
Nitrate response of a lowland catchment: On the relation
between stream concentration and travel time
distribution dynamics

Y. van der Velde,1,2 G. H. de Rooij,3 J. C. Rozemeijer,2,4 F. C. van Geer,4,5

and H. P. Broers2,5

Received 14 January 2010; revised 27 August 2010; accepted 7 September 2010; published 20 November 2010.

[1] Nitrate pollution of surface waters is widespread in lowland catchments with intensive
agriculture. For identification of effective nitrate concentration reducing measures the
nitrate fluxes within catchments need to be quantified. In this paper we applied a mass
transfer function approach to simulate catchment‐scale nitrate transport. This approach
was extended with time‐varying travel time distributions and removal of nitrate along
flow paths by denitrification to be applicable for lowland catchments. Numerical particle
tracking simulations revealed that transient travel time distributions are highly irregular
and rapidly changing, reflecting the dynamics of rainfall and evapotranspiration. The
solute transport model was able to describe 26 years of frequently measured chloride and
nitrate concentrations in the Hupsel Brook catchment (6.6 km2 lowland catchment in
the Netherlands) with an R2 value of 0.86. Most of the seasonal and daily variations in
concentrations could be attributed to temporal changes of the travel time distributions.
A full sensitivity analysis revealed that measurements other than just surface water nitrate
and chloride concentrations are needed to constrain the uncertainty in denitrification,
plant uptake, and mineralization of organic matter. Despite this large uncertainty, our
results revealed that denitrification removes more nitrate from the Hupsel Brook catchment
than stream discharge. This study demonstrates that a catchment‐scale lumped approach
to model chloride and nitrate transport processes suffices to accurately capture the
dynamics of catchment‐scale surface water concentration as long as the model includes
detailed transient travel time distributions.
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1. Introduction

[2] Catchments without real hillslopes, with an uncon-
solidated soil, a dense artificial drainage system, and high
inputs of nutrients due to intensive agriculture, are found in
deltas, river valleys, and plains worldwide. Polluted surface
waters are an important environmental issue in all these
catchments, with nutrient loads far exceeding loads in most
mountainous catchments. Large‐scale examples of relatively
flat, densely drained agricultural plains causing nutrient
pollution are the croplands in the Upper Mississippi River
Basin implicated in the hypoxia in the Gulf of Mexico
[Petrolia and Gowda, 2006] and the Pleistocene regions in

the Netherlands whose discharge made shallow lakes turbid
[van der Molen et al., 1998].
[3] In lowland catchments, local groundwater head gra-

dients toward ditches and tube drains are the driving force
for water flow and solute transport [Ernst, 1978; Raats,
1977]. The dense artificial drainage systems create compli-
cated dynamics in the spatial patterns of surface and sub-
surface fluxes of water and pollutants as they locally switch
between active and passive depending on the ambient
groundwater level [van der Velde et al., 2009]. The mea-
surements of Wriedt et al. [2007] and their simulations with
a simplified two‐dimensional flow model showed that
temporal variations in groundwater heads and the resulting
variations in groundwater flow route contributions can
explain much of the observed dynamics in surface water
nitrate concentrations. Thus, a hydrological model that
accurately describes groundwater dynamics and the result-
ing fluxes of groundwater discharge, tube drain discharge,
and overland flow is paramount to catchment‐scale nitrate
transport modeling. However, fully coupled water flow and
solute transport models require many spatially distributed
input parameters and are often tedious to operate at catch-
ment scales for relevant spatial and temporal resolutions
[Kollet et al., 2010].
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[4] A more conceptual approach was proposed by Seibert
et al. [2009]. Their riparian profile flow‐concentration
integration model (RIM model) relates concentration depth
profiles in the riparian zone to surface water concentrations.
However, to scale up this point‐scale concept to an entire
lowland catchment, the dynamics of the active drainage
network should be taken into account. A travel time distri-
bution (TTD) approach, as introduced by Rinaldo and
Marani [1987] under the term “mass transfer functions”,
and later refined by Rinaldo et al. [1989, 2006], relates flow
routes to concentrations at basin scales. This approach is
able to account for dynamic drainage networks if the TTD is
allowed to change with time. The strengths of the TTD
approach are that the approach is flow route based rather
than location based, that it can be applied to large scales
with only a few parameters, and that TTDs exist at any
temporal and spatial scale [Sivapalan, 2003]. However, the
current implementations of the TTD approach at basin
scales [Rinaldo et al., 2006; Botter et al., 2005, 2008, 2009]
have two major limitations. First, these studies assumed a
constant TTD [Rinaldo et al., 2006] or a combination of
constant TTDs [Botter et al., 2008, 2009] to characterize the
hydrology of a catchment. In a recent study Botter et al.
[2010] showed that constant TTDs do not exist, because
the travel path and travel time of a water droplet are affected
by rainfall and drought events during its journey through the
catchment. Second, the TTD approach does not allow for
spatial gradients of solutes. All previous catchment‐scale
transient studies using the TTD approach modeled a catch-
ment as a completely mixed reservoir, which implies that all
water droplets tend to the same equilibrium concentration
independent of their location in the catchment. However, for
nitrate, which is affected by denitrification, the groundwater
concentration is often observed to decrease with depth or
travel time [e.g., Rozemeijer and Broers, 2007; Visser et al.,
2009; Zhang et al., 2009] and the TTD approach needs to be
extended to include gradients along flow paths owing to
denitrification.
[5] An alternative approach to quantify catchment‐scale

solute transport is by studying how a signal of rainfall
concentrations is converted to stream concentrations, i.e.,
how solute concentrations in rainfall are filtered to generate
solute concentrations at the catchment outlet. It appeared
that small catchments may act as fractal filters [Kirchner
et al., 2000; Cardenas, 2007, 2008]. These catchment fil-
ter properties are a useful tool to compare solute transport
between catchments, but they only allow for the derivation
of the distribution of reaction times. This reaction time
distribution describes the times it takes the concentration of
a stream to react to a precipitation event. It does not nec-
essarily describe the actual contact times of water parcels
with the lithosphere of a catchment. Consequently, reaction
time distributions are not suited for concentration calcula-
tions in a TTD approach as proposed by Rinaldo et al.
[2006]. Kollet and Maxwell [2008] recognized the
dynamic nature of TTDs. They used a particle tracking
approach to calculate daily TTDs from a transient ground-
water flow field and analyzed the resulting power spectra.
However, they did not study the relation between transient
TTDs and stream water quality dynamics.
[6] Of the approaches reviewed above, transient TTDs

describing the various flow routes to the stream combined
with concentration profiles along the flow paths offer the

best opportunity to model both the rapid and slow variations
in surface water concentrations that have often been
observed [e.g., Rozemeijer and Broers, 2007]. The objec-
tives of this paper are to extend the TTD approach for basin
scales with transient TTDs and denitrification along flow
paths, to quantify all nitrate fluxes and storages within a
lowland catchment, and to assess to what extent temporal
variations in TTDs can explain observed nitrate concentra-
tion changes.
[7] A common problem in nitrate transport modeling is

that the unknown nitrate flux by denitrification causes large
model uncertainty [Haan and Skaggs, 2003]. Visser et al.
[2009] showed that this model uncertainty can partly be
constrained by simultaneously solving the nitrate and
chloride mass balances. If chloride (an inert, nondecaying
tracer) and nitrate (a tracer with transport characteristics
comparable to chloride but with denitrification) both mainly
originate from agricultural inputs, the difference in behavior
between chloride and nitrate can largely be attributed to
denitrification. In this study we will adopt this approach of
Visser et al. [2009] to partly constrain the uncertainty of the
denitrification flux.
[8] First, we introduce a 26‐year data set of nitrate and

chloride measurements at the outlet of the Hupsel Brook
catchment (6.6 km2) during a period with declining agri-
cultural inputs. Second, we derive a catchment‐scale solute
transport model combining elements of the solute transport
at the basin‐scale model [Rinaldo et al., 2006; Botter et al.,
2005, 2008, 2009] and the RIM model [Seibert et al., 2009].
This solute transport model is fed with transient travel time
distributions derived by transient particle tracking and cal-
ibrated on measured surface water concentrations of nitrate
and chloride. Third, a parameter sensitivity analysis is per-
formed and the added value of transient TTDs is evaluated.

2. Materials and Methods

2.1. Study Area

[9] The Hupsel Brook catchment in the Netherlands has a
long history as an experimental catchment and has been
described extensively, for example, by Wösten et al. [1985],
Hopmans and Stricker [1989], van Ommen et al. [1989],
and van der Velde et al. [2009, 2010]. We offer a brief
summary of the catchment characteristics and refer to the
publications above for full details.
[10] The Hupsel Brook catchment (Figure 1) is situated in

the eastern part of the Netherlands (52°06′N; 6°65′E). The
size of the catchment is 6.64 km2, with surface elevations
ranging from 22 to 36 m above sea level. At depths ranging
from 0.5 to 20 m, a 20–30 m thick impermeable marine clay
layer of Miocene age is found. This clay layer forms a
natural lower boundary for the unconfined groundwater
flow [van Ommen et al., 1989]. The unconfined aquifer
consists of Pleistocene aeolian sands with occasional layers
of clay, peat, and gravel of which the spatial extent is only
marginally known. The average thickness of this aquifer is
around 4 m, ranging from <1 to >20 m. Wösten et al. [1985]
classified the main soil type of the catchment as a sandy,
siliceous, mesic Typic Haplaquad (see Wösten et al. [1985]
for more details).
[11] The Hupsel catchment is drained by a straightened

and deepened main brook and by a dense artificial drainage
network of ditches and tube drains. The spacing between the
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ditches averages 300 m (Figure 1). Figure 1 also shows that
tube drains were installed in approximately 50% of the
agricultural fields in the catchment. The land use during past
decades has predominantly been agricultural with maize and
grassland. A few small patches of forest are located in the
catchment. Residential areas are absent, but individual
houses and farms are scattered throughout the area. None of
these houses is allowed to discharge wastewater directly into
the surface water network.

2.2. Collected Data for Period 1983–2008

2.2.1. Rainfall, Evapotranspiration, and Discharge
[12] The meteorological station of the Royal Dutch

Meteorological Institute (KNMI) within the Hupsel Brook
catchment has recorded hourly rainfall, incoming radiation,
and temperature since 1993. For the period 1983–1992 we
used data from a meteorological station located 28 km
northeast of the catchment. The Makkink relation [Makkink,
1957], which requires incoming radiation and temperature,
was applied to estimate daily potential evapotranspiration.
Discharge records with an hourly resolution were available
for the entire period.
2.2.2. Water Quality Measurements
[13] Chloride and nitrate concentrations at the Hupsel

Brook catchment outlet have been measured since 1985.
The first part of the data set was collected by an auto-
sampler, taking average samples for every 5 mm of dis-
charge (normalized by catchment area). This is the data
period with the highest temporal resolution. From 1994

through 2003 the local water board took grab samples with
an irregular time spacing (weeks to months). Finally, we
collected weekly grab samples for May 2007 to December
2008.
2.2.3. Chloride and Nitrate Input Records
[14] Nitrate and chloride inputs to the catchment are

mainly agricultural inputs of manure and fertilizer. Esti-
mates of these inputs were adopted from the work of
van den Eerthwegh and Meinardi [1999] for the period
1984–1993 and from the Centraal Bureau voor de Statistiek
(CBS) Statline (http://statline.cbs.nl) for the period 1994–
2007. All figures are regional estimates (260 km2) for the
total input of nitrate and chloride. Deviations of 20% or
more can be expected for small catchments such as the
Hupsel Brook catchment. Atmospheric inputs of nitrate
(2–3 mg L−1) and chloride (1–2 mg L−1) were small
compared to the large uncertainty in agricultural inputs
and were not considered.

2.3. Solute Transport Model

[15] We developed a solute transport model for chloride
and nitrate in lowland catchments. On the one hand, we
wanted this model to cope with ephemeral active drainage
systems which can be inferred from detailed topographic
maps, soil type maps, and elevation data: properties that
drive water transport [van der Velde et al., 2009]. On the
other hand, the model should include catchment‐scale
lumped expressions for solute transport by sorption, diffu-
sion, denitrification, mineralization, and plant uptake

Figure 1. Hupsel Brook catchment.
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reflecting the lack of spatial data for solute input, chemical
soil parameters, soil heterogeneity, and plant‐solute inter-
actions. For clarity, we subdivided the model into three
parts: (1) solute fluxes in the root zone, (2) catchment‐scale
flow route calculations within the saturated zone, and (3)
solute transport with diffusion and denitrification along flow
routes. The model is visualized in Figure 2. The boxes in
Figure 2 represent the three parts. Definitions of the terms in
Figure 2 will be given in sections 2.3.1 and 2.3.3.
2.3.1. Solute Fluxes in the Root Zone
[16] Within the root zone, mineralization of organic

matter releases nitrate [Hassink et al., 1993] and plants take
up large amounts of nitrate and chloride. We accounted for
these processes by introducing an organic reservoir and a
mineral reservoir that both cover the entire catchment. We
assumed that nitrate and chloride are only mobile in the
mineral form: plant uptake, JU [M T −1], leaching from the
root zone to the saturated zone, Jleach [M T −1], and capillary
flow from the saturated zone to the root zone, Jcap [M T −1],
can only occur with solutes in the mineral form (fluxes D, E,
and F in Figure 2). The mass balances of the organic and
mineral reservoirs are given by equations (1) and (2),
respectively:

dWorg tð Þ
dt

¼ 1� umð ÞF tð Þ � rmgtemp tð ÞWorg tð Þ; ð1Þ

dWmin tð Þ
dt

¼ rmgtemp tð ÞWorg tð Þ þ umF tð Þ � JU tð Þ � Jleach tð Þ
þ Jcap tð Þ; ð2Þ

with

gtemp tð Þ ¼ 0:1 Temp tð Þ½ � for Temp > 0 and

g tð Þ ¼ 0 for Temp < 0: ð3Þ

The total solute mass stored in the organic reservoir is
denoted by Worg [M], and that in the mineral reservoir
is denoted by Wmin [M]. The fertilizer and manure rate is
denoted by F [M T−1], and um is the fraction fertilizer in
mineral form. Note that we assume that all chloride is

applied in the mineral form (umCl = 1). Consequently,
chloride has no organic reservoir. The mineralization rate is
denoted by rm [T−1] and is multiplied by a temperature
coefficient gtemp (equation (3)) to capture the seasonal
dynamics of mineralization [Rodrigo et al., 1997]. Although
many studies also report considerable effects of soil mois-
ture on mineralization [e.g., Herlihy, 1979], we did not
explicitly include soil moisture. The large spatial heteroge-
neity of soil moisture, the correlation between soil moisture
and temperature, and the lack of measured mineralization
rates did not justify a more complex model that includes soil
moisture. The fertilizer and manure input, F(t), is derived by
distributing the yearly estimated input of chloride and nitrate
uniformly over the period March–October, in line with
Dutch regulations on manure applications. From November
through February no fertilizer is applied. Note that no spatial
variation in nitrogen and chloride application was taken into
account, since we described the entire catchment with a
single root zone reservoir.
[17] Plant uptake is considered proportional to the

evapotranspiration flux, E(t) [L3 T−1]:

JU tð Þ ¼ min CuE tð ÞDt;Wmin tð Þð ÞDt�1; ð4Þ

where Dt [T] is the length of the calculation time step.
Because plants can regulate their uptake of solutes to a large
extent, we defined a yearly average uptake concentration, Cu
[M L−3]. The minimum function (min) ensures that plants do
not extract more than the available amount of solutes.
[18] Leaching of solutes from the root zone into the

saturated zone is approximated by

Jleach tð Þ ¼ min max P tð Þ � E tð Þ; 0ð ÞWmin tð Þ
Srz

Dt;Wmin tð Þ
�

� JU tð ÞDt

�
Dt�1; ð5Þ

where P(t) [L3 T−1] is the rainfall flux over the entire catch-
ment. The water flux that leaches through the root zone is
assumed to be equal to the daily recharge:max(P(t) − E(t), 0).
The term Wmin(t)/Srz is the average solute concentration in
the root zone, where Srz [L3] is the temporally averaged

Figure 2. Schematic overview of the solute transport model. The headings indicate the sections of the
main text detailing the model components.

VAN DER VELDE ET AL.: NITRATE RESPONSE OF A LOWLAND CATCHMENT W11534W11534

4 of 17



volume of water in the entire root zone of the catchment.
The capillary flow of solutes from the saturated zone to the
root zone, Jcap, is derived in section 2.3.3.
2.3.2. Catchment‐Scale Flow Route Calculations
Within the Saturated Zone
[19] Many studies have used travel time distributions

(TTDs) to describe catchment‐scale flow routes [Rinaldo et al.,
2006; Botter et al., 2008; Lindgren et al., 2004]. TTDs can be
constructed for the input and the output fluxes of a flow vol-
ume. Because our main interest is in the concentration of the
catchment‐scale discharge, we will consider TTDs for the
output, from here on named the reverse TTD and denoted by
f [T−1]. The reverse TTD at a particular time describes for how
long the water parcels that contribute to the discharge at that
time have been inside the catchment. The reverse TTD is the
basis for the reverse transfer function model:

qin tð Þ ¼
Z1
0

f T ; t þ Tð Þqout t þ Tð ÞdT ; ð6Þ

where qin is the influx and qout is the outflux of water [L
3 T−1];

f(T,t) [T−1] is the contribution of travel time T to the total
reverse TTD (the distribution of travel times water parcels
spent inside the catchment) of the water discharged at time
t. Transfer functions can be constructed for soil volumes as
well as for entire catchments. Catchments, however, often
have multiple exits for water as there is stream discharge,
Q [L3 T−1], evapotranspiration, E [L3 T−1], and extraction by
wells, O [L3 T−1]. The reverse transfer function model for the
catchment with multiple discharge routes is given by

P tð Þ ¼
Z1
0

fq T ; t þ Tð ÞQ t þ Tð ÞdT þ
Z1
0

fe T ; t þ Tð ÞE t þ Tð ÞdT

þ
Z1
t

fo T ; t þ Tð ÞO t þ Tð ÞdT ; ð7Þ

where fq [T
−1], fe [T

−1], and fo [T
−1] are the reverse TTDs of

discharge via streams, evapotranspiration, and pumping.
[20] Nitrate transforms through denitrification (bacterial

decomposition of organic matter under anoxic conditions)
into gaseous forms [Rivett et al., 2008]. The age distribution
of water stored inside the catchment describes how long
nitrate has been subject to denitrification. The volume of
water within the saturated zone of the catchment is denoted
by S(t) [L3]. The age distribution of S(t) is denoted by h(t,t)
[T−1] and is from here on referred to as the residence time
distribution (RTD). It gives the fraction of S(t) that entered
at time t − t, where t is the residence time of a parcel of
water inside the saturated zone of the catchment. The RTD
can be expressed as a function of the out‐flowing water by

h �; tð Þ ¼ 1

S tð Þ
Z1
0

fq � þ � 0; t þ � 0ð ÞQ t þ � 0ð Þ þ fe � þ � 0; t þ � 0ð Þ

� E t þ � 0ð Þ þ fo � þ � 0; t þ � 0ð ÞO t þ � 0ð Þd� 0: ð8Þ

[21] The deeper layers in the saturated zone have long
travel times, while in the top of the saturated zone water
moves fast and is constantly refreshed. This fast‐flowing

water, however, is only a small portion of the total storage
and, consequently, has little influence on the RTD. In con-
trast, the out‐flowing water is to a large extent influenced by
these short travel times, particularly during high‐discharge
events. In summary, the RTD is expected to be relatively
constant compared to the reverse TTD.
[22] Transient reverse TTDs for discharge and evapo-

transpiration were calculated by tracking particles through a
groundwater flux field generated byMODFLOW [McDonald
and Harbaugh, 1988]. The groundwater model, previously
described by van der Velde et al. [2009], was extended to
include the period of 1983–2008. The main characteristics
of the groundwater model were a 5 × 5 m horizontal grid
resolution, daily time steps, a single layer, year‐round fixed
surface water levels, a fixed effective storage coefficient to
describe unsaturated zone effects, and a depth‐dependent
evapotranspiration reduction function. Note that although
year‐round fixed surface water levels were used, the surface
water network was only allowed to drain water, not to
supply water. Drainage occurred only when groundwater
levels exceeded the surface water levels, creating an
ephemeral draining surface water network. Transmissivity
and effective storage of the groundwater model were manu-
ally adjusted to improve the simulation results for discharge
and one groundwater head measurement location for years
1994 and 1995 (compared to the simulation results reported
by van der Velde et al. [2009]). The model was validated for
the years 1996–2001.
[23] To calculate transient reverse TTDs, every four

MODFLOW model cells received one particle for every
20 mm of rainfall. Each particle therefore represented
2000 liters of water. The average discharge of the brook is
50 L s−1, which translates into a daily outflow via discharge
of approximately 2000 particles on average. The effective
porosity was kept at 0.35 throughout the model.
[24] To simulate travel times longer than the runtime of

the flow model, we used two modeled transient flux fields of
26 years consecutively and performed the particle tracking
over 52 years. Only the last 26 years were analyzed; the first
26 years were needed to fill the storage of the model with
particles and estimates of their travel time.
2.3.3. Solute Transport
[25] On its journey through the subsurface, a parcel of

water exchanges chloride and nitrate with neighboring par-
cels by diffusion. It is assumed that chloride and nitrate do
not react with the soil (no sorption or desorption). In the
interest of model simplicity, we only consider the end result
of diffusion by relating the concentration at the time a parcel
leaves the saturated zone (through capillary upward flow or
the groundwater‐surface water interface) to the travel time;
the concentration in the discharge thus depends on discharge
time t and travel time T. Botter et al. [2005] showed that for
complex catchment systems, with large soil heterogeneity
and dense drainage networks, surface water quality could
effectively be described by travel times without knowing the
exact locations of water parcel travel paths. The concen-
tration of a single parcel of water is denoted by c(t,t) [M
L−3]. The concentration change of a parcel of water along its
flow route before discharging (t < T), is described by

@c �; tð Þ
@t

þ @c �; tð Þ
@�

¼ �rnc �; tð Þ þ rd CEq �; tð Þ � c �; tð Þ� �
: ð9Þ
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The first term on the right‐hand side of equation (9)
describes the decay of solutes (denitrification) with denitri-
fication rate rn [T−1]. The second term describes the ten-
dency of the parcel concentration to approach an equilib-
rium concentration, CEq(t,t) [M L−3] by diffusion and
mixing. This process is controlled by the diffusion and
mixing rate, rd [T−1]. Under complete mixing of the satu-
rated zone, CEq(t,t) has no spatial gradient along a travel
path and is equal to the equilibrium concentration of the
entire saturated zone CEq(t). The spatial gradient of the
water parcels concentration, ∂c(t, t)/∂t, then is necessarily
zero as well, and equation (9) reduces to

@c �; tð Þ
@t

¼ �rnc �; tð Þ þ rd CEq tð Þ � c �; tð Þ� �
; ð10Þ

where

CEq tð Þ ¼ Wsat tð Þ
S tð Þ : ð11Þ

Wsat [M] is the total solute mass in the saturated zone, which
can be obtained by a catchment‐scale solute mass balance,
and S [L3] is the total water volume of the saturated zone.
This approach was successfully applied for nitrate transport
by Rinaldo et al. [2006] and Botter et al. [2008] for rela-
tively short periods. However, long‐term stream concen-
tration records of nitrate in lowland catchments clearly show
that lowland catchments are not completely mixed: during
low discharge with long travel times, water parcels have low
concentrations, while during average discharge with the
associated average travel times, concentrations are much
higher [e.g., Rozemeijer and Broers, 2007]. This indicates
that not all travel times tend to the same equilibrium con-
centration and that the assumption of complete mixing will
not suffice to describe the seasonal dynamics of nitrate
transport.
[26] To accommodate a gradient in nitrate concentrations

along a travel path caused by denitrification, we redefined
the equilibrium concentration, CEq(t,t), as the equilibrium
concentration under average flow conditions after residence
time t. We also assumed that the equilibrium concentration
as a function of residence time can be described by
instantaneously redistributing all solute mass in the satu-
rated zone. However, the solutes are not redistributed
evenly over the saturated zone, but the redistribution fol-
lows an exponential decrease in concentration with
increasing travel time describing the effect of denitrifica-
tion. Although physically unrealistic, this last assumption
allowed us to rewrite CEq(t,t) as

CEq �; tð Þ ¼ CEq0 tð Þe�rn� ; ð12Þ

where CEq0 is the equilibrium concentration for water
parcels with zero travel time. Because CEq(t,t) was defined
as the equilibrium concentration of water parcels under
average flow conditions (average storage S and average
residence time distribution h), CEq(t,t) is also defined
through

Wsat tð Þ ¼ S

Z1
0

CEq �; tð Þh �ð Þd�: ð13Þ

Combined with equation (12) this gives

CEq �; tð Þ ¼ Wsat tð Þ
S
R1
0
h � 0ð Þe�rn� 0d� 0

e�rn� : ð14Þ

[27] Note that for chloride without decay (rn = 0)
equation (14) is almost equal to equation (11) but with a
temporally averaged storage instead of a transient storage.
[28] The simplification of equation (9) into equation (10)

is only allowed under complete mixing: ∂c(t, t)/∂t = 0. By
introducing equation (12), we violate this assumption.
However, as long as rn � rd (which ensures that the con-
centration of a water parcel is largely determined by deni-
trification when the concentration gradients between the
equilibrium concentration and the concentration of the water
parcel are small), this set of equations adequately approx-
imates equation (9).
[29] Note that when the residence time is assumed to be

a unique function of depth below the surface [Raats, 1977;
Broers, 2004; Broers and van Geer, 2005], equation (14)
implies that the saturated zone concentration is depth
dependent. Similar concentration depth profiles were used
by Seibert et al. [2009] to relate surface water concentra-
tions at the point scale to groundwater concentrations in
the riparian zone. However, by making the equilibrium
concentration a function of residence time instead of the
depth below the soil surface, it is possible to simulate more
complex systems that do not have a clear relation between
depth and travel time, such as systems with ephemeral
active drainage areas and tube drainage.
[30] When we integrate equation (10) combined with

equation (14) we obtain

C T ; tð Þ ¼ Co t � Tð Þe� rdþrnð ÞT þ e� rdþrnð ÞT

S
R1
0
h �ð Þe�rn� 0d� 0

�
ZT
0

Wsat t � T þ �ð Þerd�d�
0
@

1
A; ð15Þ

where C [M L−3] is the concentration of water parcels
leaving the catchment, and C0 [M L−3] is the starting con-
centration of a water parcel. This starting concentration is
equal to the concentration of rainfall and is set to zero for
both chloride and nitrate in this study. The catchment‐scale
mass balance of the solutes stored in the saturated zone is
given by

dWsat tð Þ
dt

¼ Jleach tð Þ � Jcap tð Þ � JQ tð Þ � rnWsat tð Þ; ð16Þ

where Jcap [M T−1] and JQ [M T−1] are the solute flux by
capillary flow and stream discharge, respectively. The last
term represents denitrification losses. The transfer function
formulations of the solute fluxes leaving the saturated zone
based on the reverse transfer function approach are

JQ tð Þ ¼ Q tð Þ
Z1
0

fq T ; tð ÞC T ; tð ÞdT ; ð17Þ

Jcap tð Þ ¼ max E tð Þ � P tð Þð Þ; 0½ �
Z1
0

fE T ; tð ÞC T ; tð ÞdT : ð18Þ
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Travel times within the surface water are not considered,
which limits this approach to small catchments with surface
water travel times far smaller than the travel times through
the saturated zone.

2.4. Calibration and Sensitivity Analysis of the Solute
Transport Model

[31] First, we optimized the model parameters with the
parameter estimation code PEST (J. Doherty, PEST Model‐
Independent Parameter Estimation, available at http://www.
sspa.com/pest/download/pestman.pdf) on the entire nitrate
and chloride stream concentration data set. For this cali-
bration with a single objective function, we assumed no
uncertainty in the parameters that resulted from the
groundwater model ( fq, fE, h, and S) and optimized the
seven solute transport parameters (rd, Srz, CuCl, um, rn, rm,
CuN). The rate of diffusion and mixing, rd, and the average
root zone water volume, Srz, were assumed to be equal for
both nitrate and chloride. Via these two parameters the
surface water chloride measurements could partly constrain
the uncertainty in the nitrate mass balance. Plausible
parameter ranges for all seven parameters were estimated
from the literature and field experience [Hassink, 1992;
Schils and Kok, 2003; Haan and Skaggs, 2003] and are
given in Table 1. Furthermore, the yearly inputs of chloride
and nitrate were allowed to vary within ranges of 0.8–1.2
times the estimated inputs (which were regional estimates).
Note that the calibration of the yearly inputs only helps to
explain the observed yearly fluctuations in stream concen-
tration, but does not describe travel time related variations
driven by seasonality and rainfall events (short‐term con-
centration dynamics).
[32] We subdivided the model period into eight time

intervals based on measurement type and frequency. For
each of these intervals we not only calculated an average
model error, Er, but also calculated the EAD, a measure that
describes how well the model reproduces the temporal
variations in surface water concentrations. The latter is
derived from a plot showing the average difference
between concentrations for five time‐lag classes up to
1 month: 0–2 days, 2–5 days, 5–10 days, 10–20 days, and
20–30 days. We refer to this plot by “averaged difference

plot,” ADP (see Appendix A for a detailed derivation). For
the calibration with PEST both error terms and an addi-
tional error term describing the difference between esti-
mated and calibrated nitrate and chloride inputs were
combined in an objective function. We refer to Appendix
B for a detailed description of the error terms and the
objective function we minimized with PEST.
[33] The uncertainty of the model results obtained by the

optimized model and the parameter sensitivity were assessed
by a global parameter sensitivity analysis of all parameters
including the parameters that originated from the ground-
water model. These parameters from the groundwater model
(i.e., transient reverse TTD, the average RTD, and the
average storage) were not recalculated because of excessive
calculation times of the groundwater model. Instead, the
sensitivity of the model to the calculated TTDs and RTD
was evaluated by shifting the contributions of travel times
within the distributions to larger contributions of younger or
older water. The adjusted contribution of a certain travel or
residence time was calculated by multiplying the original
contribution with a shift factor, Um:

Um T ; tð Þ ¼
max a log T

T tð Þ

� �
þ 1; 0

h i
R1
0
f T ; tð Þmax a log T

T tð Þ

� �
þ 1; 0

h i
dT

; ð19Þ

where a is the shift parameter that shifts the mean of the
distribution (af for the reverse TTD, ah for the RTD) and
T tð Þ is the mean travel or residence time for time t. Positive
a values correspond to an increase and negative values
correspond to a decrease of the mean travel or residence
time. The sensitivity of the model to the total average water
storage in the saturated zone, S, was evaluated by changing
the soil porosity, “por.” The sensitivity of the model to the
inputs was evaluated by multiplying the calibrated inputs
(PEST calibration) with a multiplication factor, Im. We
randomly selected parameter sets from the ranges of Table 1
(uniform distributions). Models were designated “behav-
ioral” when the average Er of the eight time intervals was
less than 20%, the average EAD was less than 20%, and the
R2 was larger than 0.6. From 500 “behavioral” models the
parameter correlations, the correlation between parameters

Table 1. Calibrated Parameter Values and Estimated Parameter Ranges Used in the Sensitivity Analysis

Symbol Definition Range
Calibrated

Value

rd Diffusion rate (day−1) 0.01–0.5a 0.20
Srz Average water volume per area of the root zone (m) 0.05–0.15 0.093
CuCl Average chloride concentration of water taken up by plants (mg L−1) 5–20 9.7
umN Mineral fraction of nitrate input 0.4–0.6 0.53
rn Denitrification rate (day−1) 1 × 10−4−1 × 10−2a 0.0025
rm Mineralization rate (day−1) 1 × 10−6−1 × 10−4a 6.7 × 10−5

CuN Average nitrate concentration of water taken up by plants (mg L−1) 150–350 261
af
b TTD “shift parameter” −0.1 to 0.3c 0.0

ah
b RTD “shift parameter” −0.1 to 0.3d 0.0

ImCl
b Fertilizer chloride input multiplier 0.8–1.2 1.0

ImN
b Fertilizer nitrate input multiplier 0.8–1.2 1.0

porb Soil porosity → total average storage 0.3–0.45 0.35

aParameter values are drawn from log‐transformed ranges.
bThese parameters are only used in the sensitivity analysis.
cMedian travel time varies between 0.9 and 2.6 years; af = 0 corresponds to a median travel time of 1.8 years.
dMedian residence time varies between 2.1 and 4 years; ah = 0 corresponds to a median residence time of 3.1 years.
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and model output, and the model output uncertainty as a
result of parameter equifinality were analyzed.
[34] After calibration of the combined chloride and nitrate

solute transport model with transient TTDs and evaluating
the uncertainty of the calibrated solution caused by param-
eter equifinality [Beven and Freer, 2001], the optimal
parameter set from the PEST calibration was used to run the
same solute transport model with a time‐averaged TTD. The
time‐averaged TTD is the flux‐weighted average TTD for
26 years of calculated daily TTDs. This last calculation
allowed us to assess the added value of transient TTDs over
a single constant TTD.

3. Results and Discussion

3.1. Observed Surface Water Concentrations and
Estimated Agricultural Inputs

[35] The data sets of estimated chloride and nitrate inputs
from agriculture and measured surface water concentrations
of the Hupsel Brook catchment are shown in Figure 3. The
surface water concentrations of chloride and nitrate followed
the decreasing trend in agricultural inputs. Both solutes also
showed considerable seasonal and short‐term fluctuations,
with the latter related to individual rain events. The seasonal
fluctuations of nitrate concentrations were larger than those
of chloride. The nitrate concentration approached zero dur-
ing summers, while the chloride concentration remained
relatively high. We infer that, during low flows with long
travel times, denitrification led to the observed low nitrate
concentrations.

3.2. Flow Route Calculation by Groundwater Model
and Particle Tracking

[36] Figure 4 shows the validation results of the ground-
water model for the period 1996–2001. Good results were
obtained for discharge and groundwater heads. The largest
deviations between measured and predicted discharges
between 500 and 5000 m3 day−1 are mainly caused by a few
events that were either missed or falsely predicted by the
groundwater model.
[37] For every day during the model period of 26 years, a

unique reverse TTD of the discharge was calculated by
particle tracking through the transient flux field generated by
the groundwater model. Figure 5 shows the results for an
arbitrarily chosen wet (high discharge) day and a dry (low
discharge) day. The logarithm of the travel time on the
horizontal axis better reveals contributions of many different
flow routes, each with characteristic time scales, than the
travel time itself. Rainfall events in the past created the
spiked shape of these outflow distributions: the reverse TTD
will be zero for a travel time of j days if it did not rain j days
ago. Particularly for relatively small travel times this pro-
duces pronounced spikes and “valleys” in the reverse TTD.
The spiked behavior for short travel times averages out for
longer travel times because the averaging classes to derive
the distribution cover larger time intervals (they are equi-
distant in log time). With infinitely small classes the entire
distribution would be spiked, reflecting contributions of all
individual historical rainfall events.
[38] Figure 6a shows the reverse TTDs for every day

during the entire model period with the values of the vertical
axis of Figure 5a displayed in a color gradient. Vertical cross
sections in Figure 6a give the reverse TTD of individual

Figure 3. Concentrations of (a) chloride and (b) nitrate in the Hupsel Brook (dots) and estimated chlo-
ride and nitrogen fertilizer inputs (line). Boxes 1–8 represent the eight intervals into which the data set
was subdivided during simulation, and n denotes the number of measurements each simulation period.
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days as given in Figures 5a and 5b. For any given day,
Figure 6a gives the contribution of all rainfall events in the
past to the discharge of that day. The effect of individual
rain showers and dry periods that appear as spikes in
Figure 5 appear in Figure 6a as bands that curve upward
and to the right. Figure 6a shows that the individual spikes
in Figures 5a and 5a belong to a complex structure of
time‐varying contributions of past rainfall events to the
current discharge. The higher up in the graph, the longer
ago the rainfall or drought event that caused the signal
occurred. The curvature of the bands is caused by the
logarithmic vertical scale. On a linear vertical scale the
time‐time space would create straight lines, but the detail
for short travel times would be lost.
[39] Figure 6b gives the average discharge‐weighted

reverse TTD from 10% to 90%. The average daily median
travel time is 1.8 years, with the 0.1 quantile of daily median
travel times at 0.72 years and the 0.9 quantile at 2.74 years.
The hump for short travel times (<10 days) represents
contributions of fast flow routes, such as overland flow and

tube drainage. Especially during high flow periods the fast
flow routes (<10 days) contribute significantly to the reverse
TTD.

3.3. Solute Transport Model Results

3.3.1. Calibration Results
[40] Simultaneous calibration of the chloride and nitrate

transport model with PEST led to the optimal parameter set
of Table 1. Figure 7 shows the simulation results for the
eight selected time intervals, together with the observations.
The behaviors of both chloride and nitrate are captured well
by the model. Chloride in Figure 7 shows a slowly sea-
sonally varying background concentration, with dilution
during peak discharges. Nitrate shows more concentration
variations than chloride. In many years, the nitrate concen-
tration peaks in autumn during the first one or two discharge
events. These peaks become less pronounced during the
flushing season, during which most nitrates leached out of
the catchment or were removed by denitrification.

Figure 4. Validation results of the groundwater model for the period 1994–2001. (a) The results for a
groundwater level measured at the meteorological station. (b) The results for the discharge at the catch-
ment outlet.

Figure 5. Reverse travel time distribution (TTD) for (a) a wet day and (b) a dry day and cumulative
reverse TTDs for (c) both days.
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[41] The model performance was evaluated by the Er
(relative absolute error), EAD (a dimensionless measure for
temporal variation, Appendix B), and R2 for each of the
eight time intervals (Table 2). Overall satisfactory results for
chloride and nitrate were obtained: Er values of around 8%
for chloride and 12% for nitrate; R2 values of around 0.65
for chloride and 0.70 for nitrate. The best results are obtained
for periods with large concentration variations such as
periods 2, 3, and 4.
[42] The averaged difference plots (ADPs) of all intervals

show good agreement between measurements and simula-
tions (Figure 8). This indicates that the nature of the
observed temporal variations was well simulated by the
model after calibration.
3.3.2. Mass Balance
[43] Table 3 gives the solute mass balance for each of the

time intervals resulting from the PEST calibration. The
results show that the mineral chloride storage was around
3 times the yearly input during the entire model period. The
chloride storage decreased with decreasing inputs from 620
to 280 kg ha−1. Stream discharge removed around 80% of
the yearly chloride input. Plants took up an increasing per-
centage of yearly input starting around 20% in 1985 to
almost 40% in 2008. This relative increase was mainly
caused by the decreasing input.
[44] The model results show that nitrate storage in the

organic reservoir of the root zone was very large (more than
20 times the yearly input). This is confirmed by a soil
nitrogen survey on a 40 ha farm in the Hupsel Brook
catchment in January 2006. An average soil nitrogen content
of 2.3 g of N kg−1 dry soil was found. For an organic root
zone of 35 cm this amounts roughly to 9 × 103 kg of N ha−1.
The decreasing N inputs during the last time intervals
appeared to deplete the organic reservoir. Plant uptake
remained relatively constant around 240 kg of N ha−1.
Variations in plant uptake are primarily a function of
evapotranspiration, but especially during the last time
intervals this uptake was only possible by decreasing the

mineral and organic storage. The total mineral nitrate stor-
age was around 1/3 of the yearly input, which is much less
than the mineral storage for chloride. This difference is
caused by denitrification of nitrate in the mineral phase.
Between 25% and 40% of the yearly nitrogen input is
removed by denitrification, and another 20% leaves the
catchment by discharge.
3.3.3. Sensitivity Analysis
[45] The results of the sensitivity analysis are summarized

in Figure 9. Behavioral nitrate simulations are sensitive to
travel time (af), diffusion rate (rd), and denitrification rate
(rn), while the chloride simulations are more sensitive to the
uptake concentration of plants and the fertilizer inputs. The
correlation between errors in simulated chloride concentra-
tions of the surface water and the denitrification rate shows
that the coupled chloride and nitrate calculation partly
constrained the uncertainty in the calculated denitrification
flux. The correlations between parameters (Figure 9b) reveal
that travel time distributions are highly correlated with rate
coefficients of diffusion and denitrification. This indicates
that because both travel times and catchment‐scale rate
coefficients are uncertain and very difficult to measure; only
the combination of travel time distributions with rate
coefficients can be linked to measured concentrations. In
Figure 7 the results of the behavioral runs for the stream
concentration are indicated by the grey band around the
solution found by PEST. The bandwidth of the behavioral
solutions seems to increase with time. This is probably
caused by decreasing inputs that lead to a relative increase in
the contribution of mineralization as a source for nitrate in
discharge. The organic storage and mineralization, however,
have not been measured and are relatively uncertain.
[46] The high correlations between some parameters

(Figure 9b) indicate model over‐parameterization, which
resulted in relatively large uncertainties for those fluxes and
storages that could not be measured. The chloride input and
the chloride uptake by plants, for example, have a strong
negative correlation (Figure 9b), which implies that when

Figure 6. Daily reverse travel time distributions. (a) The color gradient indicates the density of the dis-
tribution (values of 0–0.1, dark to white). (b) The average (solid line) and 10% and 90% of daily densities
around the average (dotted lines).

Figure 7. Stream water chloride and nitrate concentrations for each of the eight time intervals of Figure 3. The dots are the
measurements. The solid line is the PEST simulation with transient reverse TTDs; the dashed line is the simulation with an
average reverse TTD. The grey band envelopes the results of the “behavioral” runs from the sensitivity analysis. The bars at
the bottom axis give an indication of the discharge at the catchment outlet (modeled).
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Figure 7
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the uncertainty in at least one of these fluxes cannot be
constrained by measurements, neither of them can be
accurately determined.
[47] An indication for mass balance uncertainty is given

in Table 3. In general, the uncertainty for the nitrate mass
balance is larger than that for the chloride mass balance.
Figure 9a shows that the results for chloride are most sen-
sitive to the inputs and to plant uptake. As a consequence,
only small ranges of possible chloride inputs yield a usable
(behavioral) model, which results in a small uncertainty for
the chloride inputs (Table 3). The nitrate results, however,
are most sensitive to the travel times and reaction rate
parameters that can compensate for input uncertainty.
Hence, wide ranges of nitrate inputs can yield good models
(depending on travel time and reaction rate parameters), and
the uncertainties in nitrate input therefore remained rela-
tively large. These uncertainties propagated to all other mass
balance terms. The denitrification flux is the most uncertain
flux with a coefficient of variation of 20%–40%. Evaluation
of all behavioral runs showed that denitrification removed
between 20% and 60% of the yearly input of nitrate and

hence is a more dominant removal mechanism than surface
water discharge (15%–35%) in the Hupsel Brook catchment.
3.3.4. Transient TTD Versus Constant TTD
[48] In Figure 7 we compare a model with transient

reverse TTDs to a model with constant average reverse TTD
(the mean reverse TTD of Figure 6b). It is clear that using
transient instead of average reverse TTDs gives a much
better representation of the dynamic nature of the solute
concentrations.
[49] The dilution of chloride concentrations during peak

discharges is not grasped by the model with a constant
reverse TTD. Because the mass balance needs to be main-
tained, this model compensates for this by lowering the
chloride concentration during low flow periods. During
summer, discharge is relatively old. Due to more denitrifi-
cation of nitrate in older water, the calculated nitrate con-
centrations during summer of the transient reverse TTD
model are considerably lower than those of the constant
reverse TTD model. The ADPs for chloride and nitrate in
Figure 8 also clearly demonstrate that the model with tran-
sient reverse TTDs much better describes observed surface
water concentration changes.

3.4. Implications for Travel Time Distributions

[50] Hydrologists have often tried to find smooth analyt-
ical approximations for TTDs based on stationary flow
fields that could also describe the reaction of a catchment to
rainfall [Rinaldo et al., 2006; Botter et al., 2008; Lindgren
et al., 2004]. In Figure 5 we show that travel time dis-
tributions are not smooth but spiked, reflecting rainfall and
drought events during the journey of a water droplet. This
spiked shape of transient reverse TTDs, in combination with
significant contributions of long travel times in Figure 5a,
shows that the Hupsel Brook catchment is able to discharge
considerable amounts of old water during high discharge
conditions [Kirchner, 2003] by rapidly increasing the active
drainage area. Travel time distributions derived from unit
hydrographs or from concentration input‐output analysis
describe the distribution of times it took the catchment to
react to a rainfall event by discharge or stream concentration
changes. These reaction time distributions do not describe

Table 2. Model Results After Calibration by PESTa

Period
Number Dates

Chloride Nitrate

Er EAD R2 Er EAD R2

1 Jan 1983 to Jul 1987 0.04 0.06 0.71 0.17 0.25 0.43
2 Jul 1987 to Jul 1989 0.03 0.23 0.66 0.08 0.12 0.76
3 Jul 1989 to Jul 1991 0.05 0.17 0.62 0.11 0.14 0.77
4 Jul 1991 to Jul 1993 0.05 0.15 0.72 0.06 0.06 0.88
5 Jul 1993 to Jan 1996 0.15 0.27 0.65 0.13 0.22 0.69
6 Jan 1996 to Jan 1999 0.04 0.26 0.75 0.19 0.16 0.64
7 Jan 1999 to Jan 2007 0.08 0.29 0.49 0.11 0.14 0.70
8 Jan 2007 to Dec 2008 0.07 0.12 0.47 0.18 0.06 0.61

Jan 1983 to Dec 2008 0.06 0.05 0.86 0.11 0.19 0.86

aEr is the mean error of the modeled concentration relative to the
measured concentration (i.e., if the absolute values of the difference
between measured and modeled concentration within a time period are,
on average, 4% of the measured concentration, Er will be 0.04); EAD is
the mean error of the modeled average difference plot relative to the
measured average difference plot.

Figure 8. Average absolute difference plots (ADP; Appendix A) for the eight modeled time intervals
(Figure 3) for chloride and nitrate. The five time‐lag classes (0–2, 2–5, 5–10, 10–20, and 20–30 days) of
the ADP are indicated by the five shades of grey. The average concentration difference for each time‐lag
class is indicated by the value of the lines in the center of the time‐lag class. The measurements are
represented by the solid line, the model with transient reverse TTDs is repesented by the dashed line, and
the model with constant reverse TTD is represented by the dotted line.
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the actual contact times and travel paths of water parcels
through the soil, which are the important characteristics for
solute transport. The spiked reverse TTDs presented in
Figure 5 do describe the distribution of contact times
between rainwater and soil, while also being transfer
functions to transfer discharge into historic rainfall (equation
(7)). From the many spikes in the reverse TTDs of Figure 5
it is clear that the transient reverse TTDs cannot simply be
inverted from hydrographs or from concentration time
series, and more research is needed to unravel their controls.
[51] The mixing of waters with different ages explains

how a catchment is able to control the chemistry of
discharge [Kirchner, 2003]. The surface water concentration
is a result of mixing of a large volume of old water with
a relatively constant concentration with a discharge‐
dependent contribution of younger water with variable

concentrations. This leads to clear relations between dis-
charge and concentration. Consequently, for water quality
purposes it is more relevant to know the contributions of
relatively young water to discharge than to know the
average catchment travel time.

3.5. Catchment Behavior and Model Limitations

[52] The catchment‐scale mineralization rate for nitrate
resulting from the calibration (Table 1) is slightly lower than
rates found by Hassink [1992], who found mineralization
rates between 2 × 10−4 and 5 × 10−4 day−1 for Dutch sandy
soils in laboratory incubation tests at 25°C. Our rate, how-
ever, represents field conditions with an average yearly
temperature of around 10°C (at 25°C our rate is multiplied
by 2.5). Not many regional denitrification rates have been
published. More importantly, we expect these rates to be

Table 3. Mass Balances of Chloride and Nitrate for the Eight Simulated Time Intervals Calibrated by PESTa

Time Interval

1 2 3 4 5 6 7 8

Chloride
Yearly input (kg ha−1 yr−1) 229b 198b 187b 163b 186b 160b 141b 116b

Mineral storage (kg ha−1) 627c 575c 643c 611c 523c 528c 413c 355c

Total storage change (kg ha−1 yr−1) 8 7 7 −24 −61 −18 −11 −26
Removal by discharge (kg ha−1 yr−1) 182b 159b 146b 154b 209b 139b 112b 99b

Removal by plant uptake (kg ha−1 yr−1) 39d 33d 34d 33d 36d 39d 40d 43d

Nitrogen
Yearly input (kg of N ha−1 yr‐1) 639c 569c 518c 453c 412c 449c 276c 221c

Organic storage (kg of N ha−1) 9431b 9603b 9609b 9608b 9551b 9496b 9173c 8557c

Mineral storage (kg of N ha−1) 246d 277c 298c 269c 182d 234c 114d 82d

Total storage change (kg of N ha‐1 yr−1) 100 59 −8 −53 −71 −55 −100 −147
Removal by discharge (kg of N ha−1 yr−1) 126c 132b 109c 115c 136c 96c 53c 46c

Removal by plant uptake (kg of N ha‐1 yr−1) 240d 201d 208d 201d 219d 240d 243c 261c

Removal by denitrification (kg of N ha‐1 yr−1) 173d 177d 209d 189d 126d 168d 79d 61d

aIndications of the uncertainty of the mass balance terms based on the sensitivity analyses are added in superscript.
bStandard deviation “behavioral runs” less than 10% of mean value.
cStandard deviation “behavioral runs” less than 20% of mean value.
dStandard deviation “behavioral runs” less than 40% of mean value.

Figure 9. Sensitivity and correlation analysis of the 12 model parameters describing chloride and nitrate
transport. (a) The sensitivity of the model errors to the parameters and the correlations between parameters
and three selected mass balance terms for both chloride and nitrate: Q, removal by discharge; Pl, removal
by plant uptake; Dn, removal by denitrification. (b) The correlations between parameters. Only correla-
tions larger than 5% are shown. A distinction is made between positive and negative correlations.
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highly dependent on local aquifer properties such as dis-
solved organic carbon concentrations, pyrite concentrations,
and thickness and heterogeneity of the top aquifer [Zhang
et al., 2009]. The mineral fraction of yearly applied nitro-
gen fertilizer of 53% compares well to the ratios of applied
manure in the study of Schils and Kok [2003].
[53] The effect of the model parameters rd and rn on

chloride and nitrate response is visualized in Figure 10 for a
solution of equation (15) with a constant equilibrium con-
centration in the saturated zone, CEq. Chloride reaches its
maximum concentration after a travel time in the saturated
zone of around 20 days, while the nitrate concentration
peaks after about 20 days and then gradually drops off as
denitrification becomes more effective.
[54] From Figure 10 we conclude that the observed

dilution of chloride concentrations during high discharge
events (Figure 7) stems from travel times shorter than
20 days, which is the contribution of fast flow routes. The
hub during short travel times in Figure 6b shows the average
contribution of short travel times to the total reverse TTD.
However, calculations of the contributions of short travel
times to the discharge are very uncertain and sensitive to the
chosen porosity and cell size.
[55] According to Figure 10, the nitrate concentration

peaks for travel times around 20 days. The resulting tem-
poral variation of surface water concentrations is much
larger for nitrate than for chloride (Figure 7). Figure 7 also
warrants the conclusion that a constant travel time distri-
bution is useful to evaluate the long‐term mass balance of a
solute, but if we want to relate measured surface water
concentrations to model simulations, we need to incorporate
the dynamic mixing of waters with different travel times via
transient travel time distributions.
[56] The sensitivity analysis showed that the calibrated

optimal solution is a plausible solution, but that uncertainties
are large, particularly in the denitrification flux and plant
uptake of chloride and nitrate. Because the catchment‐scale
diffusion, denitrification, and mineralization rate parameters
will always need calibration, stream concentration mea-
surements can only constrain the uncertainty of the com-
bined results for travel times and rate parameters, but not
for the separate parameters. Additional measurements of

organic nitrogen storage and plant uptake of nitrate would
help to create a more reliable catchment‐scale mass balance
but will not necessarily lead to a better model for the stream
concentrations.

3.6. Model Evaluation

[57] We, intentionally, did not divide the measured data
set into a calibration and validation period. Our aim was to
use the model to interpret the observed concentrations of
nitrate and chloride, analyzing which part of the observed
concentration variations can be attributed to overall mass
balance changes and which part to travel time variations.
Furthermore, the model was used to quantify the nitrate
fluxes by plant uptake, denitrification, and stream discharge
at the catchment scale and to evaluate to what extent the
uncertainty in these fluxes could be constrained by simul-
taneously calculating the chloride and nitrate fluxes.
Excluding part of the measurements for a separate model
validation would not improve our understanding of the inner
workings of the catchment and instead would increase the
uncertainty of the model results.
[58] The advantage of particle tracking combined with

mass transfer functions over a fully coupled spatially dis-
tributed flow and transport model is the limited number of
parameters that are needed to describe the solute transport
by water parcels. The latter allowed us to create a very
detailed groundwater flow model that focuses on the rep-
resentation of tube drains and small ditches. This proved
necessary to calculate the contributions of relatively short
travel times that influence the surface water concentration
most. The solute transport description by mass transfer
functions allowed us to run the solute transport part of the
model thousands of times so that catchment‐scale solute
transport parameters could be calibrated and sensitivity and
uncertainty analyses could be performed. Furthermore, the
proposed model setup reflected the available information:
abundant information on topography and soil hydraulic
properties and little information on the solute transport
characteristics of soils and solute input.

4. Conclusions

[59] We developed a model that describes daily chloride
and nitrate concentrations with a single set of parameters for
a period of 26 years. By assuming that the parameters that
describe diffusive and convective transport are the same for
chloride and nitrate, we were able to partly constrain the
uncertainty in the unknown nitrate flux caused by denitri-
fication. We estimated that denitrification removed between
20% and 60% of the yearly inputs, while stream discharge
removed between 15% and 35%. These estimates take into
account all parameter uncertainties and show that far more
nitrate leaves the catchment by denitrification than by
surface water discharge. The long‐term trend of decreasing
chloride and nitrate concentrations at the outlet of the
6.6 km2 Hupsel Brook catchment originated from two
decades of decreasing agricultural inputs. More rapid con-
centration fluctuations (seasonal and daily) were shown to
arise from variations in groundwater travel times that were
directly linked to temporal precipitation patterns.
[60] Our results demonstrated that observed chloride and

nitrate concentration dynamics cannot be solely explained

Figure 10. Concentrations of chloride and nitrate relative
to a constant equilibrium concentration, CEq, in a water par-
cel traveling through the subsurface as function of travel
time. The diffusion rate rd determines the influx of solutes
in an initially solute‐free water parcel, while rn is the deni-
trification rate of the nitrate in a water parcel.
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from time series of discharge, rainfall, and solute inputs, but
that the dynamics in contact times of water parcels with the
soil, expressed by transient reverse travel time distributions
(TTDs), are essential for understanding observed concen-
tration dynamics. To calculate transient reverse TTDs suc-
cessfully, an adequate representation of the strongly
ephemeral character of the surface water network was par-
amount. We showed that transient TTDs do not have the
smooth shape they are often ascribed in the literature, but
that they are spiked, reflecting precipitation and evapo-
transpiration periods. Especially for small catchments like
the Hupsel Brook catchment with a relatively large pro-
portion of fast flow routes and short travel times, large
variances in travel time distributions can be expected.
Therefore, hydrological models used for solute transport
should not just describe the reaction of stream discharge or
stream concentration on rainfall events. Instead, the models
should focus on the dynamics of travel times and travel path
of water parcels within a catchment.

Appendix A: Average Absolute Difference Plot

[61] We characterized the temporal variation of stream
water concentrations by an average absolute difference
plot (ADP). We defined five time‐lag classes up to 1 month:
0–2 days, 2–5 days, 5–10 days, 10–20 days, and 20–30 days,
and calculated a mean absolute concentration change for
pairs of concentrations within each time‐lag class. The
resulting averaged differences can be plotted for the different
lag classes in an ADP. The ADP is calculated by

AD lð Þ ¼ 1

kN lð Þk
X

t1;t2ð Þ2N lð Þ
C t2ð Þ � C t1ð Þj j; ðA1Þ

where AD(l) is the average absolute concentration differ-
ence within time‐lag class l. N(l) is the set of data pairs
within class l, and kN(l)k is the number of data pairs. The
measured or modeled concentration is denoted by C. We
chose the ADP method over the more commonly used
correllogram, because the ADP deals more easily with
uneven sampling intervals of concentration measurements
and because the unit of the ADP (concentration) compares
better to the mean absolute concentration error in the cali-
bration object function.

Appendix B: Calibration Specifications

[62] We calibrated the solute transport model by mini-
mizing the sum of three error terms. The first error term, Er,
describes the mean absolute error. The second error term,
EAD, describes the deviation between the ADP of the
measurements and the model, and the last error term
describes the deviation of the calibrated nitrate and chloride
inputs from the estimated inputs.
[63] The relative mean absolute error between model and

measurements is calculated by

Eri;p ¼
Pnp
t¼1

Cq;i tð Þ � Cm;i tð Þ
�� ��
Pnp
t¼1

Cm;i tð Þ
; ðB1Þ

where subscript i denotes chloride (i = Cl) or nitrate (i = N)
and p denotes the time interval. The modeled concentration
is denoted by Cq, and the measured concentration is denoted
by Cm. The number of measurements within an interval is
given by np.
[64] We compared the ADP of the measurements with

that of the model at all measurement times. For perfect
measurements and a perfect model, both ADPs should be
equal. However, to account for measurement errors (due to
the sampling strategy, laboratory analyses, and sample
transportation and handling), an estimate of the measure-
ment error is subtracted from the ADP of the measurements.
We arbitrarily defined the measurement error as 25% of the
mean absolute difference of the first time‐lag class (lag
times up to 2 days when available, otherwise the first lag
class available). The ADP differences between measure-
ments and model are valued by

EADi;p ¼ 1

5

X5
l¼1

ADmod;i;p lð Þ � ADmeas;i;p lð Þ � 0:25ADmeas;i;p 1ð Þ� �
ADmeas;i;p lð Þ � 0:25ADmeas;i;p 1ð Þ

� �
;

ðB2Þ

where ADmod(l) is the average difference of the modeled
concentrations with time lags within class l while ADmeas(l)
is the corresponding averaged difference of the observed
concentrations. An estimate for the measurement error is
given by 0.25ADmeas(1) as indicated above.
[65] Because we also calibrated the yearly fertilizer input,

the number of calibration parameters was rather large. We
reduced the consequent risk of nonuniqueness by introduc-
ing an extra error term, EF. This term allows for deviations
from the estimated input, but also guides the calibration
toward an input value as close as possible to the estimated
input:

EFi;p ¼ 1� Fcali;p
Festi;p

� �2

; ðB3Þ

where Fcal [M T−1] is the calibrated estimated fertilizer rate
and Fest is the regional estimated fertilizer rate.
[66] The objective function, Obj, that was minimized to

find an optimal solution is given by

Obj ¼ w1

X8
p¼1

ErCl;p þ
X8
p¼1

ErN;p

 !

þ w2

X8
p¼1

EADCl;p þ
X8
p¼1

EADN;p

 !

þ w3

X8
p¼1

EFCl;p þ
X8
p¼1

EFN;p

 !
; ðB4Þ

where w1,…,3 are the weighting factors for the indi-
vidual error terms. These weighting factors were deter-
mined by performing several calibration runs that minimize
equation (B4), until the individual error terms contributed
5:2:1 to Obj, reflecting the importance of each of the error
terms.
[67] We further improved this calibration by two data

corrections: excluding concentration measurements taken
during the 10% lowest flows and excluding the 2% largest
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deviations between measured and modeled solute con-
centrations. The first correction excluded measurements
during periods with long surface water residence times.
Plant uptake and stream bed denitrification at those times are
important extra loss terms that blur the comparison between
measurements and model results. Furthermore, during dry
conditions only a small part of the main brook drains water
that reaches the catchment outlet. The transport character-
istics of this part of the catchment deviate from those of the
catchment as a whole (caused by a locally sandier and
thicker aquifer). For these reasons we considered it unde-
sirable to calibrate a solute transport model for the entire
catchment on measurements taken during low flows. The
second correction reduces the impact of any large mea-
surement errors or of discharge peaks that were wrongly
predicted by the groundwater model.
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