characteristics of

WaSiM-ETH is a process-based distributed modeling

WaSiM-ETH simulated hydrological ﬂow components

system capable of simulating different hydrological pro-

(such as whether surface runoff or subsurface runoff is

cesses at different spatial and temporal scales. The model

increasing or decreasing) with the cluster classes. An

can simulate catchment response, as well as hydrological

example of the rule for cluster agreement (clust_agree)

ﬂow components. The WaSiM-ETH uses a modular,

calculation is given below:

object-oriented architecture for simulation of different
accumulation, snow melt, inﬁltration and generation of sur-


if Qsub ðt þ 1Þ > Qsub ðtÞ
clust agree ¼ 1
&clust ¼ 2

face and subsurface ﬂow components. WaSiM-ETH uses

else clust agree ¼ 0

hydrological processes such as evapotranspiration, snow

(2)

the Green and Ampt/TOPMODEL approach for runoff
generation and soil water balance simulation. The Green

where Qsub(t) is subsurface ﬂow at time step t and clust is a

and Ampt equation calculates inﬁltration based on soil

cluster class.

moisture condition, and surface runoff occurs when inﬁl-

Similarly, cluster agreements for each time step and for

tration exceeds soil inﬁltration capacity. WaSiM-ETH

all clusters were calculated. The objective function (obj1) for

implementation of TOPMODEL (Beven & Kirkby )

the multi-objective calibration of WaSiM-ETH was formu-

simulates soil water balance and runoff generation separ-

lated as a weighted sum of cluster agreements (clust_agree):

ately for each grid cell based on the spatial distribution of

n
P

soil topographic index. The model generates surface
runoff when unsaturated zone is ﬁlled, which is routed in
streams using a kinematic wave approach. More information on the model is available in Schulla & Jasper
().
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elitist multi-objective genetic algorithm capable of ﬁnding

‘goodness of ﬁt’ of total runoff simulation:

multiple Pareto solutions in a single optimization run. Key
n 
P

obj2 ¼ 1  NSCE ¼

j¼1
n
P
j¼1

Q j,obs  Q j,sim



Q j,obs  Qobs

2

features of the NSGA-II are an efﬁcient sorting algorithm
(4)

2

and maintenance of a diverse set of elite population. More
details on the NSGA-II algorithm are available in the original work by Deb et al. (), which is also summarized
in Shrestha & Rode (). Ten independent optimization

where n is number of observations, Qj,obs and Qj,sim are

runs of NSGA-II were carried out with a population size

observed and simulated discharges at time step j, and

between 100 and 130 and the number of generations

Qobs is mean observed discharge. 1-NSCE and negative of

between 25 and 30, based on which preferred solution was

the agree values were used to express the objective func-

selected.

tions

for

minimization.

Two

additional

criteria,

coefﬁcient of determination (R 2) and mean absolute error
(MAE) were used for further evaluation of model

RESULTS AND DISCUSSION

performance.
The model calibration was performed by adjusting nine

Cluster analysis of discharge and nitrate-N data

model parameters that affect the runoff generation processes. These parameters are highly interdependent and

SOFMs trained with the two-dimensional 4 × 3 neurons pro-

together affect the contribution of different ﬂow com-

duced 12 clusters of discharge–nitrate-N concentration time

ponents to the total ﬂow (Schulla & Jasper ).

series data. The 12 clusters captured ﬁve different patterns

Parameter ranges for calibration were deﬁned from cali-

or relationships in the data series with a number of clusters

brated models in similar catchments (Shrestha et al. ;

capturing the same patterns at different data ranges. These

Shrestha & Rode ), which are summarized in Table 2.

patterns consist of: (1) constant discharge and/or nitrate-N

The 2003–2004 and 2001 period data were employed for

concentration or small change: {Q(t þ 1) ≈ Q(t), N(t þ 1) ≈

model calibration and validation, respectively. A warm-up

N(t)}; (2) increase in discharge and nitrate-N concentration:

period of 1 yr was used. The multi-objective optimization

{Q(t þ 1) > Q(t), N(t þ 1) > N(t)}; (3) increase in discharge

tool called the non-dominated sorting genetic algorithm-II

and decrease in nitrate-N concentration: {Q(t þ 1) > Q(t),

(NSGA-II; Deb et al. ) was used to evaluate the perform-

N(t þ 1) < N(t)}; (4) decrease in discharge and increase in

ance of two objective functions. The NSGA-II is a fast and

nitrate-N concentration: {Q(t þ 1) < Q(t), N(t þ 1) > N(t)};

Table 2

|

Description, minimum, maximum and optimal values of the parameters used in the WaSiM-ETH calibration. Units are given in parentheses

Parameter

Description

Min.

Max.

Optimal parameter

m

Recession parameter for base ﬂow [m]

0.001

0.1

0.0076

Tcor

Correction factor for transmissivity of soil [–]

0.00001

0.001

0.00081

Kcor

Correction factor for vertical percolation [–]

1

50

13.8

kD

Single reservoir recession constant for surface runoff [h]

1

80

44.7

SHmax

Maximum storage capacity of interﬂow storage [mm]

10

50

33.6

kH

Single reservoir recession constant for interﬂow [h]

30

250

244.8

Pthres

Precipitation intensity threshold for generating preferential
ﬂow into saturated zone [mm day1]

0.01

10

4.3

rk

Scaling factor for capillary rise/reﬁlling of soil storage from
interﬂow [–]

0.1

1

0.99

cmelt

Fraction of snowmelt which is surface runoff [–]

0.016

1

0.37
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and (5) decrease in discharge and nitrate-N concentration:

Cluster (3) {Q(t þ 1) > Q(t), N(t þ 1) < N(t)}: This cluster

{Q(t þ 1) < Q(t), N(t þ 1) < N(t)}. Accordingly, the 12 clus-

includes the latter portion of the rising limb of the discharge

ters were reclassiﬁed into ﬁve classes to represent such

hydrograph, when nitrate-N concentration declines. Pre-

distinct ﬂow responses. The reclassiﬁed clusters for

vious analysis of the Weida catchment condition indicated

the 2001, 2003–2004, and 2004 periods are shown in

decline of the nitrate-N concentration in the presence of sur-

Figures 5(a), 5(b), and 5(c), respectively. The ﬁve identiﬁed

face runoff (Shrestha et al. ). Such dilution effect is

cluster classes were conceptually characterized into water

typical in wet soil conditions especially during winter

and solute contributions from different ﬂowpaths. Previous

(Webb & Walling ) and could be attributed to the sur-

studies on ‘ﬂushing hypothesis’ (Creed et al. ) and ‘con-

face runoff. Dilution of nitrate by surface water has also

centration’ and ‘dilution’ effects (Webb & Walling ;

been observed during intense rainfall events, where a con-

Peter ) together with the results of previous studies of

siderable

the Weida catchment (Shrestha et al. ; Hesser et al.

contributed to total discharge (Peter ). In this particular

) were used as a basis for characterization, which are

case, the decline of nitrate concentration in some cases also

described below.

share

of

Horton

excess

surface

runoff

coincided with increased external inﬂow. These analyses

Cluster (1) {Q(t þ 1) ≈ Q(t), N(t þ 1) ≈ N(t)}: This cluster

indicate the inﬂuence of saturation excess surface runoff

is characterized by low ﬂow and low nitrate-N concen-

and/or external inﬂow from Loesau reservoir to the stream-

tration, and/or small changes between two time steps. The

ﬂow. Based on such observations, the decline in nitrate-N

region has nitrate-N concentration between 4.1 and

concentration in the stream can be considered as the dilut-

8.6 mg/L, which according to the previous study of the

ing effect of nitrate poor surface runoff/external inﬂow

Weida catchment (Hesser et al. ) corresponds to slow

mixes, and the cluster is conceptualized as the surface

groundwater ﬂow or baseﬂow (with mean residence time

runoff increase region.

73.5 months) region. The evaluation of soil moisture

Cluster (4) {Q(t þ 1) < Q(t), N(t þ 1) > N(t)}: The cluster

during the analysis periods showed high saturation deﬁcit,

consists of the falling limb of the discharge hydrograph,

similar to the stage 1 (baseﬂow) in Creed et al. ().

when nitrate concentration increases. The increase in

Based on such observations, the cluster is conceptualized

nitrate-N concentration may be due to rapid recession of

as the baseﬂow region.

saturated surface runoff with shrinking of saturated areas

Cluster (2) {Q(t þ 1) > Q(t), N(t þ 1) > N(t)}: This clus-

within the catchment and/or in this particular case, reces-

ter includes the early portion of the rising limb of the

sion of external inﬂow from Loesau reservoir. Such

discharge hydrograph, when nitrate-N concentration exhi-

conditions could cause nitrate-N concentration to increase

bits a steep increase. Analysis of the moisture conditions

as the diluting effect by nitrate poor surface runoff water is

revealed declining soil saturation deﬁcit. Such response is

diminished, and the contribution of catchment uplands con-

similar to stage 2: saturated subsurface ﬂow as deﬁned by

tinue to sustain high nitrate concentration. Such patterns

Creed et al. (). In the Weida catchment, the model

were also observed by Webb & Walling () and Van

results by Hesser et al. () indicate that interﬂow and

Herpe & Troch () in very sharp chemograph response

fast groundwater ﬂow components dominate nitrate trans-

due to rapid decline of discharge. Based on such character-

port. Since the fast groundwater ﬂow component has a

istics, the cluster is conceptualized as the surface runoff

short residence time (2 months, according to Hesser et al.

recession region.

()) and denitriﬁcation rate is low (according to stable

Cluster (5) {Q(t þ 1) < Q(t), N(t þ 1) < N(t)}: The decline

isotope analysis), the rapid increase in nitrate-N concen-

in discharge and nitrate-N concentration in this cluster cor-

tration

fast

responds to ﬂow recession. In such conditions, the

could

be

attributed

to

interﬂow

and

groundwater ﬂow components. Since the cluster result is

contribution of nitrate-rich interﬂow and fast groundwater

not sufﬁcient to distinguish different components of the

ﬂow continues to decline. It is well known that with a

groundwater ﬂow, the cluster is conceptualized as the sub-

further decrease in discharge, the proportion of the contri-

surface ﬂow increase region.

bution of deeper groundwater increases and nitrate-N
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Results of SOFM after reclassiﬁcation into ﬁve clusters for: (a) 2001 period; (b) 2003–2004 period; and (c) 2005 period.
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concentration declines towards background groundwater

the values of these objectives, the better are the ﬁts of

concentration. Therefore, the region is conceptualized as

these two objectives. The agree values of 0.72 to 0.82 per-

the subsurface ﬂow recession region.

centage points indicate that the Pareto solution has a good

The conceptual characterization of clusters provides

match with the cluster characterization rules.

qualitative representation of temporal dynamics of the dis-

The 1-NSCE (∼0.16) values in the Pareto front are simi-

charge–nitrate relationship. Based on such characteristics,

lar for the agree values between 0.72 and 0.76 (Figure 6).

cluster classes, relative contributions of different ﬂow

The 1-NSCE values increase from 0.16 to 0.26 (decrease in

responses to the total runoff, and nitrate concentration

NSCE value from 0.84 to 0.74) when the agree values

could be identiﬁed. Although the lack of nitrate concen-

change from 0.76 to 0.78. The 1-NSCE values are greater

tration and discharge measurement data inside the

(NSCE values are lesser) for agree values of 0.80 and

catchment constrained a more objective characterization

0.82. Based on such results, the solution with the agree

of ﬂow response, the qualitative characterization based on

value of 0.76 and 1-NSCE value of 0.16 was chosen as a

cluster classiﬁcation can be considered as a representation

preferred solution (from the Pareto front). The parameter

of dominant catchment-scale processes.

values for the preferred solution are given in Table 2.
Since the cluster results are related to the different ﬂow

Model calibration using cluster results

components, they affect the parameters controlling each
component of the hydrograph. In general, since the model

The multi-objective calibration of the WaSiM-ETH model

is calibrated with interﬂow (SHmax > 0), cluster 1 mainly

with cluster results as the soft data led to trade-offs between

affects the baseﬂow, which is controlled by m and Tcor par-

the NSCE and cluster agreement. The trade-offs between the

ameters. Clusters 2 and 5 are related to the dynamic

two objectives for the calibration dataset (2003–2004) con-

subsurface ﬂow (interﬂow) region, which is mainly con-

sist of 1,150 solutions (gray crosses) obtained from 10

trolled by the SHmax, kH, Pthres, rk, and Kcor parameters.

independent NSGA-II runs (Figure 6). The solution where

Clusters 3 and 4 are related to surface runoff, which is

at least one objective value is superior to all other solutions

mainly controlled by kD and cmelt. In addition to the hori-

is called the non-dominated solution. In this example, the

zontal ﬂow components, these parameters also control the

circles (Figure 6) symbolize a set of non-dominated solution,

vertical movement of water (e.g., percolation and capillary

with 1-NSCE values between 0.16 and 0.29 and agree values

rise). Therefore, the runoff components and the controlling

between 0.72 and 0.82. Since both the objective func-

parameters are highly interdependent, and it is not possible

tions were used in the minimization problem, the lower

to tease out the effects of the individual clusters on the calibrated parameters.
Figure 7(a) and 7(b) show the clusters retrained for daily
discharge and nitrate-N datasets for 2003–2004 and 2001
periods, respectively. Due to differences in the temporal resolution, daily clusters are slightly different from hourly clusters.
Notably, some of the sub-daily variations are lost due to
aggregation to a daily time step (compare Figures 5(a) to
7(a) and 5(b) to 7(b)). However, general patterns in the clusters (in terms of average cluster class values) at corresponding
time periods are similar for both time steps.
The discharge hydrograph for the preferred solution,
observations, and the cluster classes for the calibration
(2003–2004) and validation (2001) datasets are shown in
Figure 7(a) and 7(b), respectively. The results show good rep-

Figure 6

|

Trade off between 1-NSCE and agreement with cluster results (agree).
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WaSiM-ETH model results in comparison to observations and daily discharge–nitrate-N cluster results for: (a) calibration dataset (2003–2004) and (b) validation dataset (2001).

hydrographs as well as low ﬂows) of runoff dynamics of the

observations, with slightly better ‘goodness of ﬁt’ values

calibration and validation datasets. The statistical perform-

(NSCE, R 2, and MAE) for the calibration results in compari-

ance of the preferred solution (Table 3) also indicates a

son to validation results. There are a number of problems in

good

model simulations, such as overprediction and phase shifts

match

of

the

WaSiM-ETH

simulation

with

of 25/03/2001 and 2/2/2004 peaks, which may be due to
Table 3

|

uncertainties in the data and model. Overall, the results
Statistical performance of preferred solution obtained from the WaSiM-ETH
calibration

show the use of discharge–nitrate concentration clusters as
soft data in a multi-objective optimization framework

MAE
Datasets

Year

Period

NSCE

R2

[m3/s]

Calibration

2003–2004

Dec. 9–March 23

0.84

0.85

0.21

Validation

2001

March 1–May 1

0.82

0.83

0.34
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components show a reasonable dynamics of subsurface ﬂow

by increase or decrease of nitrate-N concentration correspond-

and surface runoff components (Figure 7(a) and 7(b)). Such

ing to increase or recession of discharge hydrograph. Based on

ﬁndings are similar to a study by Seibert & McDonnell

these distinctive patterns, the identiﬁed clusters were character-

(), who also found that the use of soft data for cali-

ized using the prevailing understanding of the catchment-scale

bration helps in choosing the model parameters with good

nitrate response and previous studies of the catchment. Accord-

representation of runoff, as well as catchment processes as

ingly, ﬁve different qualitative patterns in the datasets were

represented by soft data. Therefore, it can be concluded

identiﬁed and conceptually characterized into qualitative ﬂow

that the inclusion of soft data also gives modelers increased

responses: (1) baseﬂow; (2) subsurface ﬂow increase; (3) surface

conﬁdence as it provides a means to indirectly validate the

runoff increase; (4) surface runoff recession; and (5) subsurface

simulated ﬂow components.

ﬂow decrease regions. The qualitative ﬂow response was

The unavailability of sub-daily meteorological inputs is

employed in an indirect methodology (as soft data) to calibrate

the main limitation in the hydrological model calibration.

the responses simulated by the hydrological model (WaSiM-

Hourly calibration of the hydrological model would allow

ETH), where agreement of the simulated ﬂow components

the consideration of sub-daily variations of ﬂow components

with qualitative ﬂowpaths was considered as an objective func-

and their relationships with nitrate response. The sub-daily

tion. The methodology led to a good agreement of the simulated

variations may be especially important to correctly simulate

outputs with the discharge hydrograph as well as qualitative

rapid ﬂow components like inﬁltration excess overland ﬂow

ﬂowpaths. Therefore, the methodology provides increased con-

or runoff from paved areas. Therefore, calibration of the

ﬁdence to the hydrologic model simulations.

hydrological model at an hourly time step (with hourly clus-

The results of the study also showed the potential for

ter results as soft data) would be a better utilization of high-

employing high-frequency nitrate-N data for understanding

frequency nitrate data. In principle, the methodology in this

qualitative hydrological response and using qualitative

study (hydrological model calibration using nitrate-N con-

ﬂow responses for calibration of a hydrological model. The

centration as soft data) is independent of temporal

methodology is restricted to catchments with limited biogeo-

resolution and could be adapted to a sub-daily time step.

chemical transformation of nitrate (which was found to be
the case in the Weida catchment by additional nitrate
stable isotope analysis). If considerable denitriﬁcation in

CONCLUSIONS

the subsurface ﬂow or in the streamﬂow is present, it may
not be possible to use nitrate concentrations to directly

The study presented a methodology for employing high-

characterize hydrological response. Another limitation of

frequency discharge–nitrate concentration data for character-

this study is the unavailability of the sub-daily meteorologi-

izing qualitative ﬂowpaths in a catchment and using the

cal inputs, which restricted calibrating the hydrological

qualitative ﬂowpaths for hydrological model calibration.

model, and considering ﬂow components to a daily resol-

The nitrate concentration–discharge data are characterized

ution.

by ‘concentration’ and ‘dilution’ patterns with nitrate-N con-

independent of temporal resolution and can be employed

In

principle,

the

introduced

methodology

is

centration peaks lagging the discharge peaks followed by

(with qualitative ﬂow components as soft data) for the cali-

rapid decline in the concentration as the streamﬂow hydro-

bration of a hydrological model at a sub-daily time step.

graph recedes. Furthermore, nitrate stable isotope (δ15N and
δ18O) data from the catchment indicated low denitriﬁcation.
Based on these observations, it was considered suitable to
employ discharge–nitrate concentration relationship to quali-
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