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Hupsel, houd u hups en cierlijk
Dat gij om uw Hupse deugd

Waerlijk Hupsel hieten meugt
Draegt u sedig en manierlijk

Dat elk een uw hupsheid roem
En van hups u Hupsel noem

Poem by Willem Sluiter (1627-1673), preacher in Eibergen.
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Installation	of	the	experimental	setup	at	the	field	site	in	the	Hupsel	catchment

Introduction
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1Chapter

Introduction

Joachim Rozemeijer

1.1 Background

Good quality water is essential to life on earth. Terrestrial and aquatic ecosystems, 
including	people,	would	not	survive	without	sufficient	fresh	water	of	good	quality.	
We directly need clean water for our drinking water supply and our food production. 
Although our blue planet accommodates huge amounts of water, only about 1% is ac-
cessible as fresh water in lakes, rivers, and in the subsurface (e.g. Jackson et al., 2001). 
Due to the increasing human population, this tiny fraction of the global water pool is 
increasingly	exhausted	and	polluted.	Effective	water	management	and	more	conscious	
and	efficient	use	of	fresh	water	resources	are	needed	to	solve	current	water	availabil-
ity problems and to sustain a livable world for future generations (e.g. UNESCO, 2006).

Groundwater and surface water resources are particularly threatened in areas with 
intensive agriculture, such as the Netherlands (as illustrated in Figure 1.1). The loss 
of	agrochemicals	like	nutrients,	heavy	metals,	and	pesticides	from	agricultural	fields	
contaminates groundwater and surface water bodies. This threatens the ecologi-
cal, industrial, and recreational functioning of these water systems. For example, the 
enrichment	of	ecosystems	with	nutrients	(eutrofication)	results	in	a	general	loss	of	
biodiversity (e.g. Weijters et al., 2009) and in an increase of toxic algae blooms (e.g. 
Makarewicz, 2007). 

The research presented in this thesis aims to contribute to a sustainable management 
of groundwater and surface water resources. We studied the dynamical behavior of 
water and solute transport through an innovative multi-scale experimental setup in a 
lowland agricultural catchment. Our unique dataset enabled us to unravel the process-
es	behind	variations	in	water	quality	and	to	develop	new	methods	for	a	more	effective	
collection and interpretation of water quality information. We mainly focused on the 
nutrients nitrate (NO3) and phosphorus (P), two of the most problematic substances 
in agricultural catchments (e.g. Hooda, 2000).
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1.2 Water and nutrient transport 

Insight into the transport mechanisms of water and contaminants through catchments 
is essential for understanding the variability of solute concentrations. However, this 
involves	a	dynamic	and	complex	combination	of	flow	routes	along	which	water	and	
solutes can travel from the land surface towards the surface water system. In general, 
precipitation	water	can	enter	a	stream	via	direct	precipitation,	overland	flow,	inter-
flow,	and	groundwater	flow	(e.g.	Beven	and	Kirkby,	1979;	Hendriks,	2010).

We	also	need	to	take	account	of	the	artificial	drainage	networks	of	ditches	and	
subsurface tile-drains that are constructed in many agricultural catchments with 
shallow water tables. In general, ditches and tile-drains cause an acceleration of the 

Total N leaching (kg N/ha)
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20 - 50

> 50

Figure 1.1
Nitrogen leaching from manure application at agricultural fields in Europe (adapted from Oenema et 
al, 2007).
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lateral transfer of nutrients and other agrochemicals through the hydrologic system. 
For example, Stamm et al. (1998) and Heathwaite and Dils (2000) demonstrated the 
accelerated	transport	of	phosphorus	in	tile-drained	fields,	while	Kladivko	et	al.	(2001)	
studied the enhanced transport of pesticides.

Another complicating factor in studying water and nutrient transport is the large 
spatial variability in concentrations in groundwater and surface water. Especially in 
agricultural areas, nutrient concentrations in shallow groundwater show large varia-
tions	within	a	few	meters	(Bjerg	and	Christensen,	1992;	Hack-ten	Broeke,	2000).	Sur-
face water quality varies between individual streams and ditches draining areas with 
different	land	use	and	hydrogeochemical	properties	(e.g.	Zhang	et	al.,	2004;	Rothwell	
et al., 2010). In addition, the load contributions from smaller tributaries can cause lon-
gitudinal variations in nutrient concentrations in a main stream (e.g. Migliaccio et al., 
2007). Although we focused on the temporal variability in nutrient concentrations in 
groundwater and surface water, some interrelated spatial aspects of water and solute 
transport are also covered in this thesis.         

1.3 Water quality management

The general mission of water quality management is to reach or maintain certain wa-
ter quality targets and to preserve the ecological, recreational, and industrial function-
ing	of	the	water	resources.	A	first	task	for	a	water	quality	manager	is	to	detect	existing	
or developing water quality problems in their district. When considered necessary, 
appropriate	measures	are	to	be	selected	for	the	mitigation	of	the	indentified	problems.	
After	the	implementation,	the	water	quality	manager	verifies	whether	the	problem	is	
solved or whether additional measures are needed (see e.g. Van Bracht, 2001). The 
principles of detecting and mitigating water quality problems have been established 
in statutory legislations, such as the European Water Framework Directive and the US 
Clean Water Restoration Act (CWRA).

Water quality monitoring and hydrological modeling are essential tools for water qual-
ity management. Measuring the concentrations of contaminants in groundwater and 
surface	water	is	needed	to	detect	water	quality	problems	and	to	monitor	the	effects	
of	measures.	Additionally,	field	measurements	can	be	used	to	calibrate	and	validate	
water and solute transport simulation models. These models improve insight into the 
complex interaction between hydrological, chemical, biological, and physical processes 
in catchments. In addition, an adequate water and solute transport model is capable of 
predicting	the	water	quality	effects	of	climate	change,	land	use	changes,	and	the	effects	
of measures to improve water quality. 
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 1.4  Current monitoring practice 

Water authorities generally invest heavily in their water quality monitoring networks. 
Nevertheless, the number of monitoring locations and the sampling frequencies are 
limited,	due	to	the	laborious	and	expensive	field	sampling,	sample	transport,	and	labo-
ratory procedures. This results in a low spatial and temporal coverage, considering the 
large spatial and temporal variability in water quality. The relatively limited data avail-
ability increases the importance of an accurate design of the monitoring network.

The	first	step	in	designing	a	monitoring	network	is	the	specification	of	the	monitoring	
objective. In regional water quality monitoring, the most common general objective is 
to assess the compliance with maximum permissible concentration levels. A second 
common monitoring objective is the detection of trends in contaminant concentra-
tions. Several standard methods are available for designing monitoring networks for 
groundwater	(e.g.	Loaiciga	et	al.,	1992;	Broers,	2002;	Jorgensen	and	Stockmarr,	2009)	
and	surface	water	(e.g.	Strobl	and	Robillard,	2008;	Khalil	and	Ouarda,	2009).	Still,	
differences	in	hydrological,	geological,	and	environmental	settings,	prior	knowledge,	
financial	resources,	and	other	considerations	have	produced	a	wide	variety	of	actual	
approaches for monitoring groundwater and surface water quality.

In many groundwater quality monitoring networks, existing irrigation wells or drink-
ing water extraction wells are used for the groundwater sampling. Although ground-
water sampling from existing extraction wells is relatively cheap, the interpretation of 
the measurement results is complex (Mendizabal and Stuyfzand, 2009). For example, 
the	mixing	of	groundwater	from	different	depths	with	different	ages	and	different	
chemical compositions complicates the data analysis. Additionally, drinking water is 
preferably extracted from areas with a low risk for groundwater contamination, which 
causes a bias towards good groundwater quality. To avoid these shortcomings, some 
groundwater	quality	monitoring	networks	are	equipped	with	specifically	designed	
groundwater sampling wells (e.g. Figure 1.2). These wells usually have short screens, 
which	allows	for	the	extraction	of	groundwater	samples	from	a	specific	depth	with	
a	specific	age	(Broers,	2002).	Installing	these	wells	also	gives	the	opportunity	to	
optimize	the	coverage	of	monitoring	locations	over	areas	with	different	types	of	land	
use, soils, and hydrological settings. For example, more wells can be installed in areas 
with	a	high	risk	for	groundwater	contamination,	such	as	agricultural	land	in	infiltra-
tion areas (Broers, 2002). In areas with near-surface groundwater tables, the upper 
groundwater can also be sampled from temporary open boreholes (Figure 1.3). This 
method	allows	for	the	sampling	of	shallow	groundwater	in	agricultural	fields	where	
fixed	wells	would	hinder	agricultural	activities.	In	most	groundwater	quality	monitor-
ing networks, the sampling frequencies are yearly or less (Fraters et al., 2005). 

Surface	water	quality	monitoring	differs	from	groundwater	quality	monitoring	in	
network design principles and sampling methods. Surface water is directly sampled 
from lakes, rivers, and streams (Figure 1.4). The monitoring locations are mainly situ-
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Figure 1.2
Specially designed water quality monitoring location. At this location in Oostrum in The Netherlands 
4 wells have been installed with screens of 2 m length at depths of 5, 15, 25 and 40 m below the field 
surface. The white sampling tubes originate from 15 mini-filter-screens of 20 cm length which were 
installed at 2 m depth intervals.

Figure 1.3
Sampling shallow groundwater from a temporary open borehole.
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ated	in	the	downstream	parts	of	the	larger	streams	(e.g.	Bartram	and	Balance,	1996;	
CIW, 2001). These downstream monitoring locations are considered representative 
of the surface water quality of a larger catchment, integrating all upstream sources of 
pollution. In addition, these locations do not run dry during dry summers and can be 
sampled year-round. Monitoring networks which include locations in the upper tribu-
taries (headwaters) and the smaller drains and ditches connected to them are scarce. 
Surface water quality monitoring locations are often located at bridges, which eases 
the sampling. In addition, bridges are instantly recognizable and easily accessible loca-
tions. Sampling locations should not be situated in mixing zones, for example at the 
confluence	to	two	tributaries	or	at	the	discharge	point	of	an	industrial	spill	(Bartram	
and Balance, 1996). Regional surface water quality monitoring networks are sampled 
12 times per year in most European countries (Fraters et al., 2005). 

1.5 Dynamics in water quality

A major cause of uncertainties in the interpretation of water quality measurements 
is the large temporal variability of solute concentrations in shallow groundwater and 
surface water. This variability is partly induced by variations in human activities and 
biochemical processes. In many catchments, however, the most important driver for 
the dynamics in water quality is the variability in meteorological conditions. 

For groundwater, several studies showed large variations in solute concentrations 
in both time and space (e.g. Bjerg and Christensen, 1992). Some authors reported 
seasonal patterns in groundwater quality (e.g. Hoyle, 1989). Others also reported 
temporal variability, but without any distinct seasonal pattern (Bjerg and Christensen, 
1992;	Boumans	et	al.,	2005).	Although	the	dynamical	behavior	of	groundwater	qual-
ity is only marginally understood, several studies indicated that the variations are 
mainly	driven	by	meteorological	variations	(Boumans	et	al.,	2001;	Muňoz-Carpena	

Figure 1.4
Sampling surface water from a stream.
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et	al.,	2005;	Ritter	et	al.,	2007).	Muňoz-Carpena	et	al.	(2005)	and	Ritter	et	al.	(2007)	
successfully used records of precipitation and water table depth as explanatory vari-
ables to reduce the unexplained temporal variability in solute concentrations in upper 
groundwater. Boumans et al. (2005) showed that concentrations in the upper meter 
of groundwater can vary by a factor 2 or even 3 only due to variations in precipitation 
excess (precipitation minus evapotranspiration).

In surface water quality research, variations in weather conditions were also rec-
ognized as a major driver for variations in solute concentrations (e.g. Jordan et al., 
2007;	Wriedt	et	al.,	2007).	Even	individual	rainfall	events	cause	short-term	changes	
in stream water qualilty. For example, peaks in P concentrations in response to events 
were reported by Stamm et al. (1998), Heathwaite and Dils (2000), and Jordan et al. 
(2007). The response of NO3 concentrations to rainfall events seems to depend on 
hydrological and geochemical properties of the catchment. Some researchers reported 
NO3	concentration	dips	during	rainfall	events	(Borah	et	al.,	2003;	Chang	and	Carlson,	
2004;	Poor	and	McDonnell,	2007).	In	contrast,	NO3 concentrations peaked in response 
to events in catchments studied by Wriedt et al. (2007) and Tiemeyer et al. (2008).      

1.6 Recent developments 

Recent developments in water quality measurement techniques and in solute trans-
port modeling bring new opportunities for water quality research (Kirchner et al., 
2004;	Harris	and	Heathwaite,	2005).	For	example,	high-frequency	concentration	
measurements have become possible for many solutes. Ion-selective electrodes (e.g. 
Hydrion-10 multi parameter probe, Hydrion BV, The Netherlands) and on-site chemi-
cal analyzers (e.g. Sigmatax and Phosphax analyzer, Hach Lange GmbH, Germany) can 
produce semi-continuous or continuous time series of solute concentrations (e.g. Le 
Goff	et	al.,	2003;	Jordan	et	al.,	2007).	Additionally,	new	passive	sampling	techniques	
are producing increasingly reliable average concentration measurements over longer 
time periods (e.g. Sorbi-Cells, Sorbisense A/S, Denmark) (De Jonge and Rothenberg, 
2005).

Meanwhile, new opportunities for the interpretation of water quality data arise from 
new approaches for modeling water and solute transport in catchments. Process 
based simulation models are often used for the interpolation and extrapolation in time 
and space of hydrological measurements (Jørgensen et al., 2007). Recently developed 
3-dimensional model codes increase the possibilities for understanding spatial and 
temporal patterns in water quality. For example, HydroGeoSphere (Therrien et al, 
2010) is a fully coupled model that simultaneously solves the governing equations 
for surface and subsurface water and solute transport. The increase in computational 
power of computers also brings possibilities for improving hydrological simulations. 
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1.7 Problem definition and research objective

Despite	governmental	efforts	to	improve	groundwater	and	surface	water	quality,	
modern society still faces the challenge to stop the degeneration of our fresh water 
resources. Adequate water quality monitoring and data interpretation are the key to 
expose existing or developing problems and to select appropriate mitigation options. 
However, the adequacy of many current water quality monitoring networks is limited 
due to the inability to capture the dynamic behavior of solute concentrations in upper 
groundwater and surface water.

The general objective of this thesis was to gain understanding of dynamics in water 
quality	and	to	improve	the	efficiency	of	water	quality	monitoring	by	applying	recent	
developments in measurement techniques and hydrological modeling. Apart from this 
introduction, this thesis contains four main parts: Processes (part I), Monitoring (part 
II),	Modeling	(part	III),	and	a	synthesis.	More	specific	research	questions	that	follow	
from	the	research	objective	and	have	been	addressed	in	the	different	chapters	of	this	
thesis are:

Part I: Processes
What is the groundwater contribution to regional surface water pollution and how •	

is	this	contribution	affected	by	variations	in	hydrological	conditions?	–	chapter	
2

What	are	the	most	important	routes	for	water	and	solutes	from	agricultural	fields	•	
towards	the	surface	water	system	in	a	lowland	catchment?	–	chapter	3

Can	we	quantify	the	temporal	varying	contributions	of	different	flow	routes	to	•	
surface	water	discharge	and	solute	loading?	–	chapter	4

Part II: Monitoring
How	do	weather	variations	affect	solute	concentrations	in	upper	groundwater	•	

monitoring data and how can we distinguish weather-related variations from 
human-induced	trends?	–		chapter	5

Can we apply the relations between surface water contaminant concentrations •	
and commonly available data on precipitation, discharges, and groundwater to 
interpolate between low-frequency water quality measurements and reduce 
the	uncertainties	in	estimates	of	average	concentrations	and	total	loads?	–	
chapter 6 

Are	passive	samplers	for	average	concentration	measurements	a	cost-effective	al-•	
ternative	for	grab	sampling	in	water	quality	monitoring	networks?	–	chapter	7

Part III: Modeling
Can	we	adequately	simulate	the	varying	flow	route	contributions	in	an	integrated	•	

hydrological	model?	–	chapter	8
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Synthesis
What are the processes behind the dynamics in water quality and what are the •	

implications of this study for monitoring, modeling, and managing water qual-
ity?”		–	chapter	9

The	study	was	mainly	based	on	an	extensive	multi-scale	fieldwork	campaign	in	the	
Hupsel catchment, a lowland agricultural watershed in the eastern part of The Nether-
lands. This catchment was selected because of the dominance of agricultural land use, 
the	dense	artificial	drainage	network,	and	the	absence	of	point	sources	and	water	inlet	
from	outside	the	catchment.	At	an	experimental	field	within	the	Hupsel	catchment,	a	
unique	experimental	setup	was	built	that	physically	separated	tile-drain	effluent	from	
overland	flow	and	groundwater	seepage	towards	the	surface	water.	At	the	catchment	
outlet, an exclusive combined dataset of continuous NO3 and P concentrations, pre-
cipitation, discharge, and groundwater levels was collected. In addition, new methods 
were tested for continuous and average concentration measurements and innovative 
approaches for the data interpretation were developed.

This thesis is part of the DYNAQUAL-project (DYNAmics in ground- and surface water 
QUALity), which was initiated by Ype van der Velde and Joachim Rozemeijer. The gen-
eral objective of DYNAQUAL was to measure, understand, and predict the dynamical 
behavior of nutrient concentrations in groundwater and surface water. This thesis is 
strongly linked to the thesis of Ype van der Velde, entitled “Dynamics in groundwater 
and	surface		water	quality;	From	field-scale	processes	to	catchment-scale	models”	
(Wageningen	University,	in	preparation).	The	fieldwork	in	the	Hupsel	catchment	was	
carried out in full cooperation. In addition, both Ype van der Velde and Joachim Ro-
zemeijer	can	be	considered	first	author	of	chapters	3	and	6	of	this	thesis.	The	further	
work of Ype van der Velde concentrated on the modeling of dynamical travel time 
distributions	and	their	effect	on	temporal	variations	in	water	quality.
 

1.8 Thesis outline

In chapter 2, a conceptual model is presented concerning the interactions between 
groundwater and surface water and between quantitative hydrological variations and 
variations in water quality. This conceptual model was based on a regional scale study 
on the varying contribution of groundwater to surface water contamination using data 
from regional monitoring networks. The work described in chapter 2 was the trigger 
to zoom in from the regional scale to the point and catchment scale in order to unravel 
the dynamical behavior of water quality.

Chapter 3 describes the multi-scale experimental setup in the Hupsel catchment. This 
chapter	focuses	on	the	varying	contributions	of	different	flow	routes	from	the	land	
surface	towards	the	surface	water	system.	At	an	experimental	field	within	the	Hupsel	
catchment,	the	tile-drain	effluent	was	physically	separated	from	the	groundwater	and	
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overland	flow	contributions	to	the	total	discharge	towards	the	adjacent	ditch.	The	
field-scale	flow	route	contribution	measurements	were	related	to	sub-catchment-	and	
catchment-scale discharges and water quality dynamics.

In	chapter	4,	the	field-scale	discharge	and	concentration	measurements	were	used	
for	a	direct	quantification	of	the	contributions	of	the	tile-drain	and	groundwater	flow	
routes	to	the	surface	water	solute	loading.	In	addition,	flow	route	contributions	were	
related	to	field-scale	NO3 concentration patterns in shallow groundwater and to con-
tinuous NO3 records at the catchment outlet. 

Chapter 5 focuses on an example of weather induced variations in shallow ground-
water nitrate concentrations from an intensively monitored experimental farm. This 
case illustrates the necessity of taking account of weather induced variations in water 
quality monitoring to prevent the misjudgment of measures to improve water quality. 
Precipitation and groundwater level data and a 1-dimensional water and solute trans-
port model were applied to distinguish the weather-induced variations from human-
induced changes in groundwater quality. 

Chapters 6 and 7 focus on the application of modern techniques for monitoring water 
quality. In chapter 6, the continuous measurements of NO3 and P concentrations at 
the catchment outlet are described. The NO3 and P concentration response to rainfall 
events was related to the responses of commonly available and inexpensive measure-
ments of precipitation, discharge, and groundwater levels. These relations were used 
to	significantly	improve	load	estimates	from	low-frequency	concentration	measure-
ments.

In chapter 7, the testing and optimization of a new passive sampler for average con-
centration measurements is described. The evaluation was based on duplicate analysis 
and on a comparison with the continuous records and snapshot measurements from 
the weekly grab sampling. In addition, estimates of total loads from continuous, aver-
age, and snapshot monitoring data were compared. 

Chapter	8	concentrates	on	the	simulation	of	flow	route	contributions	in	a	hydrologi-
cal	model.	A	correct	representation	of	flow	routes	is	essential	for	adequate	solute	
transport	modeling.	The	flow	route	measurements	were	used	to	calibrate	a	field-scale	
integrated water transport model. The HydroGeoSphere code was used, because it 
simultaneously	solves	the	equations	for	surface	and	subsurface	flow	and	tile-drain	
discharge. 

Chapter 9 is the synthesis, which brings together the main processes generating dy-
namics in water quality and the implications for water quality monitoring, modeling, 
and management. The synthesis ends with suggestions for future research.   
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Installation of a tile drain 

Part I

Processes
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2
2.1 Abstract

Traditionally, monitoring of soil, groundwater, and surface water quality is coordi-
nated	by	different	authorities	in	the	Netherlands.	Nowadays,	the	European	Water	
Framework Directive (EU, 2000) stimulates an integrated approach of the complete 
soil-groundwater-surface water system. Based on water quality data from several test 
catchments, we propose a conceptual model stating that stream water quality at dif-
ferent	discharges	is	the	result	of	different	mixing	ratios	of	groundwater	from	different	
depths. This concept is used for a regional study of the groundwater contribution to 
surface water contamination in the Dutch province of Noord-Brabant, using the large 
amount of available data from the regional monitoring networks. The results show 
that groundwater is a dominant source of surface water contamination. The poor 
chemical condition of upper and shallow groundwater leads to exceedance of the qual-
ity	standards	in	receiving	surface	waters,	especially	during	quick	flow	periods.	

2.2 Introduction

Pollution	of	groundwater	and	surface	water	by	diffuse	sources	is	a	serious	problem	in	
the EU and especially in the Netherlands, due to intensive livestock farming (Campling 
et al., 2005). Use of fertilizer and animal manure in agricultural areas is the most 
important non-point source in most Dutch rural catchments. Leaching of nutrients 
and heavy metals cause groundwater concentrations to exceed local quality targets, 
especially	in	the	sandy	regions	(Reijnders	et	al.,	1998;	Fraters	et	al.,	1998;	Broers,	
2002, Broers and van der Grift 2004). Discharge of groundwater from agricultural 
land towards the surface water system may cause exceedance of surface water quality 
standards	as	well	(Van	der	Molen	et	al.,	1998;	Oenema	and	Roest,	1998;	Oenema	et	al.,	
2005). 

Chapter

The groundwater contribution to surface water contamination 
in a region with intensive agricultural land use
(Noord-Brabant, The Netherlands)

Joachim Rozemeijer and Hans Peter Broers
Published in Environmental Pollution
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Ground- and surface water management and monitoring in the Netherlands is coordi-
nated	by	different	authorities	operating	in	different	geographical	sub-regions,	while	
national and European governments are stimulating a more integrated approach to 
managing the soil-groundwater-surface water system. The European Water Frame-
work Directive (EU, 2000) for example states that pollution of groundwater bodies 
must not cause dependent surface water bodies to fail to meet their good status objec-
tives.  

In the agricultural province of Noord-Brabant in the Netherlands large amounts of 
water quality data are available. Groundwater and surface water quality data from 
the	regional	monitoring	programs	are	compared	to	different	threshold	values	and	re-
ported	in	separate	publications	(e.g.	Van	der	Grift	et	al.,	2004;	Waterschap	De	Dommel,	
2004). These publications indicate that both shallow groundwater and surface waters 
in Noord-Brabant often do not meet their quality standards. Comparing water quality 
studies reveals that the same problematic solutes appear in both groundwater and 
surface water. The most problematic inorganic agrochemicals are nutrients (NO3-N, 
P-tot, SO4)	and	heavy	metals	(Zn,	Cu,	Ni).	To	date,	no	effort	has	been	given	to	compari-
son and integration of the surface and groundwater quality data from the regional 
monitoring networks. 

Different	modeling	studies	indicate	that	agriculture	is	an	important	source	of	nu-
trients and heavy metals (Oenema et al., 2005, Schoumans et al., 2002, Bonten and 
Brus, 2006). These models indicate that nutrient and heavy metal concentrations in 
groundwater discharged from agricultural land exceed the relevant quality standards 
for surface water in Noord-Brabant. Comparing the estimated groundwater contri-
bution with estimated inputs from other sources produces a rough estimate of the 
relative contribution of groundwater to surface water quality. A recent study estimates 
that groundwater contributes approximately 47 % of total-N loads to surface waters 
in Noord-Brabant, 47% of total-P, 69% of Zn, 16% of Cu and 74% of Ni (Van Vliet et al., 
2006).

Direct relations between land use, groundwater quality, and surface water quality 
were	observed	in	several	field	and	catchment	scale	studies	(e.g.	Hyer	et	al.,	2001,	
Jarvie	et	al.,	2001;	Ahearn	et	al.,	2004;	Gelbrecht	et	al.,	2005).	Measurements	showed	
changes in surface water quality during storm events. Hyer et al. (2001) for example 
observed decreasing concentrations of silica and calcium during storm events in an 
agricultural catchment. Concentrations of nitrate, DOC, potassium, chloride, and sul-
phate increased during storm events. These results indicate that surface water quality 
during	base	flow	conditions	is	mainly	controlled	by	deeper	groundwater	chemistry	
(high	concentrations	of	silica	and	calcium).	The	influence	of	upper	groundwater,	soil	
water,	and	overland	flow	increases	during	peak	flow	conditions.	In	an	agricultural	
catchment, this leads to higher concentrations of agricultural pollutants.
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In spite of estimates from modeling studies identifying groundwater as an important 
source for surface water contamination and the direct relations between groundwater 
and surface water reported in the literature, extensive sets of groundwater and surface 
water quality data such as available in Noord-Brabant, have never been compared. 
Consequently, no direct support exists for the assumed importance of groundwater 
composition for surface water quality on a regional scale. If the groundwater contribu-
tion can be shown to be a dominant factor, surface water quality management, which 
is traditionally focused on the surface water system itself, should aim at groundwater 
quality improvement as well.

The objective of the present study was to estimate the groundwater contribution to 
surface water contamination using monitoring data from the regional monitoring pro-
grams in Noord-Brabant. The study focused on problematic solutes in Dutch surface 
waters: nutrients (NO3-N, P-tot, SO4) and heavy metals (Zn, Cu, Ni).  

Groundwater quality data from the regional monitoring program were used to charac-
terize	groundwater	quality	at	different	depth	levels.	Data	from	surface	water	moni-
toring	programs	were	used	to	characterize	surface	water	quality	during	base	flow,	
intermediate	flow,	and	quick	flow	conditions.	This	approach	allowed	us	to	compare	
groundwater	quality	at	different	depths	with	surface	water	quality	during	different	
flow	conditions.

2.3 Description of study area and datasets

2.3.1 Study area
Figure 2.1a shows the location of Noord-Brabant within the Netherlands. The total 
area	of	Noord-Brabant	is	5100	km2,	of	which	62%	is	in	agricultural	use.	Noord–
Brabant	is	one	of	the	areas	in	Europe	which	is	most	affected	by	agricultural	pollution,	
because of intensive livestock farming which produces a large surplus of manure 
(Campling	et	al.,	2005;	Broers	and	Van	der	Grift,	2004;	Meinardi	et	al.,	2005,	Ver-
mooten	et	al.,	2006;	Visser	et	al.,	2007).	

Noord-Brabant	is	a	relatively	flat	area	and	groundwater	tables	are	generally	shal-
low,	usually	within	1-3	meters	below	the	surface.	The	subsurface	consists	of	fluvial	
Pleistocene unconsolidated sand and gravel deposits from the Meuse river system, 
overlain	by	a	2–35	m	thick	cover	of	fluvio-periglacial	and	eolian	deposits	consisting	
of	fine	sands	and	loam.	The	area	is	drained	by	a	series	of	brooks	(Figure	2.1b).	The	
original	drainage	network	was	artificially	extended	during	the	20th century, to allow 
for agricultural use of the poorly drained areas. This resulted in a dense network of 
ditches, drains, and small watercourses. 
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2.3.2 Groundwater quality monitoring in the study area
Groundwater quality monitoring in Noord-Brabant is coordinated by the provincial 
government.	Locations	were	selected	using	a	concept	of	stratified	random	sam-
pling from homogeneous areas with similar land use, soil types and geohydrological 
positioning (Broers, 2002). Eleven homogeneous areas were distinguished, each of 
them	representing	a	specific	combination	of	vulnerability	and	pollution	loading.	For	
example, the homogeneous area ‘agricultural land-sand-recharge’ was considered 
vulnerable for leaching of agricultural pollutants to groundwater. The amount of 
groundwater sampling wells per homogeneous area was determined according to the 
total extend of the homogeneous area and the a priori presumed risk for groundwater 
contamination. Therefore, relatively more wells were installed in the homogenous 
area ‘agricultural land-sand-recharge’ compared to, for example, the homogeneous 
area ‘nature-discharge’.

Groundwater	quality	is	measured	at	different	depths	below	the	surface.	The	upper	
meter of groundwater is sampled in temporary hand-drilled holes. In this paper, 
this groundwater is referred to as ‘upper groundwater’. The deeper groundwater is 

1a 1b

WB Brabantse Delta

WB De Dommel

WB Aa & Maas

1c

Figure 2.1 
Location of Noord-Brabant within the Netherlands (1a), the major brooks and other water courses 
and the management areas of the three Water Boards Brabantse Delta, De Dommel, and Aa & Maas 
(1b), and the monitoring network locations for groundwater quality (upper, shallow, and deep) and 
surface water quality (permanent and rotating) (1c).
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sampled using specially designed multi-level observations wells with 2 m long screens 
at typical depths of about 10 and 25 m below the surface (Van Duijvenbooden et al., 
1985;	Broers,	2002).	This	groundwater	will	be	referred	to	as	‘shallow	groundwater’(5-
15 m below surface) and ‘deeper groundwater’(15-30 m below surface), respectively. 

The complete monitoring program consists of 103 locations for upper groundwa-
ter and 105 locations for both shallow and deeper groundwater (Figure 2.1c). The 
monitoring locations are sampled once every year. The shallow and deep groundwa-
ter quality data of 2003 were used for this study. For upper groundwater, data from 
4 sampling rounds (2000-2003) were averaged, to take into account the short-term 
temporal	variations	due	to	meteorological	influence.	The	accuracies	of	the	different	
measurements are 2.1% for NO3-N;	8.0%	for	P-tot;	5.7%	for	SO4;	and	7.0%	for	Zn,	Cu,	
Ni.   

2.3.3 Surface water quality monitoring in the study area
Surface water quality monitoring within Noord-Brabant is coordinated by three 
Water Boards (Figure 2.1b). Their monitoring strategies are derived from a national 
framework for surface water quality monitoring (CIW, 2001). Consequently, the basic 
principles of the three monitoring networks are the same, although there are slight 
differences	in	the	implementation	of	the	strategies	between	the	water	boards.

Each monitoring program consists of permanent and rotating sampling locations (Fig-
ure 2.1c). The permanent locations were sampled twelve times each year. In addition, 
every	year	a	different	group	of	rotating	locations	was	sampled.	The	rotating	locations	
are also sampled every month but only every third or fourth year.
 
The surface water quality monitoring locations are mainly situated in the downstream 
parts of the larger streams. These downstream monitoring locations are representa-
tive of the surface water quality of a larger catchment, integrating all upstream 
sources of pollution. In addition, these locations do not run dry during dry summers 
and can be sampled year-round. Few monitoring locations are present in the upper 
tributaries (headwaters) and the smaller drains and ditches connected to them.

The three surface water monitoring networks together consist of 190 permanent and 
330 rotating sampling locations (Figure 2.1c). For this study the surface water quality 
data	of	1990-2003	were	used.	The	samples	were	analyzed	by	two	different	laborato-
ries. Their current accuracies are 6.1% and 1.9% for NO3-N;	5.7%	and	11%	for	P-tot;	
10% and 3.2% for SO4;	and	7.0%	and	6.0%	for	Zn,	Cu,	Ni.
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2.4 Development of a conceptual model based on
 test catchments

Comparison of groundwater and surface water quality data from the regional monitor-
ing	networks	will	benefit	from	a	conceptual	model	dealing	with	the	relations	between	
the two compartments. Water quality measurements from 4 test catchments with dif-
ferent geohydrological properties were used to gain insight into groundwater-surface 
water interactions. The test catchments were selected where point sources are absent, 
in order to avoid point sources to dominate surface water contamination.

2.4.1  Groundwater quality data processing
Using the provincial groundwater monitoring network data, average NO3-N, PO4, SO4, 
Zn, Cu, Ni, and HCO3 concentrations and pH were calculated for every homogeneous 
area. However, for comparison with surface water quality data, average values for 
stream catchments were considered more appropriate. There are not enough ground-
water quality monitoring wells for calculation of reliable locally averaged values for 
every single catchment. Therefore, only spatially weighted averages could be calcu-
lated per catchment. The calculation was based on the average concentrations in the 
homogeneous areas and the spatial extent of these homogeneous areas within the 
catchment. Areas further than 100 meters from surface water courses were excluded 
from the analysis because they are not likely to contribute to surface water discharge 
within the next decade. 

This	approach	accounts	for	the	most	important	landscape	properties	which	influence	
groundwater quality: land use, soil type and geohydrological positioning. It should be 
noted that the calculated averages for the catchments are not based on groundwater 
quality data from the catchment itself. Because earlier studies emphasized the domi-
nant	effects	of	land	use,	soil	type	and	geohydrological	positioning	relative	to	other	fac-
tors	(Broers,	2002;	Broers	&	van	der	Grift	2004;	Reijnders	et	al.	1998),	this	approach	
is considered appropriate. 

2.4.2 Surface water quality data processing
The	surface	water	quality	data	were	divided	into	groups	based	on	the	flow	conditions	
at the time of sampling. In the selected test-catchments, both surface water quality 
and	discharge	were	measured	at	the	outflow	point.	Hydrograph	separation	was	used	
for	the	division	into	periods	with	base	flow	and	quick	flow	conditions.	In	this	study	a	
frequently	used	method	for	hydrograph	separation	developed	by	Hewlett	&	Hibbert	
(1963)	was	used.	This	method	separates	the	base	flow	and	the	quick	flow	component	
of the hydrograph by a separation line with a constant slope. This line starts whenever 
the	slope	of	the	hydrograph	exceeds	a	specified	constant	separation	slope.	The	separa-
tion line ends when it intersects the falling limb of the hydrograph. For this study, a 
constant separation slope of 50 m3d-1 was used. With this relatively low slope value, 
100%	base	flow	conditions	only	occur	after	extended	dry	periods	(Figure	2.2).	
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The	quick	flow	periods	were	subdivided	into	6	groups,	using	the	quick	flow	compo-
nent percentage of the total discharge. This resulted in the following seven hydrograph 
separation	classes	(HS-classes):	HS	1:	100%	base	flow,	HS	2:	0-20%	quick	flow,	HS	3:	
20-40%	quick	flow,	HS	4:	40-60%	quick	flow,	HS	5:	60-80%	quick	flow,	HS	6:	80-90%	
quick	flow,	and	HS	7:	90-100%	quick	flow.	The	surface	water	quality	data	from	the	test	
basins were divided into these seven HS-classes.
 

2.4.3 Groundwater and surface water quality in a test catchment
Figure	2.2	shows	daily	base	flow	and	total	discharge	and	monthly	NO3-N concentration 
records of the 1996-2002 period from the Merkske test catchment (27 km2, location 
in Figure 2.1b). The discharge records show a quick and clear response after rainfall 
events.	The	quick	drainage	of	the	catchment	is	caused	by	the	artificial	network	of	
ditches and tile-drainage in the agricultural area. Figure 2.2 demonstrates that high 
NO3-N concentrations especially appear during periods with high discharges. 

Table 2.1 shows the weighted averages of NO3-N, P-tot, SO4, Zn, Cu, Ni, and HCO3 
concentrations and pH in groundwater at 3 depth levels in the Merkske catchment. 
Especially the upper groundwater shows high concentrations of nutrients and heavy 
metals,	indicating	the	dominant	influence	of	surface	sources	like	fertilizer,	manure,	
and	atmospheric	deposition.	Clear	differences	exist	between	upper,	shallow,	and	
deeper groundwater quality, with decreasing concentrations with depth for NO3-N, 
P-tot,	Zn,	Cu,	and	Ni.	This	is	explained	by	the	general	decrease	of	agricultural	influence	
on groundwater quality with depth. Upper groundwater is more contaminated than 
shallow and deeper groundwater because of its younger age and the retardation and 
degradation of solutes due to chemical and physical reactions in the subsoil (Broers 
and Van der Grift, 2004). 

The pH and HCO3 concentrations show an overall increase with depth. The upper 
groundwater	is	directly	influenced	by	acid	rainwater.	The	longer	the	groundwa-
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Figure 2.2  
Daily total discharge (gray line), the base flow proportion of total discharge (gray area), and monthly 
nitrate concentration records at the outflow point of the Merkske catchment (black dots). Note that 
the discharge axis is on log scale.
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ter	passage	through	the	subsoil,	the	more	the	acidity	is	buffered	and	pH	and	HCO3 
concentrations increase. As the adsorption of heavy metals is weaker under acid 
conditions, the low pH also contributes to the higher Zn, Cu, and Ni concentrations in 
upper groundwater and shallow groundwater. NO3-N is very mobile, but reduction of 
NO3-N by oxidation of organic matter or pyrite causes decreasing concentrations with 
depth. Especially pyrite is abundantly present in the Noord-Brabant subsurface (Bro-
ers, 2004a). The mobilisation of sulphate by pyrite oxidation is the likely cause of the 
elevated sulphate concentrations in shallow groundwater. 

The Box-Whisker plots in Figure 2.3 show the measured surface water concentrations 
in the Merkske brook, divided into seven Hydrograph Separation classes (HS-classes). 
The increasing HS-class numbers indicate a gradual change from very dry conditions 
(HS-class	1:	100%	base	flow)	to	very	wet	conditions	(HS-class	7:	90-100%	quick	
flow).	Many	solutes	in	Figure	2.3	show	a	clear	relationship	with	HS-class,	but	with	
quite	different	patterns.	NO3-N, P-tot, SO4, Zn, Cu, and Ni show a general increase in 
concentrations towards wetter conditions. On the contrary, pH and HCO3- concentra-
tions	show	a	clear	decrease	from	base	flow	to	quick	flow	conditions.	In	more	detail,	
there	are	some	relevant	differences	between	the	patterns	of	the	solutes	that	show	
the	general	increase	in	concentrations.	These	differences	especially	become	appar-
ent when we compare the concentrations with the Dutch MPC (Maximum Permis-
sible Concentration) standards for surface waters (horizontal lines in Figure 2.3). For 
example, Cu and P-tot clearly exceed surface water MPC’s during HS-classes 6 and 7, 
Zn exceeds the MPC in classes 5, 6, and 7 and NO3-N from HS-class 4 on. Nickel exceeds 
surface water MPC’s in all HS-classes, but concentrations are really elevated from HS-
class 5 onwards.

Overall, the results from the Merkske catchment data analysis show a clear relation 
between	surface	water	quality	and	flow	conditions.	Results	from	other	test-catch-
ments	(not	shown	here)	confirmed	these	general	relationships.
 

pH HCO3
- 

(mg L-1)
NO3

--N 
(mg L-1) 

P-tot 
(mg L-1) 

SO4
2- 

(mg L-1) 
Zn2+ 

(µg L-1) 
Cu2+  
(µg L-1) 

Ni2+ 

(µg L-1) 
Upper groundwater 4.99 57 22 1.2 74 182 15 38 
Shallow groundwater 5.05 64 6.7 0.43 93 66 5.4 26 
Deep groundwater 5.66 72 1.3 0.45 74 42 0.81 14 

Table 2.1
Weighted average concentrations in upper, shallow, and deep groundwater in the Merkske catch-
ment, based on provincial averages in homogeneous areas and the spatial extent of the homogene-
ous areas within the catchment 
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2.4.4 Proposition of a conceptual model
We	hypothesize	that	surface	water	under	specific	flow	conditions	is	the	result	of	a	
certain	mixing	ratio	of	groundwater	from	different	depth	levels.	During	base	flow	
conditions	surface	water	quality	is	more	influenced	by	deeper	groundwater.	During	
quick	flow	conditions,	the	shallow	and	upper	groundwater	components	become	more	
important.	When	groundwater	composition	differs	with	depth,	changes	in	flow	condi-
tions result in changes in surface water composition. 

The concept is illustrated in Figure 2.4 for a hypothetical cross section of a catchment. 
The	groundwater	flow	patterns	towards	the	different	surface	water	drainage	levels	
depicted	in	Figure	2.4	agree	with	the	flow	concepts	described	by	Ernst	(1978)	and	De	
Vries (1995). Similar concepts were also used for regional solute transport modeling 
studies	(e.g.	Groenendijk	and	Boers,	1999).	During	base	flow	conditions	(HS-classes	1	
and 2) groundwater tables are low and only deep and shallow groundwater contribute 
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Figure 2.3
Box plots of pH and concentrations of NO3-N, P-tot, SO4, Zn, Cu, Ni, and HCO3 during different flow 
conditions (HS-class 1 (100% base flow) – HS-class 7 (>90% quick flow) in the period from 1996-
2002 at the outflow point of the Merkske catchment. The column graph in the lower right corner 
shows the proportions of time that the different HS-classes occur. 
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to the stream discharge (Figure 2.4). During HS-class 3 the groundwater level rises 
and upper groundwater starts to contribute. From HS-class 4 to 6 smaller ditches and 
watercourses	and	field	drains	start	to	contribute.	During	HS-class	7	surface	runoff	
might	contribute	to	surface	water	as	well.	Because	agricultural	influence	on	ground-
water quality generally decreases with depth, agricultural contaminants are mainly 
transported	to	surface	waters	during	quick	flow	events.	It	should	be	noted	that	the	ex-
act	separation	between	flow	components	contributing	to	surface	water	runoff	within	
the	different	HS-classes	in	Figure	2.4	is	not	known	and	depends	on	the	local	hydrologi-
cal situation. 

If we compare the surface water quality data (Figure 2.3) with the groundwater 
quality data (Table 2.1), it becomes obvious that surface water composition during 
base	flow	conditions,	with	relatively	high	concentrations	of	HCO3, resembles deeper 
groundwater	composition	in	base	flow	periods.	Towards	faster	flow	conditions,	
surface water composition changes and increasingly resembles shallow and upper 
groundwater	composition.	The	different	patterns	in	Figure	2.3	can	be	explained	by	
the	different	chemical	properties	of	the	solutes.	For	example,	NO3-N shows a gradual 
increase with increasing HS-classes. We relate this to the decrease of NO3-N concentra-
tions with depth in groundwater. Similar to deeper groundwater, surface water during 
base	flow	conditions	hardly	contains	any	NO3-N. The highest NO3-N concentrations 
in	surface	water	occur	during	quick	flow	conditions	(HS-class	7).	The	concentrations	
during	quick	flow	conditions	are	lower	than	the	concentrations	in	upper	groundwa-
ter.	This	supports	our	hypothesis	that	surface	water	during	quick	flow	conditions	is	a	
mixture of deep, shallow, and upper groundwater. The high NO3-N concentrations in 
discharged upper groundwater are diluted by the ongoing contribution of deeper and 
shallow groundwater. 

Increasing concentrations
of agricultural pollutants

Active flow component

Groundwater table
Tile drainage

HS-class 1 HS-class 2 HS-class 3 HS-class 4

HS-class 7HS-class 6HS-class 5

Figure 2.4
Visualisation of the proposed conceptual model for groundwater - surface water interaction; 
groundwater flow components contributing to surface water discharge during different flow condi-
tions from base flow conditions (HS-class 1) up to quick flow conditions (HS-class 7).
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Results for Zn, Cu, and P-tot are mutually comparable (Figure 2.3). Their concentra-
tions in surface water are elevated in the highest HS-classes. This is explained by the 
apparent accumulation of these solutes in the upper part of the soil. Zn, Cu, and P-tot 
are only transported to surface waters when precipitation water is directly drained 
after a short passage through the contaminated upper part of the subsoil. This only oc-
curs during very wet periods, when groundwater tables are high and tile-drains, small 
ditches,	and	possibly	overland	flow	contribute	to	surface	water	runoff.	

Relatively high Ni and SO4 concentrations in surface water appear under both base 
flow	and	quick	flow	conditions,	but	are	highest	in	HS-class	5.	Both	Ni	and	SO4 show 
rather high concentrations in upper, shallow, and deeper groundwater, resulting in 
elevated	concentrations	already	during	base	flow	conditions,	with	a	probable	peak	
through drainage of shallow groundwater. 

The pH-value shows a gradual increase with decreasing HS-classes. This resembles the 
increase in the contribution of deeper groundwater which contains a higher pH. How-
ever, it is not possible to directly relate groundwater and surface water pH’s because 
degassing of CO2	and	biological	processes	strongly	affect	surface	water	pH	(Appelo	
and Postma, 2005).

2.5 Regional analysis

The conceptual model proposed in the previous section was used for a regional scale 
analysis of groundwater contribution to surface water contamination in all so-called 
RWSR-catchments in Noord-Brabant. RWSR catchments are the usual area units used 
for reporting on surface water quality in the Netherlands. The 18 analyzed RWSR-
catchments in Brabant have surface areas ranging from 50 to 600 km2, with an average 
of 200 km2. 

The main goal of the regional analysis was to estimate the impact of the groundwa-
ter contribution on regional surface water quality. Therefore, we tested whether our 
conceptual model would still hold when analysing data on a regional scale. This would 
be	an	indication	for	the	relative	importance	of	the	diffuse	groundwater	source	with	
respect to other sources. Surface water quality in most analyzed catchments in the re-
gional	analysis	is	also	affected	by	sources	like	effluents	from	sewage	treatment	plants,	
industrial	effluents,	and	urban	sources	(e.g.	sewer	overflows,	contaminated	runoff).	In	
addition,	surface	waters	in	the	lower	areas	are	influenced	by	the	inlet	of	Meuse	water	
directly from the river or indirectly via canals. These processes were expected to 
result in weaker relations between groundwater and surface water composition than 
were found in the selected test-catchments without point sources and water inlet. 
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2.5.1 Data processing
Average concentrations in upper, shallow, and deeper groundwater for all catchments 
in Noord-Brabant were calculated using the same approach as used for the test catch-
ments (section 2.4.1). The surface water quality data from the regional monitoring 
networks	were,	analogous	to	the	test	catchment	analysis,	divided	into	different	groups	
based	on	flow	conditions.	A	slightly	different	approach	was	followed	for	the	regional	
analysis, because discharge time series were not available for all surface water sam-
pling	locations.	Instead,	the	division	between	base	flow,	intermediate	flow,	and	quick	
flow	was	made	using	daily	precipitation	data	from	21	locations	and	evapotranspira-
tion data from one of the main meteorological stations of the Royal Dutch Meteorologi-
cal Organization (KNMI) located in the centre of the study area. 

To	define	discharge	conditions,	precipitation	excess	in	the	period	just	before	the	
moments of sampling was taken into account. Comparisons with the results of hy-
drograph separation in the test catchments showed that the cumulative precipitation 
deficit	(negative	precipitation	excess)	for	base	flow	conditions	and	ten	days	moving	
averages	of	precipitation	excess	for	quick	flow	conditions	produced	corresponding	
results.	Base	flow	conditions	were	defined	to	occur	after	a	dry	period	with	a	cumula-
tive	precipitation	deficit	of	>	20	mm,	quick	flow	conditions	after	a	ten	days	moving	
average	precipitation	excess	of		>	3.5	mm	and	intermediate	flow	conditions	after	a	
period	with	a	cumulative	precipitation	deficit	of	<	1	mm	and	a	10	days	moving	aver-
age	precipitation	excess	of		<	1mm.		

The surface water quality data of all monitoring locations were divided into samples 
taken	during	different	flow	conditions.	Average	concentrations	for	these	different	flow	
conditions were calculated per location. These average concentrations of individual 
locations were subsequently averaged per RWSR-catchment.

2.5.2 Regional scale results
The results of the regional scale analysis are presented by maps showing groundwater 
quality	at	three	depth	levels	and	surface	water	quality	during	base	flow,	intermedi-
ate	flow,	and	quick	flow	conditions.	Figure	2.5	shows	the	results	for	total-N	instead	
of NO3-N, because more measurements of total-N were available for surface water. In 
groundwater, total-N concentrations are dominated by NO3-N, as concentrations of 
other N-species are negligible. To facilitate comparison between the groundwater and 
surface water quality maps, the legends for all maps in Figure 2.5 are the same. The 
legend relates the average measured N-tot concentrations in groundwater and surface 
water to the Dutch MPC (Maximum Permissible Concentration) for surface water (2.2 
mg N L-1). 

The groundwater quality maps show that N-tot concentrations in groundwater 
decrease with depth. Average N-tot concentrations in upper groundwater are at least 
five	times	higher	than	the	MPC	in	all	catchments.	Nitrogen	concentrations	in	shallow	
groundwater also exceed the MPC frequently. From these maps we conclude that both 
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upper and shallow groundwater are a potential threat to surface water quality in this 
area.

The surface water quality maps indeed show that average N-tot concentrations in 
surface water exceed the MPC in all catchments. The N-tot concentrations are highest 
during	quick	flow	conditions	and	lowest	during	base	flow	conditions.	

Comparing the groundwater and surface water maps supports the conceptual model 
framed in this paper. This is striking, because in most catchments point sources and 
water	inlet	influence	surface	water	composition	as	well.	Nevertheless,	the	N-tot	con-
centrations	in	surface	water	during	base	flow,	intermediate	flow,	and	quick	flow	condi-

Upper groundwater

Deep groundwater

Shallow groundwater

Surface water
Quick flow

Surface water
Average flow

Surface water
Base flow

Not enough data

< MPC 

< 1-2 x MPC 

< 2-5 x MPC 

>5 x MPC 

MPC (Maximum permissible concentration,
-1

Dutch surface water quality standard) = 2,2 mg L

Average N concentrations

Figure 2.5
Average N-concentrations in upper, shallow, and deep groundwater and in surface water during 
base flow, intermediate flow, and quick flow conditions in the RWSR catchments within Noord-
Brabant.
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tions can well be explained by the mixing of upper, shallow, and deeper groundwater. 
Figure 2.5 shows that N-tot concentrations in surface water are within the range of 
N-tot	concentrations	in	groundwater.	Furthermore,	the	largest	flux	from	upper	and	
shallow groundwater and consequently the highest N-tot concentrations in surface 
water	were	expected	during	quick	flow	conditions.	The	results	presented	in	Figure	2.5	
meet this expectation as well. 

A similar regional analysis was carried out for P-tot, SO4, Zn, Cu, Ni, and pH. Figure 2.6 
shows the average concentrations in upper, shallow, and deep groundwater on the 
left	side	and	the	average	surface	water	concentrations	during	quick	flow,	intermedi-
ate	flow,	and	base	flow	conditions	on	the	right	side.	The	gray	lines	show	the	average	
concentrations per individual catchment. The black lines show the median and the 25- 
and 75-percentile values of all catchments. 
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groundwater and surface water during base flow, intermediate flow, and quick flow conditions per 
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In	spite	of	point	sources	and	water	inlet	influencing	surface	water	composition,	the	
results in Figure 2.6 reveal that concentrations in surface water of most examined sol-
utes	can	still	be	explained	by	the	mixing	of	different	proportions	of	upper,	shallow,	and	
deep groundwater. Concentrations of most solutes exceed their MPC for surface water 
in both groundwater and surface water. In groundwater, most solutes show decreas-
ing concentrations with depth. SO4 shows similar concentrations for the three depth 
levels with slightly higher concentrations in shallow groundwater. The pH in ground-
water increases with depth. In surface water, concentrations of N-tot, Zn, and Cu are 
highest	during	quick	flow	conditions	and	lowest	during	base	flow	conditions.	The	pH	
in	surface	water	is	highest	during	base	flow	conditions	and	lowest	during	quick	flow	
conditions. Average P-tot, SO4,	and	Ni	concentrations	in	surface	water	do	not	signifi-
cantly	change	with	changing	flow	conditions.	Individual	catchments	show	deviations,	
but most catchments meet with these median patterns.  

The results for N-tot, SO4, Zn, Cu, and pH correspond to our expectations based on the 
proposed conceptual model. The concentrations in surface water are within the range 
of concentrations in groundwater. Furthermore, N-tot, Zn, and Cu concentrations and 
pH	in	surface	water	show	the	expected	relation	with	flow	conditions,	taking	into	ac-
count	the	differences	in	upper,	shallow,	and	deep	groundwater	quality.

Because P-tot and Ni concentrations in groundwater decrease with depth, their con-
centrations	in	surface	water	were	expected	to	be	highest	during	quick	flow	conditions	
and	lowest	during	base	flow	conditions.	However,	averaged	P-tot	and	Ni	concentra-
tions	do	not	significantly	change	with	changing	flow	conditions	in	most	catchments.	
These results do not match with the results from the test-catchments analysis, where 
P-tot	and	Ni	concentrations	in	surface	water	also	changed	with	changing	flow	condi-
tions.	However,	the	selected	test	catchments	were	not	influenced	by	point	sources	and	
water inlet. The regional scale results might indicate that point sources and the water 
inlet	from	the	Meuse	have	an	important	effect	on	regional	P-tot	and	Ni	concentrations	
in surface water in Noord-Brabant.   

2.6 Discussion

Using data from regional monitoring programs, this study indicates that groundwater 
is a major contributor to surface water contamination in Noord-Brabant. The poor 
chemical condition of the shallow and upper groundwater in the study area can lead 
to exceedance of the quality standards in receiving surface waters, even when they are 
not	influenced	by	other	sources.	

The test catchment analysis showed the direct relations between surface water qual-
ity	and	flow	conditions.	The	test	catchments	were	selected	where	point	sources	are	
absent.	Therefore,	surface	water	quality	during	different	flow	conditions	could	be	
related	to	groundwater	quality	at	different	depth	levels.	Different	solutes	have	reached	
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different	depths	in	groundwater	due	to	differences	in	input	and	retardation	and	trans-
formation processes. Agricultural contaminants that are retarded (e.g. P-tot, Zn, and 
Cu) or transformed (e.g. NO3-N) and consequently only reached shallow depths, show 
largest	groundwater	contributions	to	surface	water	composition	during	quick	flow	
events. Contaminants that have reached deeper (Ni, SO4) also show a clear groundwa-
ter	contribution	during	base	flow	conditions.	

Based on these observations a conceptual model was proposed, stating that surface 
water	quality	during	specific	flow	conditions	is	the	result	of	a	certain	mixing	ratio	of	
groundwater	from	different	depth	levels.	This	conceptual	model	is	only	valid	when	
groundwater is the major source of surface water contamination. However, most 
catchments	analysed	in	the	regional	analysis	of	Noord-Brabant	are	also	influenced	by	
other sources. Furthermore, the selected test catchments may not be representative 
for the hydrological and biochemical properties of all other catchments in Noord-
Brabant. Nevertheless, the results of the regional analysis also showed clear relations 
between	surface	water	quality	during	different	flow	conditions	and	groundwater	qual-
ity	at	different	depth	levels.	This	indicates	that	groundwater	is	an	important	contribu-
tor to surface water contamination. 

Many	other	physical,	chemical,	and	biological	processes	also	affect	surface	water	
composition	to	a	certain	extent.	An	example	of	a	process	influencing	P-tot	and	heavy	
metal concentrations in surface water is the resuspension of contaminated stream bed 
sediment	(e.g.	Zonta	et	al.,	2005).	During	quick	flow	conditions,	this	may	account	for	
a part of the elevated concentrations. Nevertheless, P-tot and heavy metal concentra-
tions	during	average	and	base	flow	conditions,	when	suspended	matter	contents	are	
generally very low, still indicate that groundwater is an important source.  

This	study	was	carried	out	in	relatively	flat	area	with	shallow	groundwater	tables	and	
a	dense	artificial	drainage	network	of	ditches,	drains,	and	small	watercourses.	Other	
studies that were carried out in more hilly catchments with more natural drainage 
systems, for example in Germany (Gelbrecht et al., 2005) and Virginia, USA (Hyer et 
al., 2001) and in mountainous catchments for example in Scotland (Jarvie et al., 2001) 
and California, USA (Ahearn et al, 2004) also show changes in surface water qual-
ity during storm events. Therefore, our approach to assess the relative impact of the 
diffuse	groundwater	contribution	to	surface	water	pollution	could	also	be	applied	to	
these	catchments	and	many	other	regions	throughout	the	world	with	sufficient	moni-
toring data.

An	exact	quantification	of	the	groundwater	contribution	to	surface	water	pollution	
would require adaptations in the regional surface water and groundwater quality 
monitoring networks from which the data were used in this study. In addition, a quan-
titative assessment of the groundwater contribution with respect to other sources 
would	require	quantification	of	all	other	important	sources	as	well.	This	was	beyond	
the	scope	of	this	study.	However,	developing	suited	and	cost-efficient	regional	moni-
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toring network strategies is a major challenge for future research. In addition, further 
developments in hydrological modelling will be needed for better interpolation of wa-
ter quality data in both time and space and for improving impact predictions of pro-
posed mitigating measures. The major challenge is to develop regional scale models 
that	can	still	deal	with	the	impact	of	dynamic	small-scale	processes	like	overland	flow,	
shallow	subsurface	flow,	and	drainage	flow.	Another	topic	for	further	research	is	the	
usability for regional monitoring of new measurement techniques that can deal with 
the large temporal variations in water quality, for example continuous measurements 
techniques like sensors and ion-selective electrodes or passive samplers that produce 
long term average concentrations (e.g. De Jonge and Rothenberg, 2005).

2.7 Conclusions

Using measured groundwater and surface water quality data from regional monitoring 
networks, this paper showed that groundwater is a major contributor to surface water 
contamination in Noord-Brabant. The poor chemical condition of upper and shallow 
groundwater leads to exceedance of the quality standards in receiving surface waters, 
especially	during	quick	flow	periods.	This	means	that	improvement	of	groundwater	
quality is required to enable compliance with the surface water quality goals. Surface 
water quality management is traditionally focused on the surface water system itself. 
The results of this study imply that an integrated management and monitoring of the 
whole groundwater and surface water system in catchments is needed. 

In this study a conceptual model dealing with the relations between groundwater and 
surface water was used for relating the regional groundwater quality monitoring data 
to the regional surface water quality monitoring data. Although current regional water 
quality monitoring networks are not designed for studying groundwater - surface 
water interactions, this approach allowed us to determine the relative impact of the 
diffuse	groundwater	contribution	to	regional	surface	water	pollution.	The	approach	
can	also	be	applied	to	any	other	region	with	sufficient	groundwater	and	surface	water	
quality monitoring data.
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Discharge measurements using a calibrated V-notch and a water level sensor

Part I

Processes
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3
3.1 Abstract

Agricultural pollutants in catchments are transported towards the discharging stream 
through	various	flow	routes	such	as	tile-drain	flow,	groundwater	flow,	interflow,	and	
overland	flow.	Direct	measurements	of	flow	route	contributions	are	difficult	and	often	
impossible.	In	a	lowland	catchment,	we	physically	separated	the	tile-drain	effluent	
from	the	discharge	of	all	other	flow	routes.	Upscaling	the	field-scale	flow	route	dis-
charge	contributions	to	the	sub-catchment	and	the	catchment-scale	with	a	linear	flow	
route mixing model gave a good prediction of the catchment discharge. Catchment-
scale nitrate concentrations were simulated well for a heavy rainfall event but poorly 
for	a	small	rainfall	event.	The	nested	measurement	setup	revealed	that	the	fluxes	at	a	
single	field	site	cannot	be	representative	for	the	entire	catchment	at	all	times.	Howev-
er,	the	distinctly	different	hydrograph	reaction	of	the	individual	flow	routes	on	rainfall	
events	at	the	field	site	made	it	possible	to	interpret	the	catchment-scale	hydrograph	
and	nitrate	concentrations.	This	study	showed	that	physical	separation	of	flow	route	
contributions	at	the	field	scale	is	feasible	and	essential	for	understanding	catchment	
scale discharge generation and solute transport processes. 

3.2 Introduction

Precipitation water leaves catchments by evapotranspiration, regional groundwater 
flow,	and	surface	water	discharge.	Particularly	the	generation	of	discharge	is	com-
plicated and involves a myriad of routes along which a water drop can travel to the 
stream	(e.g.	Beven	and	Kirkby,	1979;	Ward	and	Robinson,	1990).	In	agricultural	catch-
ments, these routes and their relative contributions to stream discharge have often 
been manipulated to increase agricultural productivity. In relatively humid climates 
this	typically	involved	the	construction	of	an	artificial	drainage	network	of	ditches	and	
subsurface tile-drains to improve the discharge of excess precipitation water. Many 
studies	have	described	the	importance	of	artificially	constructed	drainage	networks	
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for local and regional solute and water transport: Carluer and De Marsily (2004) 
looked	at	the	impact	of	man-made	drainage	networks	on	regional	hydrology;	Hirt	et	al.	
(2005)	tried	to	estimate	tile-drainage	area	percentages	in	Germany;	and	Van	den	Eert-
wegh et al. (2006) estimated the contribution of tile-drain discharge and solute trans-
port for a Dutch polder (reclaimed area). Subsurface tile-drains reduce the importance 
of	overland	flow	as	a	route	towards	the	surface	water.	In	addition,	ditches	and	drains	
shorten the residence times in the shallow groundwater by tapping the phreatic 
aquifer. The observed acceleration of the transfer of nutrients and other agrochemi-
cals through the hydrologic system has been attributed to these shorter residence 
times: Stamm et al. (1998) and Heathwaite and Dils (2000) investigated transport of 
phosphorus;	Van	Ommen	et	al.	(1989)	used	a	bromide	tracer,	and	Jaynes	et	al.,	(2001)	
worked	with	pesticides	and	bromide.	The	quantification	of	the	relative	contributions	
of	different	flow	routes	and	the	temporal	variations	of	these	contributions	are	impor-
tant to understand discharge characteristics and solute loading mechanisms of surface 
waters. Wriedt et al. (2007) showed that the temporal variations in groundwater 
heads	and	subsequent	variations	in	groundwater	flow	route	contributions	can	explain	
much of the observed dynamics in surface water nitrate concentrations.

Flow route contributions to stream water discharge can be estimated indirectly by 
different	methods	like	process-based	hydrological	modeling,	regional	mass	balance	
studies, and hydrograph separation techniques. Many physically based hydrologi-
cal	model	codes	include	different	routes	that	generate	surface	water	discharge.	The	
calibration of model parameters and the validation of the model results are usually 
based on stream discharge or groundwater level measurements. Often, the wide range 
of possible parameter sets that provide satisfactory results for discharge and ground-
water	level	predictions	result	in	large	uncertainties	in	the	predictions	of	flow	route	
contributions (Gallart et al., 2007). 

Regional mass balancing based on measurements is another frequently used indirect 
method	for	estimating	flow	route	contributions.	If	an	adequate	monitoring	network	is	
available for precipitation, evapotranspiration, groundwater levels, groundwater qual-
ity,	tile-drain	and	surface	water	discharge	and	quality,	water	and	solute	fluxes	along	
the various routes to the stream can be deduced. For example, Van den Eertwegh et al. 
(2006) attempted to determine the balances of water, chloride, nitrate, and phosphate 
for a catchment within an area of reclaimed land (polder). However, not all balance 
terms	could	be	derived	directly	from	their	measurements;	the	contribution	of	over-
land	flow	was	estimated	using	an	unsaturated	flow	model	and	regional	groundwater	
flow	directly	discharging	into	the	ditches	and	canals	was	estimated	using	a	ground-
water	flow	model.	Mulla	et	al.	(2003)	demonstrated	that	regional	mass	balancing	
approaches become more appropriate relative to physically based spatially distributed 
modeling approaches as the scale of the studied area increases. A major limitation of 
regional	mass	balance	approaches	is	that	they	are	difficult	to	operate	in	a	predictive	
mode. 
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Hydrograph separation during rainfall and subsequent discharge events using the 
signatures of chemical tracers is another widely used indirect method to estimate the 
contributions	of	two	or	three	different	flow	routes	to	the	stream	discharge	(Ladouche	
et	al.,	2001;	Soulsby	et	al.,	2003).	A	limitation	of	chemically	based	hydrograph	separa-
tion	is	the	assumption	that	the	tracer	concentrations	of	the	individual	flow	routes	are	
constant	in	time.	Different	studies	showed	variable	solute	concentrations	for	example	
in	upper	groundwater	(Bjerg	and	Christensen,	1992;	Boumans	et	al.,	2005),	tile-drain	
effluent	(De	Vos	et	al.,	2000;	Jaynes	et	al.,	2001,	Stamm	et	al.,	2002;	Gächter	et	al.,	
2004,	Tiemeyer	et	al.,	2006),	and	overland	flow	(Langlois	and	Mehuys,	2003).

Direct	measurements	of	the	contributions	of	different	flow	routes	to	surface	water	
runoff	would	contribute	to	the	validation	and	optimization	of	the	different	indirect	
methods described above. However, the processes that lead to discharge of water 
and solutes are in general dynamic, operate on various scales in space and time, and 
have many and complex interactions. Setting up an observation network that quanti-
fies	all	relevant	fluxes	within	a	catchment	is	not	realistic.	Fluxes	such	as	groundwater	
recharge	and	overland	flow	are	notoriously	difficult	to	observe	directly	even	at	the	
field-scale	and	therefore	datasets	are	scarce.	Nevertheless,	the	tile-drain	flow	route	
can	be	measured	at	the	field-scale	(De	Vos,	2001;	Van	Ommen	et	al.,	1989).	

To explain observed catchment-scale discharges and solute concentrations Tiemeyer 
et	al.	(2008)	suggested	linear	mixing	of	tile-drainage	and	groundwater	flow;	Roze-
meijer	and	Broers	(2007)	suggested	a	continuum	of	drainage	levels	from	baseflow	to	
overland	flow;	and	Wriedt	et	al.	(2007)	suggested	a	dynamic	active	draining	channel	
network.	These	suggestions,	however,	have	never	been	verified	by	a	multi-scale	meas-
urement	approach	that	also	captures	water	and	solute	transport	routes	at	a	field	site.	
Previous multi-scale experiments by Tiemeyer et al. (2007) and Tomer et al. (2003) 
combined measurements of discharge and nitrate concentrations from tile-drainage 
and surface water discharge and nitrate concentrations at larger scales, but could not 
conclusively	relate	the	different	scales,	because	the	groundwater	flow	route	and	the	
overland	flow	route	had	not	been	measured	at	field-scale.	Still,	these	studies	showed	
that nitrate is the most interesting water quality parameter in tile-drained catchments, 
because	of	the	large	differences	in	nitrate	concentration	between	the	tile-drain	flow	
route	(high	concentrations),	ground	water	flow	route	(low	concentrations),	and	over-
land	flow	route	(low	concentrations).

The	objectives	of	this	study	were	(1)	to	quantify	the	contribution	of	the	tile-drain	flow	
route	to	the	total	discharge	from	an	experimental	field	site	towards	the	surface	water	
system	and	(2)	to	embed	these	field-scale	measurements	in	a	nested	measurement	
setup	to	asses	the	value	of	field-scale	measurements	for	interpretation	of	catchment-
scale	discharge	and	nitrate	concentrations	using	a	linear	flow	route	mixing	model.

We	attempted	to	separately	measure	outflow	from	tile-drains	and	the	combined	flux	of	
all	other	flow	routes	towards	a	ditch.	At	the	same	time	discharge	and	nitrate	concen-
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trations were monitored at the catchment outlet and at selected locations within the 
tributaries to the main stream. This paper presents this nested-scale observation 
approach and an exploratory mixing model analysis that connects the observations at 
the various scales.

3.3 Materials and methods

3.3.1 Setting, geology, and climate
The experiments of this study were performed in the Hupsel brook catchment in the 
eastern part of The Netherlands (Figure 3.1) (52o03’	N;	6o38’ E). The size of the catch-
ment 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 Mi-
ocene age is found of which the top is carved by glacial erosion. 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 extension is only marginally known. 
Wösten	et	al.	(1985)	classified	the	main	soil	type	of	the	catchment	as	sandy,	siliceous,	
mesic Typic Haplaquads (See Wösten et al. (1985) for more details). 

The Hupsel catchment is drained by the straightened and deepened main brook and 
by	a	dense	artificial	drainage	network	of	ditches	and	tile-drains.	The	spacing	between	
the ditches averages 300 m (Figure 3.1). Figure 3.1 also shows that tile-drains were 
installed	into	approximately	50%	of	the	catchments	fields.	A	natural	or	reference	situ-
ation is almost impossible to identify, because the Hupsel catchment has been under 
continuous anthropogenic change (reclamation, canalization, tile-draining, leveling, 
re-meandering, land use change) for the last hundred years. The land use during the 
last decades has predominantly been agricultural with maize and grass land. A few 
small patches of forest are located in the catchment. Residential areas are absent, but 
individual houses and farms are scattered through the area. None of these houses is 
allowed to discharge waste water into the surface water network. 

The Hupsel brook catchment has a semi-humid sea climate with a yearly precipitation 
of 500 to 1100 mm and a yearly estimated evaporation of 300 to 600 mm, resulting 
in an estimated recharge of 200 to 800 mm per year. A weather station of the Royal 
Dutch Meteorological Institute (KNMI, De Bilt, The Netherlands) is located within the 
catchment (Figure 3.1). This station hourly measures rainfall, wind speed, solar radi-
ance, temperature, and humidity. 

3.3.2 Nested experimental setup of discharge and nitrate 
 concentration measurements
Within the Hupsel brook catchment discharge and nitrate concentrations were meas-
ured at three nested spatial scales (Figure 3.2): (1) the entire catchment of 6.64 km2, 
(2) a sub-catchment of 0.38 km2, and (3) a 0.041 km2	field	with	a	0.009	km2	field	site	
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within the sub-catchment. From August 2007 through May 2008, discharge was meas-
ured every 15 minutes by a calibrated weir for the total catchment and by a calibrated 
V-notch	for	the	sub-catchment.	The	setup	of	the	discharge	measurements	at	the	field	
site is addressed in the next section.

Water samples were collected weekly from August 2007 through May 2008 at the 
three	scale	levels.	The	samples	were	taken	using	a	peristaltic	pump	and	filtered	in	situ	
(0.45 µm). Electrical conductivity and the pH of the samples were measured directly 
in	the	field.	The	samples	were	analyzed	within	48	hours	with	IC	(Ion	Chromatogra-
phy) for nitrate.

Continuous surface water nitrate concentrations were measured at the outlet of the 
6.64 km2 catchment with a Hydrion-10 multi-parameter probe (Hydrion BV Wage-
ningen,	The	Netherlands).	Water	from	the	brook	was	pumped	in	a	flow-through	cell,	
in which the probe was placed. Nitrate concentrations, temperature, EC, and pH were 
stored every 10 minutes. The probe was cleaned and calibrated weekly.

Average	monthly	nitrate	concentrations	of	tile-drain	effluent	were	measured	at	20	
locations in the catchment using SorbiCell-samplers (De Jonge and Rothenberg, 2005) 

Figure 3.1 
Location, surface elevation, tile-drained area, and surface water network of the Hupsel brook catch-
ment.
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(Figure 3.2). A SorbiCell-sampler is a passive accumulating collector (PAC) that is in 
continuous capillary contact with its surroundings. The samplers function as a quasi-
infinite	adsorptive	sink	for	nitrate.	The	volume	of	water	that	has	passed	during	the	in-
stallation period is estimated from the weight reduction of a salt tracer in the sampler 
(De Jonge and Rothenberg, 2005). 

3.3.3 Experimental setup at the field site
For	the	field-scale	observations	a	4.1	ha	pasture	field	was	selected	with	surface	eleva-
tions ranging between 27.5 m above mean sea level in the Southeast and 31 m in the 
North	(Figure	3.3).	There	were	tertiary	ditches	bordering	the	field	to	the	South	and	
North that discharged into a secondary ditch at the eastern side that in turn dis-
charged into the main brook. The average depths of the ditches were 60 cm (South), 
80 cm (North), and 120 cm (East). A 1.5 m strip bordering the eastern ditch was 
separated	by	a	fence	from	the	rest	of	the	field	to	allow	for	ditch	maintenance.	The	field	
was tile-drained with PVC tile-drains with a diameter of 60 mm. Tile-drain spacing 
was 14.5 m and the tiles discharged into the eastern ditch at 90 cm depth. Over their 
200 m length the tiles sloped upward by 20 to 60 cm away from the ditch, depending 
on the local topography.

This	study	focuses	on	the	field-scale	observations	on	drains	1,	2,	and	3	(Figure	3.3).	
These tile-drains were spaced 14.5 m apart and drained a combined catchment area of 
0.9	ha,	termed	the	“field	site”	from	hereon.	To	separate	the	fluxes	towards	the	eastern	
ditch	via	different	routes,	three	adjacent	sheet	pile	reservoirs	were	built	in	the	eastern	

Figure 3.2 
Nested setup of the experiment with the field site, the sub-catchment, and the total catchment, and 
the tile-drains for which nitrate concentrations have been monitored. 



43

ditch. Each in-stream reservoir was constructed around a single drainage outlet and 
the	reservoirs	stretched	along	43.5	m	of	the	field	(Figure	3.4).	The	wooden	sheet	piles	
were driven into the impermeable Miocene clay layer at 3 to 4 m depth to capture 
all	groundwater	flow	from	the	field	into	the	ditch.	The	in-stream	reservoirs	captured	
overland	flow,	interflow,	direct	precipitation,	and	groundwater	inflow.	Water	levels	
in the in-stream reservoirs and in the adjacent ditch were measured using pressure 
sensors. The water levels inside the in-stream reservoirs were maintained at the ditch 
water level by pumps (+ 1 cm when pumps start and -1 cm when pumps stop). Excess 
water was pumped from the in-stream reservoirs into the ditch and the pumped vol-
umes	were	recorded	with	digital	flux	meters.

We	did	not	install	separate	collectors	for	overland	flow	because	of	the	abundant	bur-
rowing macrofauna (moles and mice). These animals tend to burrow under the over-
land	flow	collector	thereby	creating	large	numbers	of	bypass	channels	(P.	Groenendijk,	
personal communication, 2006). We observed that these holes are especially abun-
dant	close	to	the	ditch.	They	created	bypass	channels	for	overland	flow	up	to	several	
meters length and discharged from the ditch bank at depths up to 80 cm. 

The	discharge	of	the	tile-drains	was	separated	from	the	other	flow	routes	by	connect-
ing	each	drain	outlet	to	a	500	liter	vessel	using	a	flexible	tube	(Figure	3.5).	The	vessels	
were	partly	dug	into	the	ditch	bottom	and	they	were	allowed	to	fill	up	to	the	tile-drain	
outlet	height,	which	led	to	an	effective	storage	capacity	of	about	200	liter.	When	this	

Figure 3.3
Overview of the experimental field site. The numbers 1-3 next to the tile-drains correspond to the 
numbers used in the text for identifying tile-drains 1-3 and in-stream reservoirs 1-3.
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Figure 3.4
In-stream reservoirs. Reservoir number 1 is the reservoir in the back, number 3 is the reservoir in the 
front (See also Figure 3.5).

Figure 3.5 
Measurement setup with collector vessels for drain discharge, pumps, and water flux meters. The 
shed in the back houses the data acquisition and control equipment. The fence on the left separates 
the farmland from the ditch maintenance strip.
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water	level	was	reached,	the	water	was	pumped	into	the	ditch	and	the	flux	was	meas-
ured	with	digital	water	flux	meters	(Figure	3.5).	When	tile-drain	outlets	are	below	the	
ditch	water	level,	the	surface	water	pressure	affects	the	flow	rate.	To	imitate	this	effect,	
floaters	were	attached	to	the	flexible	tubes	that	connected	the	drains	to	the	collection	
vessels.	Thus,	water	leaving	the	drain	had	to	flow	up	to	the	ditch	level	before	being	
discharged into the vessel.

In addition to the discharge measurements, we manually measured phreatic ground-
water	levels	at	31	locations	within	the	field	every	week.	Pressure	sensors	in	15	
piezometers along drain 1 (Figure 3.3) recorded phreatic levels every 10 minutes.
Water	quality	samples	at	the	field	site	were	taken	weekly	from	the	three	in-stream	
reservoirs	and	from	the	three	drain	effluent	vessels.	The	sampling	and	processing	
procedure is the same as described above.

3.4 Results and discussion

3.4.1 Field site tile-drain discharges
The	measured	tile-drain	discharge	varied	between	no	flow	and	0.31	L	s-1 (Figure 
3.6A), which corresponds with 8.9 mm d-1. The sudden stop of the measured discharge 
of drain 1 in December was caused by a defect pump. The tile-drains were pressure 
washed on November 1st, 2007. This washing is common agricultural practice in 
The	Netherlands	and	is	performed	once	every	two	years	at	this	field.	During	the	first	
weeks after this cleaning, the discharge response to precipitation events was similar 
for the three drains. From January on, drain 2 was showing considerably higher dis-
charge	rates	then	the	other	drains,	possibly	reflecting	re-clogging	up	of	drains	1	and	
3 by silt and iron oxide particles. This lowered the overall tile-drain discharge (Figure 
3.6C). An increase of the drain entrance resistance and the resulting decrease of drain 
flow	rates	with	time	have	also	been	observed	in	a	laboratory	experiment	reported	by	
Bentley and Skaggs (1993). The conditions of these laboratory experiments, however, 
can	only	be	compared	indicatively	with	our	site	specific	iron	rich	anaerobic	conditions	
as was also one of the main conclusions of a review on clogging processes of Stuyt and 
Dierickx (2006). 

3.4.2 Field site In-stream reservoir discharges
The in-stream reservoir discharges, resembling the combined discharges of over-
land	flow,	interflow,	direct	precipitation,	and	groundwater	inflow	towards	the	ditch,	
varied	between	no	flow	and	0.90	L	s-1 (Figure 3.6B) This corresponds with 6.0 .10-5 
m3 s-1 discharge for a meter of ditch bank. The average discharge from the in-stream 
reservoirs is generally lower than the average tile-drain discharge (Figure 3.6C). From 
these	observations	we	may	conclude	that	during	normal	flow	conditions,	the	tile-drain	
contribution	to	surface	water	discharge	at	the	field	site	is	more	important	than	the	
groundwater contribution. 
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During several periods with high precipitation intensities, however, the reservoir 
discharges showed high peaks, especially in in-stream reservoir 3. During the January 
event,	overland	flow	and	interflow	through	macrofauna	burrows	towards	in-stream	
reservoir	3	was	observed.	To	a	lesser	extent,	overland	flow	was	observed	towards	in-
stream reservoir 2. This explains the discharge peaks in both reservoirs.

The	overland	flow	mainly	originated	from	a	ponded	area	near	the	ditch.	The	likely	
causes	of	ponding	in	our	field	site	are	a	combination	of	compaction	by	tractor	traffic,	
shallow	organic	layers	with	a	large	vertical	flow	resistance	and	local	depressions	
in	the	surface	elevation.	Flow	through	biopores	contributed	significant	amounts	of	
discharge that would not have been collected by a surface construction for captur-
ing	overland	flow.	Biopore	flow	presumably	constituted	a	mixture	of	groundwater	
and water from ponded areas. Consequently, the water entering the ditch through 
the biopores will have a wider travel time distribution than would be expected from 
overland	flow	alone.

From Figure 3.6B it appears that all in-stream reservoirs had elevated discharges 
simultaneously,	but	with	very	different	magnitudes.	We	did	not	observe	overland	or	
biopore	flow	into	reservoir	1.	Therefore,	the	contribution	of	overland	flow	and	biopore	
flow	into	reservoir	2	and	3	can	be	estimated	when	we	assume	that	(1)	all	discharge	
into	reservoir	1	originates	from	groundwater	inflow	and	direct	precipitation	and	(2)	
the contributions of groundwater and direct precipitation do not vary much between 
the reservoirs. The second assumption is likely to result in an overestimation of the 
tile-drain contribution because the discharge of in-stream reservoir 1 is relatively low 
during	normal	flow	conditions	(Figure	3.6B).	However,	this	overestimation	is	small	
relative to the high discharge peaks from in-stream reservoirs 2 and 3. We estimated 
the	maximum	and	overall	contributions	of	overland	and	biopore	flow	routes	to	peak	

Figure 3.6 
Measured precipitation and water fluxes at the field site in discharge volume per tile-drain catch-
ment: 6A Drain discharge for the three tile-drains; 6B Measured in-stream reservoir discharge; 6C 
Average tile-drain flux and in-stream reservoir flux from the field site.



47

discharges accordingly for reservoirs 2 and 3 for four heavy rainfall events. The frac-
tion	of	the	precipitation	that	was	drained	from	the	field	by	overland	and	biopore	flow	
has also been estimated (Table 3.1). 

Table 3.1 shows that in reservoir 3 up to 58% of the total amount of precipitation 
water	was	drained	by	overland	flow	and	biopore	flow.	During	the	March	21-25	event,	
the	maximum	relative	contribution	of	overland	flow	to	the	surface	water	discharge	
was 92%. For the three in-stream reservoirs together, resembling a 45 meter ditch 
transect,	the	maximum	relative	overland	flow	contribution	was	67%	(Table	3.1).	The	
differences	between	the	storm	events	and	between	the	in-stream	reservoirs	were	
large. Reservoir 2 received much smaller contributions from overland and biopore 
flow.	For	the	three	reservoirs	together,	up	to	22%	of	the	total	precipitation	was	
discharged	by	these	flow	routes.	The	large	variability	of	the	overland	and	biopore	
flow	contributions	in	reservoirs	2	and	3	could	be	an	effect	of	the	instability	of	large	
short-cut	flow	routes	through	mouse	and	mole	holes.	Other	factors	that	can	cause	the	
observed	temporal	variability	are	differences	in	storm	duration	and	intensity	and	dif-
ferences	in	the	storage	capability	of	the	field	at	the	onset	of	the	storm	event.	Besides,	
infiltration	capacity	at	the	field	site	can	vary	over	the	seasons,	for	example	due	to	till-
age, seasonal crop cycles, and foraging birds perforating the upper soil.

The	average	fluxes	in	Figure	3.6C	show	drainage	outflow	displaying	the	type	of	behav-
ior	consistent	with	drainage	theory	(De	Zeeuw	and	Hellinga,	1958;	Kraijenhoff	van	der	
Leur,	1958	and	1962)	that	predicts	tailing	after	a	peak.	The	other	flow	routes	generate	
a more spiked response to rainfall. Particularly, these spiked responses are extremely 
variable	in	this	field	(compare	Figure	3.6A	and	Figure	3.6B).	This	also	shows	from	
the	maximum	contributions	of	these	other	flow	routes	to	the	total	discharge	during	a	
storm	event	(Table	3.1),	which	has	been	measured	to	be	up	to	67%	for	the	total	field	
site, but vary greatly between the reservoirs and storm events.

Rainfall event Dec 1 – 22, 
2007

Jan 19- Feb 1, 
2008

Mar 21 – 25, 
2008

Mar 30 – Apr 9, 
2008

Cum. rainfall per m ditch (m3) 15.6 14.8 6.60 8.10 
Reservoir 2 
OBflow 0.16, 1.1% 1.07, 7.2 % 0.37, 5.6% 0.33, 4.1% 
MaxC 51% 54% 34% 22% 
Reservoir 3 
OBflow 4.75, 31% 8.56, 58% 2.52, 38% 1.35, 17% 
MaxC 75% 89% 92% 84% 
Reservoir 1,2 and 3 
OBflow 1.64, 1.1% 3.21, 22% 0.96, 15% 0.56, 6.9% 
MaxC 51% 64% 67% 47% 

Table 3.1
The contribution of overland and biopore flow(OBflow) to the field site discharge during several 
rainfall events. OBflow is given in total fuxes (m3) and as a percentage of the total rainfall. OBflow 
fluxes were estimated by subtracting the discharge of reservoir 1, representing the groundwater 
flow, from the results of reservoirs 2 and 3. Volumes of water were divided by the width of the reser-
voirs. The maximum contribution of the OBflow during the rainfall event is given by MaxC (%)
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3.4.3 Water balance 
Figure	3.7	presents	the	cumulative	fluxes	of	the	field	site	(0.9	ha)	since	November	
1st,	2007.	The	spiky	behavior	of	the	rapid	flow	routes	resulted	in	a	nearly	horizontal	
cumulative reservoir discharge with sharp jumps during heavy rainfall. The more 
gradual drain discharge led to a more continuous slope that only approximated zero 
during the relatively dry period in April and May (Figure 3.6A). 

Over	the	seven	month	period	there	was	an	overall	water	balance	deficit.	The	deficit	
may have several causes: (1) the actual evapotranspiration is overestimated by as-
suming it equal to the potential evapotranspiration, (2) additional water enters the 
field	site	by	groundwater	flow	or	overland	flow	which	we	did	not	measure,	(3)	storage	
decreased	between	the	beginning	and	the	end	of	the	water	balance	period,	(4)	flux	
measurement errors and (5) an inaccurate estimation of the contributing area or even 
a non-stationary contributing area. Closing the water balance would need a measuring 
period of several years. However, it is expected that even the long term water balance 
will	give	a	deficit.

At the end of the observation period the phreatic water level dropped by 0.3-0.4 m 
(Figure 3.8) since the November 1st,	which	partially	explains	the	deficit.	Reduced	
evapotranspiration because of dry weather and a deep groundwater table contributed 
to	the	deficit	during	the	last	month	of	measurements,	because	only	then	evapotranspi-
ration was substantial compared to the rainfall. To close the water balance, we used a 
simple	procedure	to	estimate	an	additional	net	influx.	First,	we	selected	a	representa-

Figure 3.7
Water balance of cumulative fluxes observed at the 0.9 ha field site (solid lines). The dashed line 
combines storage change (negative when storage decreases) and net water influx. It is derived from 
the observed fluxes by requiring the balance to close.
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tive reference date. We chose December 15th , because the groundwater levels at this 
date approximate the average groundwater levels during the experimental period in 
a groundwater level recession period. Selecting the reference in a recession period is 
important	because	the	timing	of	groundwater	rise	can	differ	between	locations,	but	
all locations will be halfway in the recession around the same time. Whenever the 
groundwater levels equaled that of December 15th, we assumed that the amount of wa-
ter	storage	in	the	field	should	equal	the	storage	on	December	15th.	An	additional	influx	
of 0.3 mm d-1 was required to maintain a storage that corresponds to the measured 
groundwater heads (Figure 3.8) (i.e. zero storage change on all dates with groundwa-
ter levels equal to the December 15th groundwater level). This additional water may 
have	been	supplied	by	regional	scale	groundwater	flow,	but	may	also	have	originated	
from	overland	flow	from	adjacent	fields	that	infiltrated	on	our	field	site	or	flowed	
directly into our reservoirs. The water balance is summarized in Table 3.2.

The	groundwater	inflow	and	overland	flow	into	the	reservoirs	did	not	necessarily	have	
the	same	contributing	area	as	the	tile-drain	effluent.	At	the	field	site,	the	main	ground-
water	flow	direction	was	NNW-SSE,	following	the	topography	(Figure	3.3).	Therefore,	
the	source	area	of	the	groundwater	flow	towards	the	reservoirs	was	probably	situated	
NNW of the reservoirs, while the tile-drains were directed WNW. The contributing 
area	for	overland	and	biopore	flow	towards	the	reservoirs	is	limited	to	a	nearby	fre-

Figure 3.8 
Observed groundwater levels in the 15 monitoring wells around tile drain 1 (see Fig 3.3). On the 
second Y-axis the change of total storage within the field site is displayed. A net influx of 0.3 mm d-1 
is needed to keep a zero change of calculated storage whenever there is a zero change in ground-
water levels with respect to the reference level on December 15th.
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quently	ponded	part	of	the	field.	Overland	flow	from	another	frequently	ponded	part	
is directed towards the southern ditch. This uncertainty in the contributing surface 
area	might	also	explain	the	water	deficit	in	the	water	balance.	

From Table 3.2 it can be concluded that tile-drainage accounted for 80% of the total 
discharge,	confirming	the	relevance	of	the	tile-drainage	system	for	agricultural	land	
use	in	the	area.	Still,	20%	of	the	total	discharge	is	discharged	by	other	flow	routes,	pre-
dominantly	in	episodic	events	with	high	fluxes.	These	flow	routes	may	be	of	particular	
importance for the fate of sediment bound agricultural pollutants like heavy metals 
and phosphate.

3.4.4 Catchment and sub-catchment discharges
Figure 3.9A presents the hydrograph (in mm day-1) of the sub-catchment and Figure 
3.9B shows the hydrograph of the entire catchment. The data gap at the end of January 
in	Figure	3.9B	was	caused	by	an	electrical	power	failure.	The	field	site	hydrograph	
could be separated into drain discharge and reservoir discharge with contrasting 
responses	to	rainfall	and	dry	periods.	We	therefore	attempted	to	fit	the	sub-catchment	
and	catchment-scale	hydrographs	by	a	linear	combination	of	the	field-scale	route	
contributions to the hydrograph according to:

        

where qi		is	the	area	specific	stream	discharge	[L3 L-2 T-1] of the sub-catchment (i  = s ) 
or the catchment (i  = c ), t 	is	the	time	[T],	ai  and bi  are	dimensionless	fitting	param-
eters	that	weigh	the	contributions	of	the	area	specific	drain	discharge	qd	[L3 L-2 T-1] and 
the	area	specific	reservoir	discharge	qr  [L3 L-2 T-1]	measured	at	the	field	site;	Δti  [T]	is	a	
parameter (assumed constant) representing the time lag caused by the travel time in 
the	surface	water	system.	In	reality	Δti  may depend on the discharge. The parameters 
ai  , bi  ,	and	Δti		were	fitted	by	linear	regression.	Table	3.3	gives	the	fitted	values.

Balance Term Volume (m3) Volume (mm) 

Precipitation 4660 536 

Potential evapotranspiration 2007 231 

Tile-drain discharge 2985 343 

Rapid discharge 752 86 

Influx from groundwater or overland 
flow across the  site boundary 545 63 

Storage change -538 -62

Table 3.2
Water balance for the unsaturated  zone and the shallow groundwater of the 0.9 ha field site be-
tween November 1st, 2007 and May 28th , 2008 (208 days).

( ) )()( ridiii tqbtqattq ⋅+⋅=∆+        [1] 
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Figures 3.9A and 3.9B show the estimated contributions of drain discharge and 
alternative	flow	routes	(derived	from	the	in-stream	reservoir	discharge)	to	the	fitted	
total	discharge,	based	on	the	parameter	values	in	Table	3.3.	In	our	tile-drained	field	
site, 80% of the total discharge originated from the drains. The tile-drain contribu-
tion decreased with increasing scale from 67% in the sub-catchment to 59% in the 
entire	catchment	(Table	3.3).	The	effectiveness	of	tile-drains	at	the	field	site	cannot	be	
extrapolated to other scales because the ratio of ditch bank length per area changes 
from	field	site	to	sub-catchment	to	catchment-scale.	The	higher	this	ratio	the	larger	
the	contribution	of	groundwater	and	overland	flow	and	consequently	the	smaller	the	
contribution of tile-drain water to surface water discharge. This ditch bank length 
per area ratio is 5.0 km-1	(0.045/0.009)	for	the	field	site,	8.1	km-1 (3.06/0.38) for the 
sub-catchment and 15.6 km-1 (106/6.64) for the entire catchment. The increase of this 
ratio	corresponds	to	the	decrease	in	the	relative	contribution	of	tile-drain	flow	routes	
from	80%	at	the	field	site	to	67%	in	the	sub-catchment	and	59%	in	the	catchment.	
If we speculate that the reaction of the tile-drains on rainfall events are unique to tile-

Figure 3.9
Measured normalized hydrographs of the sub-catchment (A) and the entire catchment (B). The fit-
ted hydrographs of the sub-catchment and the entire catchments and the estimated contributions 
of tile-drain discharge and other flow routes according to Eq. [1] are given in different grayscales.

Table 3.3: 
Fitting parameters of Eq [1] for the sub-catchment and the catchment. The correlation coefficient R2 
indicates the goodness of fit between observed and fitted (sub)catchment discharges. The relative 
contribution of drain discharge to surface water discharge is also given, with the remaining fraction 
attributed to all other flow routes. 

Sub-catchment Catchment 
ai 0.83 0.54 
bi 1.61 1.50 

ti (hour) 1.7 3.1 
R2 0.83 0.90 
Fraction drain discharge during 
observation period 0.67 0.59 
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drains, ai  is an estimate of the fraction tile-drained area. This simple estimate gives 
83% for the sub-catchment and 54% for the total catchment. These estimates lie well 
within the range of expected values (70-90 % for the sub-catchment and 50-70 % for 
the entire catchment). Together with a decreasing area being tile-drained at increas-
ing spatial scales, the increasing ditch bank length per area at increasing spatial scales 
causes a decreasing contribution of tile-drain discharge with larger spatial scales. 

The consistency of the results of this relatively elementary procedure for scaling up 
the	flow	route	contributions	measured	at	the	field-scale	is	remarkable.	Within	the	
catchment	there	are	many	variables	that	may	affect	the	discharge	routes	of	water	
towards the surface water system. Variables like the heterogeneity of the subsurface, 
surface water storage behind weirs, and the geometry of the drainage network were 
not taken into account. In addition, setup and maintenance level of the subsurface tile-
drain systems within the catchment were not known. Nevertheless, these results show 
that	the	field-scale	flux	measurements	of	individual	flow	routes	are	useful	for	under-
standing the discharge behavior of surface water at catchment-scales. 

3.4.5 Catchment-scale nitrate concentrations
The	results	of	the	nitrate	measurements	from	the	sampling	at	the	field	site	and	from	
the entire catchment during March and April of 2008 are summarized in Figure 3.10. 
The mean nitrate concentration was 9.1 mg L-1  in the in-stream reservoirs, 18.6 mg L-1 
in	the	drainage	outflow	at	the	field	site,	and	71.2	mg	L-1 in the drains within the catch-
ment. 

The low nitrate concentrations in the in-stream reservoirs can be explained by the 
low nitrate concentrations in the contributing deeper groundwater, direct precipita-
tion,	and	overland	and	biopore	flow.	The	tile-drains	tap	the	upper	groundwater	with	
relatively	high	nitrate	concentrations.	The	nitrate	concentrations	in	the	field	site	tile-
drains are in the lower range of the nitrate concentrations measured in the catchment.

At	the	field	site,	the	measured	nitrate	concentrations	varied	more	in	the	drainage	
outflow	than	in	the	in-stream	reservoirs.	The	variation	in	the	drains	distributed	over	
the catchment was much larger, with an asymmetric distribution (Figure 3.10). The 
extremes	in	the	distribution	of	catchment	values	(>	3	times	the	mean,	>	6	times	the	
median)	significantly	affected	the	total	nitrate	loading	at	the	catchment-scale.

The	field-scale	discharge	measurements	revealed	the	important	contribution	of	the	
overland	and	biopore	flow	route	contributions	collected	by	the	reservoirs	during	
heavy precipitation events. Figure 3.10 suggests that this could lead to a reduction 
in nitrate concentrations during these events. This was examined for two rainfall 
events between March 15 and 21, 2008 using the nitrate measurements at 10-minute 
intervals at the catchment outlet. The measured discharge and nitrate concentration 
patterns during the event are shown in Figure 3.11. The measured nitrate concentra-
tions indeed showed the expected behavior. 



53

To	verify	if	the	relative	contributions	of	the	overland	and	biopore	flow	route	to	the	
total	discharge	observed	at	the	field	site	could	explain	the	observations,	the	nitrate	
concentrations in the stream at the catchments outlet were calculated by:

Where c		is	the	nitrate	concentration	[M	L-3] at the catchment outlet,  dc and rc are the 
average	nitrate	concentrations	[M	L-3]	for	the	tile-drain	flow	route	and	for	all	other	
flow	routes.	The	water	fluxes	were	calculated	from	Eq	[1],	with	the	parameters	ai  and 
bi  from Table 3.2. The value of  dc was set to 71.2 mg L-1 and rc to 9.1 mg L-1, equal to 
the	catchment-scale	average	for	the	tile-drain	nitrate	concentrations	and	the	field-
scale average for the in-stream reservoirs, respectively. It is assumed that these con-
centrations were constant in time during two subsequent rainfall events. To conclu-
sively validate this assumption, high-frequency nitrate concentration observations of 
tile-drain	flow	and	in-stream	reservoir	flow	at	the	field	site	would	have	been	needed.	
However, this assumption is supported by weekly measurements that show little 
response to precipitation events.The calculated nitrate concentrations for the catch-
ment outlet are shown together with the measured concentrations in Figure 3.11B. 
The calculated nitrate concentrations for the large rainfall event on March 21th are 
close to the measured concentrations. However, the decrease in nitrate concentrations 
that is observed during the small rainfall event on March 16th is completely missed by 
the	mixing	model.	Instead,	the	linear	flow	route	mixing	model	gave	increased	nitrate	
concentrations.	At	the	field	site	tile-drain	discharge	had	increased	while	no	increase	

Figure 3.10 
Boxplots of nitrate concentration measurements. The left side boxes represent the field site. The 
right side boxplot is based on measurements from drains throughout the catchment. The solid line 
within each box plot is the median concentration; the dotted line is the mean concentration. The 
lower and upper side of the box represent the 0.25 and the 0.75 quantile. The whiskers extend to 
the maximum and minimum value unless these values are larger or smaller then 1.5 times the box 
length. The number of data points is indicated by n.
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in	in-stream	reservoir	flux	was	observed.	Based	on	the	measured	decrease	in	nitrate	
concentrations	this	increase	in	in-stream	reservoir	flux	was	expected.	For	this	dis-
charge	event	the	measurements	at	the	field	site	were	not	representative	for	the	entire	
catchment. 

During the larger discharge events the large discharge peaks of the catchment were 
caused	by	the	flux	that	was	measured	with	the	in-stream	reservoirs	(Fig	3.9B).	Com-
paring these large discharge events with the small discharge events between March 
and	April,	it	appears	that	the	measurements	at	our	field	site	underestimated	the	
catchment-representative	flux	to	the	in-stream	reservoirs.	By	postulating	that	the	dif-
ference	between	measured	and	modeled	flux	during	this	small	discharge	peak	mainly	
originated	from	overland	and	biopore	flow	from	locations	that	react	faster	than	our	
field	site,	we	can	construct	a	new	prediction	of	nitrate	concentrations.	This	corrected	
prediction of catchment-scale nitrate concentrations is shown in Fig 3.11B and is 
defined	by:

with qtot [L3 L-2 T-1] the measured catchment-scale discharge. A much better predic-

Figure 3.11 
Observed precipitation, discharge, and nitrate concentrations during a selected rainfall event. Drain 
discharge and discharge from other flow routes were separated according to Eq. [1] and Table 3.3. 
From these contributing fluxes, the nitrate concentrations were calculated with Eq. [2] (predicted 
NO3-conc in 3.11B). A corrected nitrate concentration based on the difference between the meas-
ured catchment discharge and the simulated discharge also given (Cor. predection NO3-conc).
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tion of the nitrate concentrations during the small discharge event of March 16th was 
obtained after this correction.

During	the	low	flow	periods,	the	fluxes	from	the	groundwater	towards	the	in-stream	
reservoirs	were	low.	Because	these	fluxes	were	derived	from	pumping	intervals,	we	
did	not	measure	a	continuous	flux,	but	rather	a	stepwise	cumulative	flux.	Smoothing	
this	stepwise	cumulative	flux	resulted	in	a	fluctuating	groundwater	flux	causing	the	
fluctuating	behavior	of	the	nitrate	concentration	in	Figure	3.11B.	Also,	the	exact	tim-
ing	of	the	onset	of	the	fluxes	is	partly	filtered	out	by	the	pumps.	This	caused	the	high	
nitrate concentrations at the onset of the large rainfall event (March 21th) when the 
increase	in	in-stream	flux	occurred	later	than	the	increase	in	the	drainage	flux	(Figure	
3.11B).

3.4.6 Field-scale versus catchment-scale responses to rainfall
In	setting	up	an	observation	network	to	monitor	fluxes	at	nested	spatial	scales	within	
a catchment, the smaller scale observations should not be considered representative 
for	the	catchment;	a	field	is	not	a	miniature	catchment,	but	one	individual	of	a	large	
population of units constituting the catchment. This is illustrated during the small dis-
charge event on March 16th.	The	field	site	had	no	increased	flux	towards	the	in-stream	
reservoirs but other locations had, as can be deduced from the observed decrease in 
nitrate concentrations.

The value of the nested-scale monitoring lies in the increased understanding of how 
field-scale	processes	influence	catchment	scale	discharge	and	water	quality.	In	our	
catchment	we	needed	the	field	site	to	reveal	how	the	fast	flow	routes	dominated	by	
overland	and	biopore	flow	caused	a	decrease	in	nitrate	concentration	during	rainfall	
events.	Because	of	the	recession	behavior	of	the	groundwater	flow	route,	the	overland	
and	biopore	flow	route,	and	the	tile-drain	flow	route	after	rainfall	events	are	distinctly	
different,	which	enabled	us	to	upscale	the	flow	route	contributions	from	the	field	site	
to	the	total	catchment.	Even	for	events	for	which	the	field	site	measurement	were	not	
representative for the total catchment, like the March 16th-event, the typical recession 
behavior	of	the	fast	flow	route	during	larger	discharge	events	allowed	us	to	estimate	
the	contribution	of	the	fast	flow	routes	to	the	catchment	discharge.	

Based	on	the	field	site	measurements,	it	is	now	also	possible	to	explain	differences	
with results from other studies on seemingly comparable sites. Tiemeyer et al. (2008) 
used a similar mixing model approach to model surface water nitrate concentrations 
in a lowland catchment in Northeast Germany. They separated the discharge into a 
base	flow	and	a	fast	flow	route	with	constant	concentrations	and	they	used	Eq.	[2]	
to	calculate	the	surface	water	concentrations.	However,	their	fast	flow	route	was	as-
signed the highest concentration, producing higher nitrate concentrations during dis-
charge peaks. In addition, Rozemeijer and Broers (2007) and Wriedt et al. (2007) also 
found higher nitrate concentrations during wet periods for lowland catchments in the 
Netherlands and Germany. These results seem to contradict the low nitrate values for 
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the	rapid	flow	route	found	in	this	study.	This	contradiction	arises	from	the	differences	
in hydrology between the Hupsel catchment and the catchments studied by Tiemeyer 
et al. (2008), Rozemeijer and Broers (2007), and Wriedt et al. (2007). The Hupsel 
brook	catchment	has	a	shallow	unconfined	aquifer	with	an	average	thickness	of	only	
four	meters	and	a	dense	artificial	drainage	system.	This	results	in	relatively	short	resi-
dence	times	and	a	relatively	small	groundwater	flow	(base	flow)	route	contribution	
towards	the	surface	water	system	compared	to	tile-drain	flow	and	overland	flow.	This	
is	shown	by	the	flatness	of	the	cumulative	in-stream	reservoir	discharge	during	dry	
periods in Figure 3.7. The rapid response to precipitation events in the Hupsel catch-
ment	consists	of	overland	flow,	interflow,	and	direct	precipitation	with	low	nitrate	
concentrations. Similar decreasing nitrate concentrations during rainfall events in 
agricultural catchments have been observed by Borah et al. (2003), Chang and Carlson 
(2004), and Poor and McDonnell (2007).

The catchments studied by Tiemeyer et al. (2008), Rozemeijer and Broers (2007), and 
Wriedt	et	al.	(2007)	on	the	other	hand,	have	much	thicker	unconfined	aquifers	and	
longer	residence	times.	The	more	important	base	flow	contribution	in	these	catch-
ments consists of deep groundwater with low nitrate concentrations. During precipi-
tation	events,	shallow	groundwater	and	drain	effluent	with	high	nitrate	concentra-
tions start to contribute, resulting in an increase of nitrate concentrations in the main 
streams. This comparison between the Hupsel catchment and the catchments studied 
by Tiemeijer et al. (2008), Rozemeijer and Broers (2007), and Wriedt et al. (2007) 
shows	the	value	of	the	process	based	field-scale	measurements.	

3.5 Conclusions

To	reduce	catchment	discharge	model	uncertainty	and	equifinality	of	parameteri-
zations,	measurements	of	the	flow	route	contributions	to	the	total	discharge	are	
essential.	Our	field-scale	results	for	the	Hupsel	brook	catchment	showed	that	various	
rapid	flow	routes	towards	the	surface	water	system	exist.	The	method	of	decoupling	
the	drainage	effluent	and	constructing	a	reservoir	in	the	ditch	that	collects	groundwa-
ter	inflow,	interflow,	and	overland	flow,	offered	a	feasible	way	to	capture	these	various	
fluxes.

In	spite	of	the	large	differences	between	individual	tile-drains	and	in-stream	reser-
voirs, the signals of their average discharges proved to be characteristic for the larger 
scale levels. The main features of the hydrographs (particularly the spikes caused by 
rapid	flow	routes)	were	conserved	over	all	observation	scales	in	this	study.	Therefore	
we	conclude	that	the	field-scale	flux	measurements	of	individual	flow	routes	are	very	
useful to understand and quantitatively interpret the discharge and water quality 
behavior of surface water at catchment-scale.



57

The nested experimental setup enabled us to understand the discharge and nitrate 
transport	mechanisms	of	the	Hupsel	Brook	catchment.	The	presented	linear	flow	
route	mixing	model	to	describe	catchment	discharge	and	nitrate	transport	from	field-
scale	flow	route	measurements	is	a	first	step	towards	a	better	understanding	of	the	
complexity of transport mechanisms at the catchment-scale. The dataset of discharge 
and	nitrate	fluxes	from	field-scale	to	catchment-scale	will	prove	highly	valuable	for	
development and validation of more complex models that include nested-scale hy-
drologic	processes.	More	high-frequency	concentration	observations	at	the	field	and	
catchment-scale are desirable to increase insight in the behavior of solute concentra-
tions	of	individual	flow	routes	during	rainfall	and	discharge	events.

The	study	reported	here	is	the	first	in	which	all	major	flow	routes	were	observed	si-
multaneously	at	the	field	site.	A	comparison	with	the	results	of	other	studies	revealed	
that	quantifying	field-scale	flow	routes	is	the	key	to	a	successful	separation	of	the	total	
catchment	discharge	into	flow	route	contributions.
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Ype installing soil moisture sensors in a pit at the experimental field

Part I

Processes
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4
4.1 Abstract

Understanding	water	and	contaminant	transport	processes	is	crucial	for	effective	wa-
ter	quality	management,	monitoring,	and	modeling.	A	quantification	of	the	temporal	
variable	contributions	of	groundwater,	tile-drain	effluent,	and	overland	flow	to	surface	
water solute loading would enhance understanding of the dynamics in surface water 
quality. In addition, acquaintance with water and solute pathways from agricultural 
fields	towards	the	surface	water	system	is	important	for	selecting	appropriate	water	
pollution	mitigation	options.	For	this	study,	we	physically	separated	tile-drain	effluent	
and	groundwater	discharge	from	an	agricultural	field	before	it	entered	a	43.5	meter	
ditch transect. Through continuous discharge measurements and weekly water qual-
ity	sampling,	we	directly	quantified	the	flow	route	contributions	to	the	total	annual	
contaminant	loads	from	our	experimental	field	towards	the	surface	water	system.	
The multi-scale experimental approach allowed us to relate these measurements to 
field-scale	NO3 concentration patterns in shallow groundwater and to continuous NO3 

records at the catchment outlet. Our results show that the tile-drains were the major 
route towards the surface water for many solutes, including nutrients (NO3, P, K) and 
heavy metals (Cd, Cu, Ni, Zn, Pb). The tile-drains contributed 80% of the total annual 
discharge and 89-93% of the total annual NO3 and heavy metals loads from the experi-
mental	field	to	the	ditch.	Considering	their	crucial	role	in	water	and	solute	transport,	
enhanced monitoring and modeling of tile-drainage is important for adequate water 
quality management. 

Chapter

Direct measurements of the tile-drain and groundwater flow 
route contributions to surface water contamination: 
from field-scale concentration patterns in groundwater to 
catchment-scale surface water quality 

Joachim Rozemeijer, Ype van der Velde, Frans van Geer, Hans Peter Broers, and Marc Bierkens
Published in Environmental Pollution
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4.2 Introduction

Surface water pollution is a serious problem in areas with intensive agriculture such 
as	the	Netherlands	(Oenema	et	al.,	2007;	Campling	et	al.,	2005).	Policy	makers	of	the	
European Union and elsewhere in the world aim at improving water quality (e.g. EU, 
2000).	For	finding	adequate	solutions,	understanding	the	transport	mechanisms	of	
contaminants through catchments is essential. However, solute transport involves a 
dynamic	and	complicated	combination	of	flow	routes	along	which	solutes	can	travel	
from	the	field	surface	to	the	surface	water	system.	In	general,	agrochemicals	can	be	
transported	from	the	land	surface	towards	the	surface	water	through	overland	flow,	
interflow,	and	groundwater	flow	(e.g.	Beven	and	Kirkby,	1979;	Van	der	Perk,	2006).

A	quantification	of	the	flow	route	contributions	to	surface	water	contaminant	load-
ing is important for two main reasons. Firstly, weather-induced changes in relative 
contributions	of	different	flow	routes	to	surface	water	discharge	are	important	drivers	
for	variations	in	surface	water	quality	(Rozemeijer	and	Broers,	2007;	Wriedt	et	al.,	
2007;	Van	der	Velde	et	al.,	in	prep.).	Therefore,	the	interpretation	of	surface	water	
quality	data	would	benefit	from	an	improved	understanding	of	variations	in	flow	route	
contributions. Weather-induced variations in surface water quality often conceal pos-
sible human induced trends, which hinders the evaluation of action programs or pilot 
studies to improve surface water quality. The second major motivation for quantifying 
relative	flow	route	contributions	is	the	selection	of	adequate	measures	to	improve	
surface water quality. For example, mitigating the leaching of contaminants to the 
groundwater	is	not	effective	when	overland	flow	is	the	major	route	for	contaminants	
towards the surface water system. 

When	studying	solute	transport	in	agricultural	catchments,	the	presence	of	artificial	
drainage networks of ditches and subsurface tile-drains needs to be taken into ac-
count. Subsurface tile-drains are an additional route for water and solute transport 
towards	the	surface	water	and	reduce	the	importance	of	the	more	natural	flow	routes.	
In general, ditches and drains shorten the residence times in the shallow groundwa-
ter by tapping the phreatic aquifer. This causes an acceleration of the lateral transfer 
of nutrients and other agrochemicals through the hydrologic system. For example, 
Stamm et al. (1998) and Heathwaite and Dils (2000) demonstrated the accelerated 
transport	of	phosphorus	in	tile-drained	fields,	while	Kladivko	et	al.	(2001)	studied	the	
enhanced transport of pesticides.

In	previous	research,	indirect	methods	for	estimating	flow	pathways	provided	some	
insight	into	the	dynamic	behaviour	of	flow	route	contributions.	Hydrograph	separa-
tion using the signatures of chemical tracers is a widely used indirect method to esti-
mate	the	contributions	of	two	or	three	different	flow	routes	to	the	stream	discharge	
(e.g.,	Ladouche	et	al.,	2001;	Soulsby	et	al.,	2003).	A	major	limitation	of	chemically	
based hydrograph separation is the assumption that the tracer concentrations of the 
individual	flow	routes	are	constant	in	time.	In	fact,	different	studies	showed	variable	
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solute concentrations for example in upper groundwater (Bjerg and Christensen, 
1992;	Rozemeijer	et	al.,	2009),	tile-drain	effluent	(De	Vos	et	al.,	2000;	Jaynes	et	al.,	
2001;	Stamm	et	al.,	2002;	Gächter	et	al.,	2004;	Tiemeyer	et	al.,	2006),	and	overland	
flow	(Langlois	and	Mehuys,	2003).

Regional mass balancing based on measurements is another frequently used indirect 
method	for	estimating	flow	route	contributions.	For	example,	Van	den	Eertwegh	et	al.	
(2006) attempted to determine the balances of water, chloride, nitrate, and phos-
phorus for a catchment within an area of reclaimed land (polder). However, not all 
balance terms could be derived directly from their monitoring data. Therefore, the 
contributions	of	overland	flow	and	groundwater	seepage	to	surface	water	discharge	
and solute loads were estimated through hydrological modeling. 

Direct	measurements	of	flow	route	contributions	to	surface	water	contamination	
would enhance understanding of water and solute transport and variations in surface 
water	quality.	Van	der	Velde	et	al.	(2010)	described	a	novel	field-scale	experimental	
setup	that	separately	captured	both	tile-drain	effluent	and	groundwater	discharge	
from	an	agricultural	field	before	it	entered	a	ditch.	While	Van	der	Velde	et	al.	(2010)	
focused	on	the	flow	route	contributions	to	surface	water	discharge,	this	paper	uses	the	
same	experimental	setup	for	a	direct	quantification	of	the	flow	route	contributions	to	
surface water contaminant loading. The objectives of this study were (1) to quantify 
the tile-drain and groundwater contributions to surface water contamination using 
direct	field-scale	measurements	and	(2)	to	relate	these	contributions	to	field-scale	
patterns in groundwater quality and to catchment-scale variations in surface water 
quality.

4.3 Methods

4.3.1 Study area
A multi-scale experimental setup was installed in the agricultural lowland Hupsel 
brook catchment in the eastern part of The Netherlands (Figure 4.1) (52o03’	N;	6o38’ 
E). The size of this catchment is 6.64 km2, with surface elevations ranging from 22 to 
36	m	+MSL	(above	mean	sea	level).	Within	the	Hupsel	catchment,	the	outflow	location	
and a 9000 m2	experimental	field	were	the	main	research	locations	(Figure	4.1).	The	
surface	elevations	at	the	experimental	field	range	between	27.5	and	28.5	m.	An	artifi-
cial	ditch	with	an	average	depth	of	1.2	m	borders	the	experimental	field	at	the	eastern	
side.	The	experimental	field	is	tile-drained	with	spaces	of	14.5	m	between	individual	
tile	drains.	The	drains	discharge	into	the	eastern	ditch	at	90	cm	below	the	field	surface	
level. For more information on the Hupsel catchment and a detailed description of all 
installations and measurements, we refer to Van der Velde et al. (2010). 
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4.3.2 Physical separation of flow route contributions
To	separate	the	fluxes	toward	the	eastern	ditch	via	different	routes,	three	adjacent	
sheet pile reservoirs were built in the ditch. Each in-stream reservoir was constructed 
around a single tile-drain outlet. Together, the three in-stream reservoirs stretched 
along a 43.5 m ditch transect (Figure 4.2). The wooden sheet piles were driven into 
the low conductivity Miocene clay layer at 3 to 4 m depth to capture all groundwater 
flow	from	the	field	into	the	ditch.	The	in-stream	reservoirs	captured	overland	flow,	
interflow,	direct	precipitation,	and	groundwater	inflow	from	the	thin	sandy	aquifer	
above the Miocene clay. Water levels in the in-stream reservoirs and in the adjacent 
ditch were measured using pressure sensors. The water levels inside the in-stream 
reservoirs were maintained at the ditch water level by pumps. Excess water was 
pumped from the in-stream reservoirs into the ditch and the pumped volumes were 
recorded	with	digital	flux	meters.

The	effluent	from	the	tile-drains	was	separated	from	the	other	flow	routes	by	connect-
ing	each	drain	outlet	to	a	500	L	vessel	using	a	flexible	tube	(Figure	4.2).	The	vessels	
were	partly	dug	into	the	ditch	bottom	and	they	were	allowed	to	fill	up	to	the	tile-drain	
outlet	height,	which	led	to	an	effective	storage	capacity	of	about	200	L.	When	this	wa-
ter	level	was	reached,	the	water	was	pumped	into	the	ditch	and	the	flux	was	measured	
with	digital	water	flux	meters.	In	a	natural	situation,	the	surface	water	pressure	affects	
the	tile-drain	flow	rates	whenever	the	tile-drain	outlets	are	below	the	ditch	water	
level.	To	imitate	this	effect,	floaters	were	attached	to	the	flexible	tubes	that	connected	
the	drains	to	the	collection	vessels.	Water	leaving	the	drains	had	to	flow	up	to	the	ditch	
level before being discharged into the vessels.

4.3.3 Water quality measurements
At	the	experimental	field,	we	collected	water	samples	of	groundwater,	tile-drain	efflu-
ent, and in-stream reservoir water from November 2007 to December 2008. Samples 
were taken weekly from the drain discharge vessels and the in-stream reservoirs us-
ing a peristaltic pump. During the dry summer period (July to October), the tile-drains 
and in-stream reservoirs occasionally ran dry and sampling was sometimes not pos-

Figure 4.1 
Location of the Hupsel catchment and the experimental field. The field sketch shows the three 
measured tile-drains and the location of the in-stream reservoirs. 
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sible. During this period, we reduced the sampling to a biweekly scheme. The samples 
were	filtered	in	situ	(0.45	µm)	and	the	electrical	conductivity	(EC)	and	pH	were	meas-
ured	directly	in	the	field.	The	samples	were	analyzed	within	48	hours	using	IC	(NO3, 
SO4, Cl), ICP-AES (Na, K, Ca, Fe, Mg, Si), ICP-MS (P, Al, Ni, Cu, Zn, Cd, Pb), AA (NH4). 
HCO3 was measured by titration. Samples with deviating results for ions measured by 
more than one analyze method and samples with an ionic unbalance were reanalyzed. 

On	1	March	2007,	overland	flow	was	observed	throughout	the	Hupsel	catchment	dur-
ing	a	field	visit.	Therefore,	we	initiated	a	provisional	and	unprepared	sampling	survey	
of	overland	flow	water.	We	were	not	able	to	obey	the	standard	sampling	procedures;	
the	samples	were	not	filtered	in	situ;	the	samples	were	collected	in	0.5	L	polyethylene	
food	containers;	and	the	samples	were	not	analyzed	within	48	hours.	Therefore,	the	
results of this survey should be interpreted with caution. Still, this event was an excel-
lent	opportunity	to	gain	insight	into	the	chemical	characteristics	of	overland	flow.	The	
overland	flow	that	we	collected	in	the	in-stream	reservoirs	during	some	events	(see	
Van der Velde et al., 2010) was mixed with direct precipitation water and groundwa-
ter.	We	sampled	the	overland	flow	entering	the	surface	water	at	20	locations	through-
out the Hupsel catchment of which 10 were on arable land (mainly maize) and 10 on 
grass land.  

Figure 4.2
Picture of the complete setup with collector vessels for drain discharge, pumps, and water flux 
meters. The shed in the back houses the data acquisition and control equipment.
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4.3.4 NO3 measurements from point- to catchment-scale
For	relating	the	flow	route	contributions	to	field-scale	groundwater	quality	and	
catchment-scale variations in surface water quality, we focused on Nitrate (NO3). In 
agricultural catchments NO3 is one of the most problematic substances in surface 
water	and	groundwater	(e.g.	Hooda,	2000).	At	the	experimental	field,	we	mapped	
the spatial distribution of NO3 concentrations in shallow groundwater on October 
10th	2008.	A	stratified	random	sampling	strategy	was	used	for	selecting	the	measure-
ment	locations.	This	approach	provided	both	a	good	coverage	over	the	field	as	well	
as a wide range of inter-location distances. At the 62 selected locations, temporary 
boreholes were cored down to 50 cm below the groundwater level. We extracted the 
groundwater samples using a peristaltic pump. Directly after the sample collection, all 
samples were analyzed for NO3 using a Hydrion-10 multi-parameter probe (Hydrion 
BV Wageningen, the Netherlands).

At the catchment-scale, we monitored NO3	concentrations	in	effluent	from	23	tile-
drains from November 2007 to December 2008. The tile-drains were randomly 
selected	from	grass	fields	and	arable	land	owned	by	collaborative	farmers.	We	used	
SorbiCell-samplers for the NO3 concentration measurements. The SorbiCell is a new 
passive sampling technique that measures average concentrations over longer peri-
ods of time (days-months). An evaluation of SorbiCells based on duplicate analyses 
and comparison to conventional grab sampling and continuous measurements was 
published by Rozemeijer et al. (2010). From November 2007 to December 2008, we 
monthly replaced the SorbiCells at the 23 tile-drains. 

At the catchment outlet we collected weekly samples as well as continuous concentra-
tion	measurements.	The	grab	sampling	procedures	are	equal	to	the	tile-drain	effluent	
and in-stream reservoir sampling. The continuous NO3 concentrations were recorded 
using a Hydrion-10 multi parameter probe. Water from the brook was pumped in a 
flow-through	cell,	in	which	the	probe	was	placed.	Values	of	NO3 concentrations were 
stored every 10 minutes. The probe was cleaned and calibrated weekly.

4.4 Results

4.4.1 Flow route discharge measurements
The	dynamical	behavior	of	the	measured	flow	route	discharges	from	November	2007	
until May 2008 have been elaborated by Van der Velde et al. (2010). Here, we present 
the	measurements	for	November	2007	through	October	2008	and	we	briefly	describe	
the most relevant features. Figure 4.3a and b give the measured total contributions of 
the three tile-drains and in-stream reservoirs to the total discharge from the experi-
mental	field	towards	the	43.5-meter	ditch	transect.	During	the	relatively	wet	winter	
period from November 2007 to April 2008, the tile-drains were continuously active 
(Figure 4.3a). In April, the transition to the dryer summer period took place. During 
May to October 2008, the tile-drains repetitively ran dry after extended dry periods 
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and were re-activated during rainfall events.     

In general, the discharge of the three in-stream reservoirs (Figure 4.3b) was smaller 
than the total tile-drain discharge. However, both heavy rainfall events and prolonged 
droughts induced periods during which the tile-drain discharge was exceeded by 
the in-stream reservoir discharge. During some major rainfall events, the in-stream 
reservoir	flow	showed	evident	spikes	up	to	1.2	L	s-1. We observed overland and 
biopore	flow	contributing	to	the	in-stream	reservoir	discharge	during	heavy	rainfall	
events, which is the likely cause of these short peaks (see also Van der Velde et al., 
2010). After dry periods in summer, the in-stream reservoir discharge also repetitively 
exceeded the tile-drain discharge. While the tile-drains repetitively ran dry during May 
to October 2008, the groundwater continued contributing to the ditch discharge. Only 
after prolonged dry periods, this groundwater contribution stopped and the ditch ran 
dry.

Figure 4.3 
Contributions of tile-drains and in-stream reservoirs to the total discharge from the experimental 
field to the 45-meter ditch transect. Figure 4.3a and 4.3b give summed discharges from the three 
tile-drains and the three in-stream reservoirs, Figure 4.3c gives the relative proportions of tile-drain 
flow and in-stream reservoir flow to the total ditch discharge. Note that the precision of relative 
proportions is lower during low flow periods.   
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The	total	discharge	from	the	experimental	field	towards	the	43.5-meter	ditch	transect	
for November 2007 to October 2008 summed up to 4.24.103 m3. Of this volume, 80% 
(3.38.103 m3) was discharged by the tile-drains and 20% (8.58.102 m3) was discharged 
through	the	in-stream	reservoirs.	Nevertheless,	these	relative	flow	route	contributions	
appeared to be highly variable in time (Figure 4.3c). The relative tile-drain contri-
bution varied between 0% and 95%. Accordingly, the relative in-stream reservoir 
contribution varied between 5% and 100%. During November 2007 to April 2008, the 
average tile-drain contribution was 83%. In response to some major rainfall events, 
the relative tile-drain contribution decreased in favor of the in-stream reservoir con-
tribution. From May 2008 onward, periods without tile-drain discharge and a 100% 
in-stream reservoir contribution occurred. During the intermittent wet periods, the 
tile-drain contribution climbed back to around 80% (Figure 4.3c).

 4.4.2 Flow route chemical composition    
The	results	of	the	water	quality	measurements	of	tile-drain	effluent	and	in-stream	res-
ervoir water are summarized in Figure 4.4 and Table 4.1. To ensure that the in-stream 
reservoirs represented the groundwater contribution, we excluded the periods with 
overland	flow	from	the	presented	water	quality	data.	For	several	components,	the	
tile-drain	and	groundwater	flow	routes	showed	large	differences	in	concentrations.	
Generally, higher concentrations of nutrients and heavy metals occurred in the tile-
drain	effluent	relative	to	the	discharged	groundwater.	The	results	of	a	non-parametric	
Wilcoxon	matched	pairs	test	show	the	significance	of	the	difference	between	the	con-
centrations	in	tile-drain	effluent	and	groundwater	discharge	(Table	4.1).	The	tile-drain	
effluent	concentrations	were	significantly	(p<0.001)	higher	for	NO3, P, K, NH4, Mg, Na, 
Cl, Al, Cd, Cu, Ni, Pb, and Zn. The only solutes with somewhat higher concentrations 
in the discharged groundwater were Ca and HCO3. This indicates that groundwater is 
enriched in Ca and HCO3 by the dissolution of calcite from subsurface sediments. The 
pH	of	tile-drain	effluent	was	significantly	lower	than	the	pH	of	discharged	groundwa-
ter.	The	EC	was	significantly	higher	in	the	tile-drain	effluent.	

	The	results	of	the	provisional	concentration	measurements	of	overland	flow	through-
out the catchment are summarized in table 4.2. Overall, the nutrient and heavy metal 
concentrations varied a lot between the locations. Especially the P and Cu concentra-
tions	in	overland	flow	appeared	to	be	high	relative	to	the	maximum	allowable	con-
centrations and to the concentrations in other compartments. The nutrient and heavy 
metal	concentrations	were	generally	somewhat	higher	in	overland	flow	from	arable	
land	than	in	overland	flow	from	grass	land.	During	severe	rainfall	events,	up	to	67%	of	
the	surface	water	discharge	originated	from	overland	and	biopore	flow	at	our	experi-
mental	field	(Van	der	Velde	et	al.,	2010).	Consequently,	the	chemical	composition	of	
overland	flow	will	temporally	have	a	large	influence	on	surface	water	quality	during	
these	events.	However,	the	contribution	of	overland	flow	to	the	total	annual	discharge	
and solute loads is considered to be very small (up to 1-2%).  
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Figure 4.4 
Boxplots summarizing the results of the weekly water quality measurements of tile-drain effluent 
and in-stream reservoir water for November 2007 to October 2008.

  Mean concentration (95% confidence interv.) Wilcoxon matched 

pairs test p-level Solute n Tile-drains In-stream reservoirs 

pH 61 5.91 (5.85-5.96) 6.34 (6.26-6.41 7.38·10
-11 

EC 64 422 (400-443) 358 (350-367) 1.06·10
-7 

NO3 (mg·L
-1

) 76 18.7 (15.5-21.9) 7.45 (5.98-8.92) 8.10·10
-7

 

P (g·L
-1

) 76 93.7 (80.0-107) 64.3 (54.9-73.8) 5.69·10
-6 

SO4 (mg·L
-1

) 76 70.0 (65.4-74.5) 61.9 (59.5-64.3) 2.46·10
-3

 

K (mg·L
-1

) 76 18.7 (17.1-20.3) 10.9 (10.5-11.4) 1.94·10
-12 

NH4 (mg·L
-1

) 76 0.86 (0.70-1.03) 0.48 (0.42-0.55) 2.45·10
-5

 

Mg (mg·L
-1

) 76 10.1 (9.68-10.5) 7.26 (7.07-7.45) 4.89·10
-14 

Na (mg·L
-1

) 76 19.9 (18.6-21.3) 16.6 (16.25-17.0) 1.58·10
-5 

Fe (mg·L
-1

) 76 5.49 (4.29-6.69) 3.48 (2.55-4.40) 4.34·10
-3 

Ca (mg·L
-1

) 76 31.7 (30.6-32.9) 33.9 (33.0-34.8) 4.94·10
-4

 

HCO3 (mg·L
-1

) 76 67.2 (61.0-73.3) 78.3 (74.8-81.8) 6.88·10
-3

 

Cl (mg·L
-1

) 76 26.3 (24.2-28.3) 19.8 (18.9-20.7) 2.02·10
-12

 

Si (mg·L
-1

) 76 3.90 (3.81-3.99) 3.63 (3.31-3.96) 7.48·10
-1

 

Al (g·L
-1

) 69 582 (537-627) 145 (123-167) 5.33·10
-13

 

Cd (g·L
-1

) 69 0.14 (0.12-0.15) 0.045 (0.039-0.050) 9.82·10
-13

 

Cu (g·L
-1

) 69 10.2 (9.13-11.4) 3.13 (2.63-3.63) 2.31·10
-11

 

Ni (g·L
-1

) 69 30.0 (26.7-33.3) 15.7 (13.9-17.6) 7.09·10
-8

 

Pb (g·L
-1

) 69 0.44 (0.38-0.51) 0.20 (0.16-0.23) 1.29·10
-8

 

Zn (g·L
-1

) 69 17.5 (15.6-19.3) 8.05 (7.14-8.95) 1.41·10
-11

 

 

Table 4.1
Mean concentrations in tile-drain effluent and in-stream reservoir water and results of Wilcoxon 
matched pairs tests for testing the significance of the difference.
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4.4.3 Flow route load estimates
The combined discharge and concentration measurements also allowed us to estimate 
the solute loads from the tile-drains and the in-stream reservoirs towards the surface 
water system. Figure 4.5 is a cumulative graph of the NO3 loads from the tile-drains 
and the discharged groundwater from November 2007 to October 2008. The total load 
estimates for all solutes are given in Table 4.3. 

For NO3, the total annual load from the 9000 m2	experimental	field	towards	the	adja-
cent ditch summed up to 85.2 kg. The tile-drains contributed 77.9 kg, which is 91% 
of the total load (Figure 4.5). The remaining 7.4 kg (9%) was discharged through the 
in-stream reservoirs. 

 
Solute Average (st.dev.) 

All samples (n=20) 

Average (St.dev.) 

Arable land (n=10) 

Average (St.dev.) 

Grass land (n=10) 

P ( mg·L
-1

) 0.65 (1.06) 0.76 (1.42) 0.56 (0.64) 

NO3 (mg·L
-1

l) 7.3 (16.1) 11.6 (22.5) 3.0 (2.4) 

Cd (g·L
-1

) 0.11 (0.10) 0.13 (0.15) 0.08 (0.02) 

Cu (g·L
-1

) 13.6 (9.4) 14.7 (13.5) 12.6 (3.8) 

Zn (g·L
-1

) 4.1 (4.4) 2.8 (0.9) 5.2 (5.9) 

Table 4.2
Summary of the concentrations measured in overland runoff on 1 March 2007 at 20 locations within 
the Hupsel catchment. The values should be interpreted with caution as the sampling was not 
conducted following the standard water quality sampling procedures.  

Figure 4.5 
Cumulative NO3 loads from the three in-stream reservoirs and from the three tile-drains towards the 
ditch at the experimental field from November 2007 to October 2008.
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For the other solutes, the relative contribution of the tile-drains to the total annual 
loads towards the surface water varied from 76% for HCO3 up to 93% for Cu (Table 
4.3). Especially for NO3 and heavy metals, the relative contributions of the tile-drains 
were higher than the relative water discharge contribution of the drains of 80%. This 
is	related	to	the	elevated	concentrations	in	tile-drain	effluent	relative	to	discharged	
groundwater that were reported in the previous section. 

4.4.4 NO3 from point- to catchment-scale
To show the spatial variability of NO3 concentrations in groundwater, Figure 4.6 
shows a map with the results of our NO3 concentration measurements in shallow 
groundwater	at	the	experimental	field	on	October	10th 2008. The NO3 concentrations 
ranged from 0 to 219 mg L-1, with an average concentration of 22.5 mg L-1. Two distinct 
‘hotspots’ with NO3 concentrations above 100 mg L-1 were located in the middle and 
at	the	western	end	of	the	field.	The	drainage	areas	from	which	the	tile-drains	at	the	
experimental	field	capture	their	groundwater	can	be	approximated	by	three	14.5	me-
ter wide zones around the drains. The average NO3	concentrations	differ	substantially	
between these zones. The average NO3 concentration in the zone around tile-drain 1 
was 24.0 mg L-1. For the zones around tile-drains 2 and 3, the spatially averaged NO3 
concentrations were 36.4 mg L-1 and 3.6 mg L-1, respectively.

The results of all individual NO3	concentration	measurements	of	tile-drain	effluent	
and in-stream reservoir water are given in Figure 4.7. For November 2007 to October 

 Contribution to total load 

Solute Tile-drains In-stream reservoirs 

NO3 77.9 kg (91%) 7.4 kg (9%) 

P 0.283 kg (81%) 0.064 kg (19%) 

SO4 246 kg (83%) 52.0 kg (17%) 

K 67.0 kg (87%) 9.7 kg (13%) 

NH4 2.30 kg (82%) 0.525 kg (18%) 

Mg 35.0 kg (85%) 6.3 kg (15%) 

Na 68.0 kg (82%) 14.4 kg (18%) 

Fe 16.0 kg (81%) 3.83 kg (19%) 

Ca 109 kg (79%) 29.1 kg (21%) 

HCO3 214 kg (76%) 67.0 kg (24%) 

Cl 93.2 kg (84%) 18.0 kg (16%) 

Si 13.5 kg (79%) 3.53 kg (21%) 

Al 2.17 kg (93%) 0.168 kg (7%) 

Cd 0.525 g (92%) 0.047 g (8%) 

Cu 38.3 g (93%) 2.87 g (7%) 

Ni 103 g (90%) 11.8 g (10%) 

Pb 1.54 g (90%) 0.172 g (10%) 

Zn 66.7 g (89%) 7.84 g (11%) 

 

Table 4.3
Annual load contributions of tile-drain and in-stream reservoir flow for November 2007 to October 
2008.
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2008, the average NO3	concentration	of	effluent	from	the	three	tile-drains	together	
was 18.7 mg L-1. For the discharged groundwater samples from the in-stream reser-
voirs, the average NO3 concentration was 7.5 mg L-1.		There	was	a	striking	difference	
between the NO3 concentrations of the individual tile-drains. Tile-drain 3 generally 
discharged NO3-poor	effluent,	with	an	average	concentration	of	3.2	mg	L-1. The average 
NO3	concentrations	in	effluent	from	tile-drains	1	and	2	were	much	higher;	29.6	mg	L-1 
and 26.0 mg L-1, respectively. The individual in-stream reservoirs did not show clear 
structural	differences.

Figure 4.6
Interpolated map of the NO3 concentrations in shallow groundwater extracted from 62 temporary 
borehole sampling locations at the experimental field. 

Figure 4.7
NO3 concentration measurement results of tile-drain effluent and in-stream reservoir water from 
November 2007 to October 2008.
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A downward trend in NO3	concentrations	was	observed	for	tile-drain	effluent	from	
winter to summer. The NO3 concentrations increased again from September to Decem-
ber. A similar trend was observed for the in-stream reservoir water (Figure 4.7).  

The combined discharge and concentration measurements in the period from No-
vember 2007 through October 2008 allowed us to calculate a discharge proportional 
average NO3	concentration	for	the	tile-drain	effluent	and	the	in-stream	reservoir	
water. The discharge proportional average concentration was 23.0 mg L-1 for the tile-
drain	effluent.	This	is	higher	than	the	average	concentration	of	all	samples	of	18.7	mg	
L-1, because the contribution of the NO3-poor drain 3 to the total discharge is relatively 
small. The discharge proportional average concentration of the discharged groundwa-
ter was 8.6 mg L-1.

The NO3 concentrations from the grab sampling and continuous measurements at 
the catchment outlet are shown in Figure 4.8. Overall, the concentrations were high 
compared	to	the	concentrations	measured	at	the	experimental	field.	Analogous	to	the	
tile-drains	at	the	experimental	field,	the	stream	water	NO3 concentrations at the catch-
ment outlet showed a downward trend from winter towards summer. The continuous 
measurements in Figure 4.8 reveal the large short-scale variability in NO3 concentra-
tions. 

The	results	of	the	average	concentration	measurements	of	effluent	from	23	tile-drains	
throughout the catchment are summarized in Figure 4.9. The spatial variation in NO3 
concentrations in tile-drains was large. In winter, the concentrations varied from 0 
mg.L-1 up to 390 mg L-1. The overall average concentration for the catchment was 62.3 
mg L-1,	which	is	more	than	three	times	the	average	tile-drain	effluent	concentration	at	
the	experimental	field.	Again,	a	seasonal	trend	with	high	NO3 concentrations in winter 
and low NO3 concentrations in summer was observed.

Figure 4.8
NO3 concentration measurements (both snapshot sampling and continuous) at the catchment 
outlet from November 2007 to October 2008. 
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4.5 Discussion and conclusions

For	this	study,	we	physically	separated	field	discharge	towards	a	ditch	into	contribu-
tions	from	different	flow	routes.	For	a	43.5	meter	ditch	transect,	tile-drain	effluent	
and groundwater discharge were captured before they could enter the surface water 
system. Our continuous discharge measurements and weekly water quality sampling 
allowed	us	to	quantify	the	contributions	of	different	flow	routes	to	the	total	surface	
water	discharge	and	solute	loading.	Additionally,	we	presented	field-scale	NO3 pat-
terns in shallow groundwater, catchment-scale NO3	concentrations	in	tile-drain	efflu-
ent, and continuous NO3 records at the catchment outlet. 

Our measurements indicated that tile-drains play a major role in lateral water and sol-
ute	transport	from	the	agricultural	field	towards	the	surface	water	system.	On	average,	
the tile-drains contributed 80% of the discharge and 89-93% of the NO3 and heavy 
metals	loads	from	the	experimental	field	to	the	ditch.	For	nutrients	and	heavy	metals,	
the	concentrations	in	tile-drain	effluent	were	significantly	higher	than	in	discharged	
groundwater, and tile-drain discharge was unambiguously the main transport mecha-
nism towards the surface water system. 

Although	the	problem	of	heavy	metal	accumulation	in	agricultural	fields	is	well	known	
(e.g.	Van	Driel	and	Smilde,	1990;	Nicholson	et	al.,	2006;	Bonten	et	al.,	2008),	the	
enhanced lateral transport of heavy metals through tile-drains was not yet reported 
in	scientific	literature.	Accelerated	transport	of	other	agrochemicals	was	observed	
before	in	similar	tile-drained	fields	for	example	for	NO3 (e.g. Jaynes et al., 2001), P (e.g. 
Stamm	et	al.,	1998),	and	pesticides	(Kladivko	et	al.,	2001).	However,	we	added	the	first	
direct	quantification	of	the	contributions	of	tile-drains	and	groundwater	discharge	
to	the	total	annual	water	and	solute	discharge	from	an	agricultural	field	towards	the	
surface water. 

Figure 4.9
Boxplots summarizing the results of average NO3 concentration measurement of effluent from 
several tile-drains throughout the Hupsel catchment from November 2007 to October 2008. 
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Although tile-drains were found to contribute most of the total annual contaminant 
loads, their pressure on local surface waters ends when they run dry in summer. As 
indicated by Figure 4.3c, groundwater seepage into the in-stream reservoirs is the 
most	important	flow	route	during	extended	periods	from	June	through	September.	
This corresponds with the conceptual model of Rozemeijer and Broers (2007), which 
predicts higher relative contributions of groundwater seepage and lower concentra-
tions of agrochemicals during dry periods. Furthermore, Van der Velde et al. (in prep.) 
explained most of the seasonal variability in NO3 concentrations by simulating the 
changing	contributions	of	flow	routes	in	the	Hupsel	catchment.				

For	relating	our	field-scale	flow	route	measurements	to	point-scale	groundwater	
quality measurements and catchment-scale surface water quality we focused on NO3, 
which is one of the most problematic substances in agricultural catchments world-
wide.	Our	mapping	of	shallow	groundwater	quality	at	the	experimental	field	on	Octo-
ber 10th revealed a highly variable pattern, with NO3 concentrations ranging from 0 to 
219 mg L-1 (Figure 4.6). Nevertheless, the average NO3 concentration in tile-drain ef-
fluent	of	23.0	mg	L-1 was remarkably close to the average NO3 concentration in shallow 
groundwater of 22.5 mg L-1. Our measurement results also allowed us to relate NO3 
concentrations of the individual tile-drains (Figure 4.7) to the spatial NO3 concentra-
tion pattern in shallow groundwater (Figure 4.6). The much lower concentrations in 
effluent	from	tile-drain	3	(3.2	mg	L-1) can be explained by the low NO3 concentrations 
in shallow groundwater in the area around this drain (3.6 mg L-1). These results sup-
port	the	proposition	of	De	Vos	(2001)	that	tile-drain	effluent	sampling	is	an	efficient	
way to obtain groundwater quality information. Unless information on the within-
field	spatial	patterns	is	desired,	tile-drain	effluent	sampling	produces	more	reliable	
groundwater quality information in a less labor-intensive way than direct groundwa-
ter sampling from boreholes. 

The	multi-scale	setup	of	this	study	allowed	us	to	compare	our	field-scale	results	to	
catchment-scale	measurements	of	tile-drain	effluent	and	stream	water	quality.	A	dis-
tinct similarity was found between the temporal patterns in NO3 concentrations in tile-
drain	effluent	at	the	field-scale,	in	tile-drain	effluent	throughout	the	catchment,	and	in	
stream water at the catchment outlet. Figures 4.7, 4.8, and 4.9 all show a decrease in 
NO3 concentrations from winter towards summer and an increase in NO3 concentra-
tions towards winter. The lower concentrations in summer are related to the reduced 
contribution	of	near-surface	flow	routes	to	the	tile-drain	and	stream	discharge	(De	
Vos	et	al.,	2000;	Rozemeijer	and	Broers,	2007;	Van	der	Velde	et	al.,	in	prep.).	In	addi-
tion,	the	larger	biochemical	activity	due	to	high	temperatures	and	low	flow	velocities	
reduces NO3 concentrations in stream water in summer. 

Overall, the NO3 concentrations at the catchment outlet were much higher than the 
concentrations	at	the	experimental	field.	This	indicates	that	the	findings	of	Tiemeyer	
et al. (2006), who reported a dilution of NO3 concentrations at higher scale levels, do 
not apply to all multi-scale monitoring setups. The likely cause of the higher stream 
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water NO3 concentrations at the catchment outlet was revealed by our catchment-
wide monitoring of NO3	concentrations	in	tile-drain	effluent.	On	average,	the	concen-
trations	in	tile-drain	effluent	throughout	the	catchment	were	three	times	higher	than	
the	concentrations	in	tile-drain	effluent	at	the	experimental	field.	The	catchment-
scale	monitoring	also	revealed	a	large	spatial	heterogeneity	in	tile-drain	effluent	NO3 
concentrations, which ranged from 0 mg L-1 up to 390 mg L-1. This large heterogene-
ity	is	probably	caused	by	local	hydrochemical	conditions	together	with	field-specific	
agricultural management. 

The	findings	from	this	study	cannot	be	directly	extrapolated	to	other	periods,	other	
catchments, or other solutes. Nevertheless, the crucial role of tile-drainage for water 
and solute transport has been recognized in many agricultural catchments worldwide. 
With respect to previous work this study added (1) the supposition that, in addi-
tion to nutrient and pesticide transport, heavy metal transport is also accelerated by 
tile-drainage,	(2)	a	direct	quantification	of	the	contributions	of	tile-drain	effluent	and	
groundwater	discharge	from	an	agricultural	field	to	the	total	annual	contaminant	load-
ing of the surface water system, and (3) evidence for the direct link between ground-
water,	tile-drain	effluent,	and	stream	water	quality	at	the	field-	and	catchment-scale.	
Understanding	water	and	contaminant	transport	processes	is	crucial	for	efficient	
water quality management, monitoring, and modeling. Although tile-drains play a 
crucial	role	in	lateral	contaminant	transport	from	agricultural	fields	towards	the	
surface water, their discharge and solute load contributions are seldom monitored. In 
addition, adequate representations of tile-drain discharge in catchment-scale water 
and solute transport models are scarce (see also Tiemeyer et al., 2007, Rozemeijer 
et al., in prep). Regarding their key role in the transport of water and contaminants 
through catchments, enhanced monitoring and modeling of tile-drains is important for 
adequate water quality management.
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Nelleke taking a groundwater sample at the experimental field

Part II

Monitoring



77

5
5.1 Abstract

For the evaluation of policy action programs to improve groundwater quality, research 
institutes and governments intensively monitor nitrate concentrations in shallow or 
near surface groundwater. However, trend detection is often hampered by the large 
seasonal and multi-annual temporal variability in nitrate concentrations, especially in 
shallow groundwater within 0-5 meters below the surface in relatively humid regions. 
This variability is mainly caused by variations in precipitation excess (precipitation 
minus evapotranspiration) that result in a strong variability in groundwater recharge. 
The objective of this study was to understand and quantify this weather-induced vari-
ability in shallow groundwater nitrate concentrations. 

We present an example of measured weather related variations in shallow groundwa-
ter nitrate concentrations from De Marke, an intensively monitored experimental farm 
in	The	Netherlands.	For	the	quantification	of	the	weather-induced	variability,	concen-
tration-indices were calculated using a 1D model for water and solute transport. The 
results indicate that nitrate concentrations in the upper meter of groundwater at De 
Marke vary between 55% and 153% of the average concentration due to meteorologi-
cal	variability.	The	concentration-index	quantification	method	was	successfully	used	
to distinguish weather related variability from human-induced trends in the nitrate 
concentration monitoring data from De Marke. Our model simulations also show that 
sampling	from	fixed	monitoring	wells	produces	less	short	term	variability	than	meas-
uring from open boreholes. In addition, using larger screen depths and longer screens 
filters	out	short	term	temporal	variability	at	the	cost	of	a	more	delayed	detection	of	
trends in groundwater quality. 

Chapter

Weather-induced temporal variations in nitrate concentrations 
in shallow groundwater

Joachim Rozemeijer, Hans Peter Broers, Frans van Geer, and Marc Bierkens
Published in Journal of Hydrology 
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5.2 Introduction

The	contamination	of	groundwater	resources	from	diffuse	(or	non-point)	sources	is	a	
serious problem in the European Union (EU) and especially in the Netherlands (Cam-
pling	et	al.,	2005).	Diffuse	sources	include	agricultural	land	use	(pesticides,	fertilizer	
and manure) and atmospheric deposition of NOx, SOx, and metals (Broers, 2002). 
Policy	makers	of	the	EU	and	elsewhere	in	the	world	aim	at	reducing	these	diffuse	
sources in order to improve groundwater quality (EU, 2000).  

For	the	evaluation	of	policy	action	programs	which	aim	to	prevent	and	limit	diffuse	
groundwater contamination, the possibly induced trend should be detected as soon 
as	possible.	Action	programs	that	reduce	inputs	at	the	land	surface	will	first	affect	the	
quality of shallow or near surface groundwater. Monitoring for the evaluation of these 
policy action programs therefore often focuses on the upper few decimeters below 
the groundwater table. In addition, many monitoring studies focus on nitrate because 
nitrate is a major threat for ecosystem quality and drinking water resources, and be-
cause nitrate is a mobile substance and concentrations in shallow groundwater react 
relatively soon after the reduction of the surface input.

Groundwater monitoring data analyses often show large temporal and spatial varia-
tions	in	solute	concentrations	in	shallow	groundwater	(Bjerg	and	Christensen,	1992;	
Hack-ten	Broeke	et	al.,	1996;	Broers	and	Van	der	Grift,	2004).	Some	authors	report	
seasonal patterns in groundwater quality, such as in shallow aquifers in Israel (Ronen 
and	Kanfi,	1981)	and	in	a	silty	aquifer	in	Oklahoma	(Hoyle,	1989);	see	also	Mont-
gomery et al. (1987) for additional examples. Other studies also report temporal vari-
ation in groundwater quality, but without any distinct seasonal pattern (e.g. Bjerg and 
Christensen (1992) in a sandy aquifer in Western Denmark and Boumans et al. (2005) 
in sandy aquifers in The Netherlands). 

For the detection of human induced trends in groundwater quality, naturally induced 
variations in groundwater quality should be recognized and accounted for. Prior 
studies have shown that the variation in precipitation excess (precipitation minus 
evapotranspiration) is the main driving force for the natural variability in shallow 
groundwater	quality	(Boumans	et	al.,	2001;	Muňoz-Carpena	et	al.,	2005;	Ritter	et	al.,	
2007).	Muňoz-Carpena	et	al.	(2005)	and	Ritter	et	al.	(2007)	successfully	used	records	
of precipitation and water table depth from the Everglades (Florida, USA) as explana-
tory variables in regression models for explaining groundwater quality. 

Although the meteorological variability is generally considered important, the actual 
relation between past meteorological conditions and nitrate concentrations in shal-
low	groundwater	is	poorly	understood.	Moreover,	the	influence	of	the	groundwater	
sampling well type on weather-induced variability in the measured concentrations 
was never evaluated. More understanding is required, because the natural variability 
hampers the detection of human-induced trends from costly monitoring data (Roze-
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meijer and Broers, 2007). 

The purpose of the present study was to understand and quantify weather related 
variations in shallow groundwater nitrate concentrations and to increase the abil-
ity to deduce human-induced trends from groundwater quality measurements. The 
concept of concentration-index (Boumans et al., 2001) was adopted for the quanti-
fication	of	weather-induced	variations.	With	respect	to	former	research,	this	paper	
adds (1) a theoretical analysis on the impact of individual and subsequent dry and 
wet periods on nitrate concentrations in shallow groundwater, (2) a case (De Marke) 
where concentration-indices are successfully used to distinguish weather-induced and 
human-induced	trends,	and	(3)	a	comparison	between	different	common	groundwa-
ter sampling well types with respect to the temporal variability in their measurement 
results. 

5.3 Measurements from De Marke

De Marke is a 0.55 km2 experimental farm in the eastern part of The Netherlands 
(Figure	5.1).	The	subsurface	in	this	area	mainly	consists	of	fluvial	and	aeolean	sands,	
which were deposited during the Pleistocene in a peri-glacial environment. De Marke 
is	located	in	a	regional	infiltration	area	on	light,	sandy	soils,	predominantly	Cambic	
Podsols (FAO-UNESCO, 1990). An important goal of De Marke was to show that the 
EU Nitrate Directive target concentration of 50 mg L-1 (EU, 1991) could be reached 
on an economically healthy farm on a vulnerable sandy soil (Aarts et al., 2000). The 
farm management drastically changed from the outset of the project in 1990. Some 
examples of farm management changes are (Aarts et al., 2000): less cows (1.45 ha-1 at 
De Marke vs. 2.31 ha-1 on a commercial farm), less grazing time (8 h d-1 for 5 months 
vs. 16 h d-1 for 6 months), higher ratio maize land : grass land (0.82 vs. 0.11), crop 
rotation, catch crops after maize, and less N-fertilisation (250 kg ha-1 vs. 400 kg ha-1 for 
maize land and 100 kg ha-1 vs. 150 kg ha-1 for grass land). From the N-balance in Table 
5.1 follows that a 62% reduction of the N-surplus in the soil was realized. To measure 
the	effects	on	shallow	groundwater	quality,	an	extensive	groundwater	monitoring	
program was operated (Aarts et al., 2000). A very detailed description of the site and 
the farm management practice and nutrient budgets is given by Aarts et al. (2000) and 
Hilhorst et al. (2001). 

The land use in the district around De Marke is predominantly agricultural, mainly 
with grass land for cattle grazing and maize. The area is drained by straightened and 
deepened	brooks	and	a	dense	artificial	network	of	ditches	and	(subsurface)	drains.	De	
Marke	is	situated	in	a	regional	infiltration	area.	Groundwater	tables	in	the	relatively	
flat	landscape	are	generally	within	several	meters	below	the	surface.	At	De	Marke,	
groundwater	levels	fluctuate	between	1	and	3	meters	below	the	land	surface.	
The 25-30 cm top soil layer at with an organic matter content around 5% at De Marke 
overlies	an	organic	matter	free	sandy	subsoil	in	which	hardly	any	denitrification	takes	
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place	(Hilhorst	et	al.,	2001).	Van	der	Grift	et	al.	(2002)	reported	a	very	low	denitrifi-
cation	capacity	in	the	first	6	meters	of	the	subsurface	at	De	Marke.	This	low	denitri-
fication	capacity	is	confirmed	by	Van	der	Aa	and	Broers	(2003),	who	found	oxygen	
concentrations of 2-9 mg L-1 at depths of up to 6 meters.

From 1990 onward, the quality of the upper meter of groundwater has been sampled 
yearly in November from about 130 temporary open boreholes evenly distributed 
over	the	fields	(Aarts	et	al.,	2000).	The	boreholes	were	cored	down	to	1	meter	below	
the groundwater table. Peristaltic pumps were used to withdraw the groundwater 
sample. Before the actual sampling, a minimal volume of 1 liter groundwater was 
pumped	out	until	the	sample	was	clear.	The	samples	were	filtered	in	situ	(0.45	µm)	
and collected in pre-rinsed polyethylene bottles. The samples were transported and 
stored at 4-8 oC and analyzed within 48 hours with IC (Ion Chromatography). 

The	annual	averaged	measured	concentrations	and	the	95%	confidence	intervals	of	
the	130	samples	are	shown	in	Figure	5.2.	During	the	first	years	from	the	start	of	the	

Figure 5.1
Location of De Marke within the Netherlands.

                   Year 

N-balance 

Before 

’90
* 

’93-’94 ’94-’95 ’95-’96 ’96-’97 ’97-’98 ’98-’99 Average 

’93-’99 

Input  723
* 

361 454 359 316 348 361 367 

Output  386
* 

275 269 233 216 219 218 238 

In-out  338
* 

86 184 126 100 129 142 128 

 * The ‘De Marke’ farm was aquired in 1989 and the nutrient budget keeping started in 1993. In order 
to give an approximation of the nutrient balance before ’90 at De Marke, this table gives the aver-
age nutrient balance for a farm on a sandy soil with a milk quotum equal to that of De Marke (see 
also Hilhorst et al., 2001).

Table 5.1
Nitrogen balance (N kg.ha-1) of the soil of De Marke for the fiscal years ’93-’94 until ’98-’99 (after 
Hilhorst et al., 2001).
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new farm management, average nitrate concentrations dropped from 217 mg L-1 NO3 
in 1991 to 33 mg L-1 NO3 in 1996. With this drop in average concentrations, the spatial 
variability	decreases	as	well,	which	is	indicated	by	the	95%	confidence	intervals	in	
Figure 5.2. These results suggest that the EU Nitrate Directive target concentration 
of 50 mg L-1 (EU, 1991) could be reached at De Marke. However, the average nitrate 
concentration increased again from 33 mg L-1 NO3 in 1996 to 88 mg L-1 NO3 in 1998 
(Figure 5.2). Because the nitrogen input has been more or less stable since the start 
of	the	nutrient	budget	keeping	on	De	Marke	(Table	5.1)	and	similar	fluctuations	were	
observed	on	other	farms	as	well,	these	fluctuations	were	attributed	to	the	natural	vari-
ation in groundwater level and precipitation excess (Boumans et al., 2001). 
 
In this study we used De Marke as a case because shallow groundwater quality was 
conscientiously monitored at this site and both human-induced and weather-induced 
trends in groundwater quality were expected and observed. 

5.4 Methods

5.4.1 Concentration-indices
The concentration-index concept was used in this study to quantify the impact of me-
teorological variations on solute concentrations in groundwater. The concentration-in-
dex	is	defined	as	the	modelled	concentration	in	shallow	groundwater	of	a	conservative	
tracer that was applied at a constant rate to the upper boundary of a 1D soil column 
(Boumans	et	al.,	2005).	Due	to	meteorological	variations,	the	concentration-index	fluc-
tuates	around	a	predefined	long	term	average	value	of	1.	Concentration-indices	below	
1 mean that solutes are diluted, while concentration-indices above 1 suggest elevated 
solute concentrations caused by meteorological conditions. 

Figure 5.2
Yearly average nitrate concentrations in the upper meter of groundwater at De Marke from 1990-
2000 (bars indicate 95% confidence interval). 
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5.4.2 General Hydrus-1D model setup
We used Hydrus-1D (Simunek et al., 1998) to calculate concentration-indices for 
shallow groundwater at De Marke experimental farm. Hydrus-1D is a model code for 
the simulation of 1-dimensional transport of water and solutes in variably saturated 
porous media. A transient model was set up for a 4.5 m deep soil column at De Marke. 
The soil column was divided into 225 model cells of 2 cm length. The model was run 
for the period 1970-2002 with variable time steps. The main characteristics of the 
model	domain	are	shown	in	figure	5.3	and	described	below.	

De Marke is situated on an ordinary hydropodzol soil according to the Dutch system 
of	soil	classification	(De	Bakker	and	Schelling,	1989).	Characteristic	physical	and	
chemical properties of the Dutch soil types are given in De Vries (1999). These char-
acteristics are based on soil descriptions from more than 5000 locations throughout 
The	Netherlands.	The	characteristic	profile	of	ordinary	hydropodzols	consists	of	five	
layers, which were incorporated in the model setup (Figure 5.3). De Vries (1999) gives 
for each layer, among other characteristics, the organic matter, clay, and loam contents, 
and the median grain size of the sand fraction. From these properties, we deduced Van 
Genuchten parameters, which describe the soil water retention properties of the soil 
(Van Genuchten, 1980). This was achieved using pedo-transfer functions for the Dutch 
soils, which were derived by Wösten et al. (2001). For each soil layer, the obtained Van 
Genuchten parameters are given in Table 5.2. 

Figure 5.3 
Setup of the Hydrus-1D soil column model of De Marke.
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The	upper	boundary	condition	for	water	flow	consists	of	monthly	precipitation	excess	
data.	For	different	model	runs	we	used	both	a	constructed	experimental	as	well	as	an	
observed precipitation excess time series (see sections 5.4.4 and 5.4.5 respectively). 
The tracer solute upper boundary condition for concentration-index calculations is by 
definition	a	constant	mass	per	unit	area	resulting	in	a	long	term	average	groundwater	
concentration of 1. 

Water	fluxes	through	the	lower	boundary	were	calculated	by	Hydrus-1D	with	the	
Hooghoudt formula (Hooghoudt, 1940). In this way the model accounts for the drain-
age of groundwater by ditches in the surrounding of the modeled 1-dimensional soil 
column.	For	the	tracer	solute	we	defined	a	zero	gradient	lower	boundary	condition	
(Simunek et al., 1998).

5.4.3 Well types and sampling depths
Different	types	of	groundwater	sampling	wells	withdraw	their	sample	water	from	
different	depth	intervals	in	the	subsurface.	Therefore,	the	well	type	determines	how	
the concentration-indices should be extracted from the Hydrus-1D model results. Two 
common types of groundwater sampling from sandy soils were evaluated in this study: 
sampling	from	temporary	open	boreholes	and	from	fixed	monitoring	wells.

A temporary open borehole is created by coring until a certain depth below the 
groundwater table (usually 1 m). See section 5.3 for the further sampling procedures. 
Using this well type, the upper meter of groundwater below the groundwater table is 
sampled and the sample depth below the surface depends on the groundwater level at 
the time of the sampling. Consequently, the sampling depth interval varies in time due 
to changing groundwater table depths. The groundwater quality data from De Marke 
(section 5.3) were extracted from temporary open boreholes. 

The	sampling	depth	interval	for	fixed	groundwater	quality	monitoring	wells	depends	
on their screen length and screen depth. This sampling depth interval does not vary 
in	time.	To	be	able	to	sample	a	fixed	monitoring	well	year-round,	the	screen	should	be	
placed below the lowest occurring groundwater level. The procedures of the sampling 

 Van Genuchten parameters 

Soil layer r (-) s (-) Ks (cm/dag)  (-) n (-) l (-) 

0-25 cm 0.01 0.481 43.39 0.0219 1.604 0.051 

25-40 cm 0.01 0.440 53.39 0.0205 1.931 0.112 

40-80 cm 0.01 0.424 39.76 0.022 1.999 0.165 

80-170 cm 0.01 0.413 44.25 0.198 2.177 0.169 

170-450 cm 0.01 0.424 59.16 0.018 1.9 0.08 

 

Table 5.2
Van Genuchten parameters used for the Hydrus-1D model of a soil column at De Marke experi-
mental farm.       and       are the residual and the saturated soil water content, Ks is the saturated 
hydraulic conductivity, α  and n  are parameters in the soil retention function, and l  is the tortuosity 
parameter in the conductivity function (Van Genuchten, 1980). 

 



84

from	fixed	wells	are	similar	to	those	for	sampling	from	temporary	open	boreholes	(see	
section 5.4.3). 

5.4.4 Simplified model 
Real world concentration-index patterns are often hard to trace back to the precipita-
tion excess pattern that was used as model input. Therefore, we started our modeling 
exercises	with	an	artificial,	simplified	precipitation	excess	pattern	as	upper	boundary	
input	flux.	This	enabled	us	to	evaluate	the	effects	of	individual	dry	and	wet	periods	on	
solute concentrations in shallow groundwater. 

The	artificial	precipitation	excess	pattern	consists	of	the	long	term	average	precipita-
tion excess with in-between hypothetical dry and wet years (see Figure 5.5, dashed 
line). The concentration-indices were calculated for both the upper meter of ground-
water	and	for	a	fixed	depth	interval	at	2.3-3.3	m	below	the	surface.	The	first	repre-
sents the natural variability in the upper meter of groundwater sampled from open 
boreholes (see also section 5.4.3). The second represents groundwater sampled from 
a	fixed	groundwater	well	with	a	1	m	long	screen	just	below	the	1970-2002	average	
groundwater level. In practice, a screen just below the average groundwater level will 
(partly) run dry during dry periods. However, this depth interval coincides with the 
average depth of the upper meter of groundwater and therefore allows for the best 
comparison between the two sampling methods. 

5.4.5 Real world model 
We applied historic measured precipitation and evaporation data to the Hydrus-1D 
model of De Marke to evaluate the response of nitrate concentrations in shallow 
groundwater to an observed precipitation excess pattern. Monthly precipitation and 
evaporation data for 1970-2002 (Figure 5.4) were derived from a nearby weather 
station of the Royal Dutch Meteorological Institute (KNMI). To allow for comparison 
with	the	open	borehole	nitrate	measurements	from	the	Marke,	we	first	calculated	
concentration-indices for the upper meter of groundwater.

Figure 5.4
Monthly and annual average precipitation excess at KNMI weather station Twente.
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5.4.6 Evaluation of sampling well types
We	evaluated	the	effect	of	meteorological	variability	on	different	groundwater	sam-
pling	well	types	by	calculating	concentration-indices	for	a	fixed	depth,	representing	a	
hypothetical	fixed	groundwater	well.	The	effects	of	different	screen	depths	and	screen	
lengths were also simulated. 

First,	we	calculated	concentration-indices	for	a	fixed	well	with	a	1	m	long	screen	at	a	
fixed	depth	of	2.3-3.3m	below	the	soil	surface,	just	below	the	mean	groundwater	level.	
In practice, a screen just below the average groundwater level (partly) runs dry in dry 
periods.	Therefore,	the	concentration-indices	were	also	calculated	for	a	fixed	well	with	
a screen at 3-4 m below the surface, just below the mean lowest groundwater level. 
The	effects	of	deeper	screens	were	evaluated	by	calculating	concentration-indices	for	
depth intervals of 6-7 m below surface and 9-10 m below the surface. In this modeling 
experiment, we assumed the deeper subsurface to have the same soil properties as the 
bottom layer of the original model (see Figure 5.3 and Table 5.2). For the evaluation of 
the	effects	of	the	screen	length	of	a	fixed	groundwater	well,	the	concentration-indices	
for a 0.5 m screen and a 2 m screen were calculated. An overview of all model runs 
mentioned in this paper is given in Table 5.3.

Model 

run 

Precipitation 

excess pattern 

Sample depth interval Methods 

section 

Results 

section 

Figure 

1 artificial 0 - 1 m below groundwater level 5.4.4 5.5.1 5.5 

2 artificial 2.3 - 3.3 m below surface 5.4.4 5.5.1 5.5 

3 Real (1970-2002) 0 - 1 m below groundwater level 5.4.5 5.5.2 5.7  

4 Real (1970-2002) 2.3 - 3.3 m below surface 5.4.6 5.5.3 5.7 

5 Real (1970-2002) 3.0 - 4.0 m below surface 5.4.6 5.5.3 5.7  

6 Real (1970-2002) 6.0 - 7.0 m below surface 5.4.6 5.5.3 5.9 

7 Real (1970-2002) 9.0 - 10.0 m below surface 5.4.6 5.5.3 5.9 

8 Real (1970-2002) 2.3 - 2.7 m below surface 5.4.6 5.5.3 5.10 

9 Real (1970-2002) 2.3 - 4.3 m below surface 5.4.6 5.5.3 5.10 

 

Table 5.3
Overview of the model runs.

5.5 Results & Discussion 

5.5.1   Simplified model 
The	results	of	the	simplified	model	calculations	(run	1	and	2	in	Table	5.3)	are	shown	
in Figure 5.5. For both model runs the results indicate that wet periods are followed by 
a temporary decrease and dry periods by a temporary increase of the concentration-
indices. Furthermore, the concentration-index reacts more rapidly to wet periods than 
to	dry	periods.	During	the	first	2	simulation	years,	the	average	concentration-index	of	
1 is maintained, due to the simulated constant average precipitation excess. The wet 
year 3 is followed by a lowering of the concentration-index. The decline starts just be-
fore the end of the wet year and the minimum concentration-index of 0.53 is reached 
14 months after the end of the wet period. The dry year 8 is followed by an increase 
in the concentration-index. In this case, the reaction starts 6 months after the end of 
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the dry year and the maximum of 1.33 is reached after 22 months. The response of the 
concentration-index to the extremely dry year is even more delayed. The decline starts 
12 months after the end of the dry year and the maximum of 1.70 is reached after 25 
months (Figure 5.5).

The response of the concentration-index to dry and wet periods are explained with 
the	concentration-depth	profiles	for	soil	moisture	and	groundwater	shown	in	Figure	
5.6. In the initial condition, with the average precipitation excess as a constant upper 
boundary	flux,	the	concentration	is	1	throughout	the	profile	(Figure	5.6a).	

During	the	first	wet	period	the	concentration	in	the	upper	part	of	the	profile	is	
lowered,	caused	by	the	extra	infiltrating	water.	At	the	end	of	the	wet	period,	the	low	
concentration front penetrated beyond the average groundwater level of 230 cm be-
low surface (Figure 5.6b), resulting in the lowering of the concentration-index (Figure 

Figure 5.5 
The simulated pattern of the precipitation excess and the model results for the concentration-indi-
ces of the upper meter of groundwater (run 1 in Table 5.3) and of the groundwater at a fixed depth 
of 2.3-3.3 m below the soil surface (run 2).  

Figure 5.6
Concentration-depth profiles from the experimental model calculations for the initial situation 
(5.6a), after the simulated wet period (5.6b), and after the simulated dry period (5.6c).  
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5.5).	Figure	5.6b	also	shows	the	profile	2.15	years	after	the	start	of	the	wet	period,	the	
moment	of	its	maximum	effect	on	the	concentration-indices.	The	lowest	concentra-
tions have then reached the measurement interval of 230-330 cm below the surface.

The dry period causes the concentration to rise in the soil moisture in the upper part 
of	the	soil	profile	(Figure	5.6c).	Due	to	the	lower	infiltration	rates,	this	effect	does	not	
yet reach the average groundwater level at the end of the dry period (Figure 5.6c). The 
lower	infiltration	rates	also	delay	the	maximum	effect	of	the	dry	period;	this	occurs	2.8	
years	after	the	start	of	the	dry	period.	The	profile	at	moment	of	the	maximum	effect	on	
the concentration-index is shown in Figure 5.6c.  

The	results	of	the	simplified	model	calculations	also	show	that	interference	takes	
place	between	the	effects	of	subsequent	wet	and	dry	periods.	This	is	demonstrated	
here by two examples: the concentration-index reactions to years 18 and 19 and to 
years 24 and 25. In year 18 and 19, a wet year followed by a dry year was simulated. 
The opposite reactions of the concentration-indices to wet and dry years now show in-
terference: after the minimum concentration-index caused by the wet year is reached, 
the dry year causes a steeper upward recovery than after the single wet year 3. The 
maximum concentration-index after the dry year 19 is lower than after the single dry 
year	8.	Apparently,	the	effect	of	the	dry	year	19	is	counteracted	by	the	effect	of	the	
preceding wet year. In year 24 and 25, the response to the dry year 24 is accelerated 
and	reduced	by	the	response	to	the	following	wet	year	25.	The	larger	downward	flux	
during the wet year 25 causes the maximum concentration-index to occur already 9 
months after the end of the dry year 24, instead of after 21 months after the individual 
dry year 8. 

Only	slight	differences	arise	from	the	simplified	model	results	between	the	con-
centration-index of the upper meter of groundwater (run 1 in Table 5.3) and the 
concentration-index	at	a	fixed	depth	of	230-330	cm	below	the	surface	(run	2	in	Table	
5.3).	Differences	between	the	two	concentration-indices	mainly	arise	at	the	end	of	the	
simulated wet periods, when the upper meter concentration-indices show a steeper 
decline (Figure 5.5). 

The	differences	between	the	concentration-index	of	the	upper	meter	of	groundwater	
and	the	concentration-index	at	a	fixed	depth	interval	of	230-330	cm	below	the	surface	
are	further	clarified	by	the	concentration-depth	profiles	in	Figure	5.6.	The	positions	of	
the	fixed	230-330	m	depth	interval	and	the	upper	meter	of	groundwater	are	indicated	
in	the	profiles.	The	largest	differences	occur	at	the	end	of	the	simulated	wet	periods.	
Figure	5.6b	shows	the	profile	at	the	end	of	the	wet	period.	Because	of	the	high	ground-
water level due to the higher precipitation excess, the upper meter of groundwater is 
located	higher	in	the	profile.	This	causes	the	earlier	and	steeper	reaction	of	the	con-
centration-index of the upper meter of groundwater (Figure 5.5). After the wet period, 
the groundwater level lowers again. This causes the concentration-index of the upper 
meter to decrease less steep until the two lines come together again (Figure 5.5). By 
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the	time	of	the	maximum	effect,	the	upper	meter	concentration-index	is	back	to	the	
same	position	as	the	fixed	depth	concentration-index	(Figure	5.6b)	and	the	differ-
ence	between	the	two	sampling	configurations	has	disappeared.	At	the	end	of	the	dry	
period	the	position	of	the	upper	meter	of	groundwater	also	deviated	from	the	fixed	
interval depth  (Figure 5.6c). The dry conditions cause a lower groundwater level. In 
this	case	however,	this	does	not	result	in	a	difference	between	the	two	concentration-
indices (Figure 5.5). The elevated concentrations did not yet reach the sampling depth 
intervals	(Figure	5.6c).	By	the	time	of	the	maximum	effect	(Figure	5.6c),	the	ground-
water	level	is	back	to	average	and	therefore	no	difference	arises	between	the	two	
sampling methods.  

5.5.2 Real world model 
The results of the concentration-index calculation for the upper meter of groundwater 
of De Marke with observed precipitation and evaporation data (run 3 in Table 5.3) are 
shown in Figure 5.7 (black line). The observed precipitation excess pattern (Figure 
5.4) causes a more complex concentration-index pattern (Figure 5.7). The concentra-
tion-indices	fluctuate	between	a	minimum	value	of	0.55	and	a	maximum	value	of	1.53.	
These results suggest that nitrate concentrations in shallow groundwater at this site 
vary between 55% and 153% of the average value due to meteorological variability. 

The main shape of the concentration-index pattern (Figure 5.7, black line) follows a 
long-term	fluctuation	pattern.	This	pattern	is	not	related	to	seasons	but	to	periods	
of subsequent dry and wet years, possibly related to global oceanic and atmospheric 
circulation patterns (Gurdak et al., 2007). The low concentration-index in 1995-1997, 
for example, is caused by dilution during the relatively wet years 1993 and 1994. The 
high peak in the concentration-index that follows in 1998 is caused by three relative 
dry years (1995-1997), followed by a relative wet year in 1998. In the dry years high 
concentrations	accumulate	in	the	upper	part	of	the	profile	and	in	1998	this	soil	water	
is leached rapidly to the upper meter of groundwater, causing a peak in the concentra-
tion-index. 

Figure 5.7
The simulated concentration-indices for the upper meter of groundwater (run 3 in Table 5.3) and 
at fixed depths of 2.3-3.3 meters below surface (run 4) and 3-4 meters below surface (run 5) at De 
Marke in the period 1971-2002.
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The	denitrification	capacity	of	the	first	6	meters	of	the	subsurface	of	De	Marke	is	very	
low and nitrate transport towards deeper groundwater is virtually conservative (Van 
der	Grift	et	al.,	2002).	Therefore,	it	is	justified	to	compare	the	measured	nitrate	con-
centration time series in shallow groundwater at De Marke with the modeled con-
centration-index pattern.  Figure 5.8 shows the concentration-index pattern together 
with	the	average	and	95%	confidence	interval	of	the	nitrate	concentrations	that	were	
measured yearly at 130 locations on De Marke for the period 1990-2001. The compar-
ison reveals which trends in measured nitrate concentrations are human-induced and 
which trends are weather-related. The sharp decline in measured nitrate concentra-
tions in 1990-1993 for example, does not coincide with a decline in the concentration-
index. Instead, the concentration-index increased in this period. This indicates that the 
decline in the nitrate concentration is not weather-induced, but most likely human-
induced. This is validated by the fact that the start of the experiments at De Marke in 
1990 involved a radical change in the farm management practice and a 62% reduction 
in N-surplus (see also Table 5.1). 

Low nitrate concentrations were measured in 1994-1997. The concentration-index in 
these years is around 0.70, which suggests dilution by meteorological variability. Ap-
parently, the low measured nitrate concentrations in 1994-1997 were not only caused 
by the new farm management, but also partly by meteorological conditions. The 
increase in the measured nitrate concentrations in 1998 is related to the increase in 
the concentration-index (Figure 5.8). In 1998 the concentration-index rises up to 1.46, 
which means that solute concentrations are elevated because of the meteorological 
variations. After 1998, both the concentration-index and the measured nitrate concen-
trations reduce again. The variation in measured nitrate concentrations in 1994-2001 
corresponds extremely well with the temporal pattern in concentration-indices, which 
indicates that the variations are indeed weather related. 

Figure 5.8
Concentration-indices (from run 3 in Table 5.3) and measured nitrate concentrations in the upper 
meter of groundwater at De Marke in 1990-2001 (bars indicate 95% confidence interval).
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The 1-dimensional modeling approach used in this study does not account for local 
spatial variability in solute input and soil properties (e.g. Hack-ten Broeke et al., 1996) 
and	for	preferential	flow	in	the	unsaturated	zone	(e.g.	De	Rooij,	2000;	Ritsema	and	
Dekker, 2000). Applying this modeling approach to individual monitoring locations 
could therefore be problematic. It is however assumed that the used model concept 
provides	the	average	flow	and	solute	transport	pattern	for	the	area.	It	can	therefore	
be used for analyzing averaged concentration values from larger datasets in which 
local spatial variability is averaged. The close similarity between the patterns in the 
concentration-indices and the measured nitrate concentrations in shallow groundwa-
ter at De Marke (Figure 5.8) supports this assumption.

If needed, the Hydrus 1D modeling approached used in this study could be extended 
with	specific	hydrological	or	chemical	processes.	Also,	other	codes	for	water	and	
solute transport modeling could be applied for concentration-index calculations. 
This	allows	for	using	the	concentration-index	concept	for	different	solutes	in	various	
hydrological settings.   

5.5.3 Evaluation of sampling well types
Figure 5.7 also shows the results of the calculations of the concentration-indices of De 
Marke	at	fixed	depths	of	2.3-3.3	and	3-4	m	below	the	surface	(runs	4	and	5	in	Table	
5.3).	These	fixed	depth	concentration-indices	represent	the	natural	variations	of	sol-
utes	when	sampling	from	fixed	groundwater	wells,	as	was	described	in	section	5.4.3.	
From	the	simplified	model	calculations	(section	5.5.1,	Figure	5.5),	we	already	noticed	
slight	differences	between	the	concentration-index	pattern	of	a	fixed	depth	interval	
and	that	of	the	fluctuating	upper	meter	of	groundwater.	For	the	real	world	model	
calculations,	however,	the	differences	between	the	two	types	of	sampling	wells	are	
much more pronounced (Figure 5.7). This is caused by the larger, primarily seasonal 
groundwater	level	fluctuations	following	from	the	observed,	real	world	precipitation	
excess pattern used here. When using the open borehole method (as described in sec-
tion	5.4.3),	these	groundwater	level	fluctuations	cause	considerable	variations	in	the	
sampling	depth.	Groundwater	level	fluctuations	do	not	influence	the	sampling	depth	
interval	when	using	a	fixed	groundwater	well.	This	causes	differences	in	concentra-
tion-indices as was explained before in section 5.5.1. 

Due to the longer travel time to larger depths, the concentration-index pattern at 3-4 
m below surface is shifted forward in time compared to the 2.3-3.3 m concentration-
index. The time lag between the two curves is around 8 months, which corresponds 
with	an	average	vertical	pore	flow	velocity	of	1	meter	per	year.	Next	to	this,	the	
amplitude of the 3-4 m concentration-index curve is smaller, caused by the additional 
dispersion	and	diffusion.

In	figure	5.9,	the	computed	concentration-indices	for	screens	at	fixed	depths	of	6-7	m	
and 9-10 m (runs 6 and 7 in Table 5.3) are shown. For comparison, the concentration 
index pattern of a screen at 3-4 m depth (run 5 in Table 5.3, also in Figure 5.7) is also 
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shown. At greater depths, the variation in the concentration-index is shifted further in 
time because of the longer travel times and smoothened because of additional disper-
sion	and	diffusion.	In	Figure	5.9,	arrows	indicate	the	position	of	the	same	concentra-
tion	peak	arriving	later	in	time	at	greater	depths.	These	findings	agree	with	the	results	
of Bjerg and Christensen (1992) who measured less temporal variability in groundwa-
ter quality at greater depth in a shallow sandy aquifer in Western Denmark. Further-
more, Broers and Van der Grift (2004) and Visser et al. (2007) also found for deeper 
groundwater	monitoring	wells	in	the	sandy	southern	Dutch	aquifers	that	the	effects	
of surface land use changes can stay unnoticed for many years due to the longer travel 
times	of	infiltrating	water	to	greater	depths.	

In Figure 5.10, the concentration-indices are shown for screen lengths of 0.5 m and 2 
m, starting at a screen depth of 2.3 m (runs 8 and 9 in Table 5.3). For comparison, the 

Figure 5.9 
The simulated concentration-indices for groundwater at fixed depths of 3-4 (run 5 in Table 5.3), 6-7 
(run 6), and 9-10 (run 7) meters below surface at De Marke in the period 1971-2002. The arrows 
highlight the same peak arriving later in time at larger depths. 

Figure 5.10
The simulated concentration-indices for groundwater at fixed depths of 2.3-2.8 (50 cm screen 
length, run 8 in Table 5.3), 2.3-3.3 (1 m screen length, run 5), and 2.3-4.3 (2 m screen length, run 9) 
meters below surface at De Marke in the period 1971-2002.
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concentration index pattern of a 1 m screen length (run 4 in Table 5.3, also in Figure 
5.7) is also shown.  A shorter screen length clearly shows more short term variability 
in the concentration-index than a longer screen length. This is because when using 
longer	screens,	the	temporal	variability	is	averaged	over	a	longer	period	of	infiltration	
time. Furthermore, the concentration-index for a short screen length responds earlier 
in time than the concentration-index for a longer screen length, because the average 
screen depth is closer to the surface.  

The results of this evaluation explain why some authors found a seasonal pattern in 
shallow groundwater quality (e.g. Hoyle (1989) using 0.1 m screens at 2-4 m depth) 
while others did not report any seasonal pattern (e.g. Bjerg and Christensen (1992), 
using 25 cm screens at 6-9 m depth). We found that, together with the precipitation 
excess and the soil properties, the type of sampling well strongly determines into what 
extent seasonal variability is smoothened and averaged (see Figure 5.7, 5.9, and 5.10). 
Potentially, a seasonal pattern is revealed by measurements from open borehore wells 
or	fixed	wells	with	short	screens	close	to	the	surface,	while	measurements	from	longer	
screens at greater depths from the same location only show longer term variability. 
The	effects	of	individual	seasons	on	groundwater	quality	at	some	depth	is	also	hard	
to	recognize	due	to	the	interference	between	the	effects	of	wet	and	dry	periods	that	
was reported in section 5.5.1. In monitoring practice, the choice for a larger screen 
depth and a larger screen length is a consideration between the advantage of the 
smoothening of short scale temporal variability and the disadvantage of the longer 
time lag between changes at the land surface and the detection of these changes in the 
monitoring well. 

The experimental setup at De Marke gave us a unique insight into the dynamics of 
shallow groundwater quality. The extensive shallow groundwater monitoring setup 
was successful in detecting the human-induced reduction in nitrate concentrations 
just after the start of the experiments. After this, weather-induced variations were 
detected as well. We successfully used a Hydrus-1D soil column model to unravel the 
relations	between	past	precipitation	excess	fluctuations	and	their	effect	on	shallow	
groundwater quality. The striking similarity between the calculated concentration-
index pattern and the nitrate concentration variations at De Marke in 1994-2001 
indicates that these variations are predominantly weather related and not caused 
by changes in the farm management. Results from additional model runs suggest 
that	groundwater	sampling	from	fixed	wells	produces	less	temporal	variability	than	
sampling	from	temporary	open	boreholes.	This	finding	could	significantly	improve	
monitoring	efficiency,	but	we	would	like	to	stress	that	it	should	be	interpreted	with	
caution,	because	it	is	based	on	model	simulations	and	was	not	supported	by	field	
measurements. 
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5.6 Conclusions

We	found	weather-induced	fluctuations	of	the	average	nitrate	concentration	between	
55%	and	153%	for	our	example	location	De	Marke.	Misjudgment	of	the	effectiveness	
of	policy	action	programs	is	possible	when	their	effects	interfere	with	such	weather-
induced variations. It is therefore essential to involve weather-induced variability in 
the interpretation of groundwater monitoring data. Weather-induced variability can 
be	quantified	by	the	calculation	of	concentration-indices	as	performed	in	this	study	
using Hydrus-1D. Concentration-indices can be applied for correcting groundwater 
quality measurements for weather-induced variability. Other model concepts that in-
corporate	specific	soil	properties	or	hydrological	or	chemical	processes	could	be	used	
for other solutes in various hydrochemical settings.   

Our	model	scenario’s	show	that	the	type	of	groundwater	sampling	well	influences	the	
weather	induced	variability.	Fixed	groundwater	wells	seem	to	suffer	less	from	short	
term weather-induced variability than temporary open boreholes. In addition, larger 
screen depths and longer screens further reduce short term variability, at the cost of 
longer average travel times and a more delayed detection of trends.
Although this study provides new insight into the dynamical behavior of upper 
groundwater quality, more understanding is still required for an adequate design 
of groundwater quality monitoring networks in various settings. High-frequency 
(e.g.	daily	or	weekly)	groundwater	quality	data	is	needed	for	different	groundwater	
sampling methods in variable climatological and hydrochemical situations. From this 
information, we can deduce optimal sampling methods, monitoring frequencies and 
tools for a quick detection of human induced trends in upper groundwater. 
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6
6.1 Abstract

The	loss	of	nutrients	from	agricultural	fields	threatens	the	ecological,	recreational,	and	
industrial functioning of many surface waters. For the evaluation of action programs 
to reduce surface water pollution, water authorities invest heavily in the monitor-
ing of NO3 and P loads from upstream catchments. However, sampling frequencies in 
regional	monitoring	networks	are	generally	insufficient	to	capture	the	concentration	
dynamics in surface water, which leads to large uncertainties in estimates of loads 
and average concentrations. For this study, we used on-site equipment that performed 
semi-continuous (15 minute interval) NO3 and P concentration measurements from 
June 2007 to July 2008. Our measurements recorded the concentration responses to 
rainfall events with a wide range in antecedent conditions and rainfall durations and 
intensities. Through sequential linear multiple regression analysis, we successfully 
related the NO3 and P event responses to high frequency records of precipitation, 
discharge, and groundwater levels. We applied the explanatory strength of these quan-
titative hydrological variables to reconstruct concentration patterns between low-fre-
quency	water	quality	measurements.	This	new	approach	significantly	improved	load	
estimates from a 20% to a 1% bias for NO3 and from a 63% to a 5% bias for P.

6.2 Introduction

Surface water pollution is a serious problem in areas with intensive agriculture such 
as the Netherlands (Oenema et al., 2007). Policy makers of the European Union and 
elsewhere in the world aim at improving water quality in receiving surface water 
bodies (e.g. EU, 2000). For the evaluation of action programs and pilot studies, water 
authorities invest heavily in the monitoring of NO3 and P loads from upstream catch-
ments. However, the interpretation of the data from their monitoring networks is 
often problematic. Grab samples only provide ‘snapshots’ of solute concentrations and 
sampling	frequencies	are	generally	not	sufficient	to	capture	the	dynamic	behavior	of	
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surface	water	quality	(Kirchner	et	al.,	2004;	Johnes,	2007;	Rozemeijer	et	al.,	2010).	
Together with the uncertainties in the concentration measurements themselves (e.g. 
Harmel et al., 2006), this results in large uncertainties in the estimates of loads and 
average concentrations. 

The uncertainties in estimates of loads and average concentrations can be reduced by 
increasing	the	sampling	frequencies.	However,	the	field	sampling,	sample	transport,	
and laboratory procedures are laborious and expensive. Another option is to apply on-
site automatic samplers and analyzers, which can produce continuous concentration 
time	series	of	many	chemicals	(e.g.	Jordan	et	al.,	2007;	Rozemeijer	et	al.,	2010).Major	
drawbacks	of	this	equipment	are	the	expensive	purchase,	maintenance,	and	field	
installation in a sheltered environment with electrical power supply. Furthermore, the 
complex automatic analyzers are vulnerable to technical problems and power supply 
failures. As a consequence, regional surface water quality monitoring will continue 
to rely predominantly on low-frequency grab sampling data. Therefore, improving 
load estimates from low-frequency concentration measurements is still an important 
research topic.

A favorable approach for improving load estimates from low-frequency concentra-
tion data is to make use of the explanatory strength of commonly available continu-
ous measurements of quantitative hydrological data like precipitation, discharge, and 
groundwater levels. These measurements are relatively inexpensive and often already 
available near surface water quality monitoring locations to facilitate quantitative 
water	management	such	as	flood	control	and	groundwater	level	management.

Previous studies focused primarily on the use of long term concentration-discharge 
relations to improve load estimates from low-frequency concentration data. However, 
in several comparison studies, none of the methods clearly outperformed the methods 
that	were	based	on	simple	linear	or	stepwise	interpolation	(e.g.	Preston	et	al.,	1989;	
Smart et al., 1999). The main obstacle is the poorly understood non-stationary be-
havior of the concentration-discharge relationships. Especially in smaller catchments, 
event-scale concentrations-discharge relations are highly solute- and catchment-spe-
cific,	show	hysteresis,	and	change	during	the	year	(e.g.	Jarvie	et	al.,	2001;	Jordan	et	al.,	
2007;	Poor	and	McDonnell,	2007).	

In recent studies, high-frequency measurements have increased understanding of 
short-scale	variations	of	solute	concentrations	in	surface	water	(Jordan	et	al.,	2007;	
Harris and Heathwaite, 2005). For example, several researchers reported peaks in P-
concentrations	in	response	to	rainfall	events	(Stamm	et	al.,	1998;	Heathwaite	and	Dils,	
2000). The NO3 response to rainfall events depends on the hydrogeochemical proper-
ties	of	the	catchment;	some	authors	observed	a	lowering	of	concentrations	(Borah	et	
al.,	2003;	Chang	and	Carlson,	2004;	Poor	and	McDonnell,	2007),	while	others	detected	
concentration	peaks	in	response	to	events	(Rozemeijer	and	Broers,	2007;	Wriedt	et	al.,	
2007;	Tiemeyer	et	al.,	2008).	The	new	understanding	of	short-scale	variations	in	wa-
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ter quality has not yet been applied for improved methodologies for estimating loads 
from low-frequency concentration data. 

This study aimed at improving load estimates from low-frequency concentration 
measurements by reconstructing the responses of NO3 and P concentrations to rainfall 
events using commonly available quantitative hydrological data. We present a unique 
year-round combined dataset of semi-continuous (15 minute interval) measure-
ments of NO3 and P concentrations, discharge, precipitation, and groundwater levels. 
Through a sequential multiple regression analysis, we related variables describing 
the water quality rainfall event responses to variables describing the hydrological 
responses. We applied these relations to reconstruct concentration patterns between 
low-frequency	grab	sample	measurements,	which	significantly	improved	estimates	of	
annual loads.  

6.3 Methods

6.3.1 Study area and field measurements
We installed a multi-scale experimental setup in the Hupsel catchment (6.64 km2) in 
the eastern part of The Netherlands (Figure S6.1) (52o03’	N;	6o38’ E). This catchment 
was	selected	because	of	the	dominance	of	agricultural	land	use,	the	dense	artificial	
drainage network, and the absence of point sources and water inlet from outside the 
catchment. A detailed description of the Hupsel catchment and of all installations and 
measurements is given in Van der Velde et al. (2010). For this study, semi-continuous 
records of NO3 and P concentrations and discharge were collected at the catchment 
outlet from June 2007 to July 2008. For the semi-continuous NO3 concentration 
measurements we used a Hydrion-10 multi parameter probe (Hydrion BV, Wagenin-
gen, The Netherlands). Semi-continuous measurements of dissolved-P (ortho-P) and 
total-P concentrations were performed by a Sigmatax sampler and a Phosphax Sigma 
auto-analyzer (both Hach Lange GmbH, Düsseldorf, Germany). See the Supporting In-
formation and Jordan et al. (2007) for a more detailed description of this equipment. 
The NO3 concentration values in this paper are given in milligrams Nitrate per liter 
(mg NO3 L-1). For P, we focused our analyses on the total-P concentrations which are 
given in  milligrams total-Phosphorus per liter (mg P-tot L-1). 

In addition to the automatic solute concentration measurements, we collected weekly 
grab samples from the catchment outlet. These weekly measurements were used to 
correct	for	the	potential	drift	and	offset	of	the	continuous	concentration	measure-
ments. The stream discharge at the catchment outlet was recorded every 15 minutes 
using a calibrated weir. Precipitation and groundwater levels were measured for the 
same	period	at	an	experimental	field	within	the	catchment.	More	detailed	information	
on	our	field	measurements	is	given	in	the	Supporting	Information.
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6.3.2 Event response characterization
The event responses of NO3 and P concentrations, discharge, and groundwater levels 
were analyzed through a set of event response characteristics (Table 6.1), which will 
be	discussed	in	this	section.	Firstly,	we	defined	selection	criteria	for	events,	based	on	
the continuous discharge records. We selected all events with a maximum discharge 
above 100 L s-1 (1.3 m d-1), a discharge increase of at least 20 L s-1 (0.26 mm d-1), and 
a discharge decrease after the maximum of at least 20 L s-1. Less pronounced events 
generally	did	not	significantly	affect	the	load	estimates,	because	the	NO3 and P concen-
trations did not respond. When varying rainfall intensities caused two discharge peaks 
to occur within 6 hours, these peaks were merged into one event. The start time of an 
event	was	defined	as	the	first	moment	with	a	5	%	discharge	increase	within	2	hours,	
leading up to a discharge peak.

Rainfall characteristics short unit Mean Median St. dev. 

Total rainfall Rtot mm 10.1 9.3 5.4 

Maximum rainfall intensity RImax mm h
-1 

3.3 2.8 2.4 

Antecedent precipitation and evaporation index APEI - 17.4 15.1 10.1 

      
NO3 characteristics Short unit Mean Median St. dev. 

NO3 concentration at start of event Ns mg L
-1 

44.3 42.4 11.1 

NO3 minimum concentration during event Nmin  mg L
-1

 27.6 26.5 10.0 

NO3 relative concentration change during event rdN % 37 37 18 

Time to maximum NO3 concentration change TdN h 8.6 8.4 3.9 

Recovery time NO3 TNrec h 11.4 10.6 5.9 

NO3 total load LN Kg 980 839 638 

      
P characteristics short unit Mean Median St. dev. 

P concentration at start of event Ps g L
-1 0.15 0.10 0.14 

P maximum concentration during event Pmax  g L
-1

 0.94 0.77 0.89 

P concentration change during event dP g L
-1

 0.85 0.66 0.89 

Time to maximum NO3 concentration change TdP h 6.8 5.0 5.4 

Recovery time P TPrec h 6.1 5.5 4.0 

P total load LP Kg 4.2 3.3 3.5 

      
Discharge characteristics short unit Mean Median St. dev. 

Discharge at start of event Qs L s
-1

 0.15 0.10 0.14 

Maximum discharge during event Qmax L s
-1

 0.42 0.34 0.31 

Discharge change during event dQ L s
-1

 0.27 0.21 0.24 

Time to maximum discharge change TdQ h 11 10 6 

Average slope rising discharge SQ L s
-1 

h
-1

 0.030 0.019 0.035 

Maximum slope rising discharge SQmax L s
-1 

h
-1

 0.074 0.045 0.074 

Time to maximum discharge slope  TSQmax h 6 5 4 

Recovery time discharge TQrec h 49 30 42 

Total discharge Qtot m
3
 8757 6963 5461 

Quick flow percentage at start of event QFs % 36 42 31 

Maximum quick flow percentage during event QFmax % 77 80 18 

Quick flow percentage change during event dQF % 41 37 27 

      
Groundwater level characteristics short unit Mean Median St. dev. 

Groundwater level at start of event Gs cm -54 -57 22 

Maximum groundwater level during event Gmax cm -35 -33 17 

Groundwater level change during event dG cm 20 18 12 

Average slope rising groundwater level SG cm/h 1.7 1.8 1.3 

Maximum slope rising groundwater level SGmax cm/h 5.7 5.8 3.5 

 

Table 6.1
Summary of the event characteristics that were derived from the continuous measurements of the 
rainfall events that were analyzed in this study.
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The events with uninterrupted records of precipitation, discharge, groundwater levels, 
and NO3 or P concentrations were selected for further analysis. These rainfall events 
were characterized by the total rainfall amount (Rtot ), the maximum rainfall intensity 
(RImax ), and the Antecedent Precipitation and Evaporation Index (APEI ) (Table 6.1). 
The APEI is a frequently used measure for the initial wetness of the catchment at the 
onset of the rainfall event. We derived the APEI  from precipitation and evaporation 
data, following the method described by Fedora and Beschta (1989). The Makkink 
relation (Makkink, 1957) was applied to estimate evapotranspiration using tempera-
ture and net incoming radiation data from the weather station within the Hupsel 
catchment.

The NO3 and P concentration responses to the rainfall events were described by 
three event response characteristics: the maximum concentration change, the time 
to maximum concentration change, and the recovery time. A graphical explanation of 
these response characteristics is given in Figure 6.1. The maximum NO3 concentration 
change during events (rdN ) is described as a percentage of the starting concentra-
tion (Ns ). For P, the starting concentrations (Ps ) were very low relative to the peak 
concentrations (Pmax ). Therefore, absolute P concentration changes (dP ) were more 
appropriate for characterizing the P concentration responses to events. The times 
to maximum change for NO3 (TdN ) and P (TdP )	are	defined	as	the	time	interval	be-
tween the start of the event and the moment of maximum change. The concentration 
recovery	time	is	determined	by	fitting	an	exponential	recovery	curve	to	the	measured	
concentrations	for	the	first	24	hours	after	the	time	of	maximum	concentration	change.	
The concentration recovery is described by:

where Rec(t)	[-]	is	the	relative	recovery	of	the	concentration	or	discharge	at	time	t 
when t = 0 represents the start of the recovery or the time of maximum change. The 
recovery time Trec	[T]	for	NO3 is denoted by TNrec  and for P by TPrec. The values for 
the total loads (LN  and LP ) were calculated for the period between the start of the 
event until the time of 50% recovery of the discharge or until the start of the next 
event.

To characterize the discharge and groundwater level event responses, we derived the 
same response characteristics as described for the concentrations in the previous 
section (see also Table 6.1). In addition, we determined the average and the maximum 
discharge slope (SQ  and SQmax ) as well as the time to the maximum discharge slope 
(TSQmax ). We also derived the average and the maximum slope of the groundwater 
levels (SG  and SGmax ). Furthermore, we calculated a time series of the proportion of 
quick	flow	from	the	continuous	discharge	records.	For	this,	we	used	the	hydrograph	
separation method described by Hewlett and Hibbert (1963), with a constant separa-
tion slope of 0.2 L.h-2.	With	this	relatively	low	slope	value,	100%	base	flow	conditions	
only	occur	after	extended	dry	periods	and	a	uniform	distribution	of	quick	flow	propor-

 

rec
T

t

etRec

−

=)(              [1] 

 

 



100

tions	over	time	was	achieved.	For	each	event,	we	determined	the	quick	flow	percent-
age at the start of the event (QFs ),	the	maximum	quick	flow	percentage	(QFmax ), and 
the	maximum	change	in	quick	flow	percentage	during	the	event	(dQF ). 

6.3.3 Regression analysis
We	firstly	applied	a	singular	linear	regression	analysis	between	all	NO3 and P concen-
tration response characteristics and all quantitative hydrological event characteristics. 
This analysis gives an overview of the quantitative hydrological characteristics that 
can explain part of the variation in the NO3 and P response characteristics to rainfall 
events. 

Subsequently, a sequential multiple linear regression analysis was conducted. We 
excluded the data of 1 March to 3 April 2008 for this analysis, because we selected 
this period for the validation of the event response models. This period was chosen 
for	validation	because	ten	major	and	minor	rainfall	events	affected	the	NO3 and P con-
centrations and because our continuous time series were not interrupted by technical 
failures. 

The sequential regression analysis started with selecting the singular regressions with 
the	highest	coefficient	of	determination	(R2) for explaining the NO3 and P response 
characteristics. Subsequently, we searched for the best regression with two explana-
tory variables. This regression was selected whenever the R2 was at least 5% higher 
than	the	singular	regression	model.	In	the	final	step,	we	searched	for	the	best	regres-
sion model with three explanatory variables. Again, this model was only selected when 
the R2 was 5% higher than the model with two explanatory variables. The selected 

Figure 6.1
Graphical explanation of several rainfall event response characteristics. See main text for explana-
tion. 
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event response models were validated using the data of the rainfall events during the 
validation period.

6.3.4 Load estimates 
We	first	estimated	the	NO3 and P loads for the validation period of 1 March to 3 April 
2008. To reconstruct the NO3 and P concentration patterns, we used our weekly sam-
ples for describing the base level concentrations and our event response models for 
describing the concentration changes during rainfall events. The base level concen-
trations were reconstructed by a LOWESS smooth interpolation (Cleveland, 1979) 
through	our	grab	sample	measurements	during	low	flow	conditions	(<	100	L	s-1 or 1.3 
mm d-1). The concentration changes during events were reconstructed by the event 
response models, using the quantitative hydrological event response characteristics 
from Table 6.1.  We estimated the NO3 and P loads from the reconstructed concentra-
tions and the continuous discharge records. For comparison, we also calculated the 
‘true’ loads based on our continuous concentration measurements. In addition, NO3 
and P loads were estimated from the interpolated concentrations without a concen-
tration reconstruction during events. This represented a common load estimate from 
low-frequency grab sampling data. 

As a next step, we applied the same concentration reconstruction procedure to esti-
mate the total annual NO3 and P loads. Again, we compared the load estimate from our 
reconstruction approach with a common load estimate without reconstruction and to 
the ‘true’ load estimate from the continuous concentration measurements. Note that 
our continuous concentration time series were interrupted for a few periods due to 
technical	failures.	For	a	fair	comparison	between	the	different	load	estimates,	these	
missing data periods were excluded. However, we also made a best estimate of the 
total annual NO3 and P loads. This was achieved by using our concentration recon-
struction	approach	to	fill	in	the	data	gaps	in	our	continuous	time	series	of	NO3 and P 
concentrations.

6.4 Results 

6.4.1 Field measurements and event characteristics
In total, 47 precipitation-discharge events occurred in the period from June 2007 until 
July 2008. Figure 6.2 shows the total time series of measured discharges and the NO3 
and P concentrations. We selected all events with complete continuous data records 
and excluded the events during the validation period from 1 March until 3 April. From 
the 47 events, 13 events were selected for NO3 and 20 events for P. The selected events 
are indicated by dots in the NO3 and P concentration graphs in Figure 6.2. 

The responses of discharge, groundwater levels, and NO3 and P concentrations to the 
selected	rainfall	events	are	shown	in	Figure	6.3.	From	this	figure,	the	short	term	con-
centration responses to the events appear to be consistent throughout the year. The 
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Figure 6.2 
Graphs of the measured discharge and NO3 and P concentrations from July 2007 until July 2008. 
The rainfall events marked in the NO3 and P graphs were selected for further analysis; they occurred 
outside the validation period (indicated in grey) and have uninterrupted concentration time series. 

Figure 6.3
Responses of discharge, groundwater levels, and NO3 and P concentrations to the selected rainfall 
events. The event numbers correspond to the numbers in Figure 6.2.
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NO3 concentrations repetitively show a temporal decrease in response to events. The 
total-P concentrations, which are generally very low, react to the events with a short 
and sudden increase. Our dissolved-P records showed the same temporal pattern as 
the total-P measurements. The dissolved-P/total-P ratio was rather constant at 40%. 
The event response characteristics for all rainfall events are tabulated in Table S6.1 in 
the Supporting Information. The summary statistics of the response characteristics 
are given in Table 6.1. The event characteristics show that our dataset covers a wide 
range of event properties and antecedent conditions. 

6.4.2 Regression analysis 
The results of the singular linear regression analysis between the NO3 and P response 
characteristics and the quantitative hydrological characteristics are summarized 
in Figure S6.2. Table 6.2 gives the best event response models from the sequential 
multiple	regression	analysis.	The	coefficient	of	determination	(R2) for the NO3 and P 
response characteristics varies from 74% for TdP  up to 95% for rdN . Graphs with the 
measured versus the modeled NO3 and P event response characteristics, both for the 
selected events as well as for the events in the validation period, are shown in Figure 
S6.3. 

6.4.3 Load estimates
The event response models from Table 6.2 were applied to reconstruct the NO3 and P 
concentration pattern for the validation period of 1 March to 3 April 2008. The recon-
structed concentration patterns are shown in Figure 6.4b for NO3 and 6.5b for P. These 
figures	also	present	the	actual,	continuously	measured	concentrations	and	the	LOW-
ESS moving average interpolation through our weekly grab sampling concentration 
measurements. The load estimates based on our reconstructed concentration patterns 
are shown in Figures 6.4c and 6.5c. Cumulative load estimates are given in Figures 
6.4d and 6.5d. The total measured loads for 1 March to 3 April 2008 were 121 kg for P 
and 14.0.103 kg for NO3. The moving average interpolation through the low-frequency 

 

 
 Independent or explanatory variables 

R
2
 

Intercept No. 1 No. 2 No. 3 

NO3 event response models  

rdN (%) 0.11 dQ (0.30) SG (0.084)  0.95 

TdN (h) 29.9 TSQmax (1.14) Log(dQ) (2.84) QFmax (-29.2) 0.85 

TNrec (h) 29.2 RImax (-1.63) QFs (-4.6) Gmax (0.15) 0.86 

P event response models 

dP (mg·L-1) -0.17 RImax (0.24) APEI (-0.024) 1/TQrec (17.0) 0.77 

TdP (h) 10.82 TQrec (-0.0042) TdQ (0.87) QFmax (-14.2) 0.74 

TPrec (h) 1.89 SQmax (-79.5) Rtot (0.45) Qmax (20.3) 0.82 

Table 6.2
Results of the sequential multiple regression analysis; the best event response models for explain-
ing the NO3 and P responses to rainfall events from quantitative hydrological event characteristics. 
The numbers between brackets are the parameter values belonging to the independent variable. 
For example, the response model for the relative changes in NO3 concentrations in response to 
rainfall events: rdN = 0.11 + 0.30 dQ + 0.084 SG.
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grab samples underestimated the measured P load by 63% and overestimated the 
measured NO3 load by 20%. The event response reconstruction method underesti-
mated the P load by 5% and overestimated the NO3 load by 1%. 

The results for the total annual load estimates for NO3 and P are shown in Figure 6.6. 
The measured annual loads, without the missing data periods, were 448 kg for P and 

Figure 6.4 
Results for NO3 for the validation period from 1 March to 3 April 2008; the discharge records (A), 
the measured NO3 concentrations, the moving average through the grab sampling measurements 
(without Event Response Reconstruction, ERR), and concentrations with event response reconstruc-
tion (ERR) (B), the measured and reconstructed NO3 loads (C) and the cumulative measured and 
reconstructed NO3 loads (D). 

Figure 6.5
Results for P for the validation period from 1 March to 3 April 2008; the discharge records (A), the 
measured P concentrations, the moving average through the grab sampling measurements (with-
out Event Response Reconstruction, ERR), and concentrations with event response reconstruction 
(ERR) (B), the measured and reconstructed P loads (C) and the cumulative measured and recon-
structed P loads (D).



10586.1.103 kg for NO3. The moving average interpolation through the low-frequency grab 
samples underestimated the P load by 60% and overestimated the measured NO3 load 
by 8%. The event response reconstruction method underestimated the P load by 4% 
and underestimated the NO3 load by 3%. The best estimates of the total annual loads 
for the Hupsel catchment, including the reconstructions for the missing data periods, 
came to 570 kg for P (0.27 kg ha-1) and 121.103 kg for NO3 (41 kg ha-1). 

6.5 Discussion and conclusions

In this study, we successfully improved load estimates from low-frequency NO3 and P 
concentration measurement using the explanatory strength of generally available and 
inexpensive quantitative hydrological data. Previously proposed methods to achieve 
this	did	not	outperform	standard	interpolation	methods	(e.g.	Preston	et	al.,	1989;	
Smart et al., 1999). We related the rainfall event responses of NO3 and P concentra-
tions to precipitation records and to the responses of discharge and groundwater lev-
els. These relations were used to improve the load estimates for our validation period 
from a 20% to a 1% bias for NO3 and from a 63% to a 5% bias for P. 

The foundation of this new approach to improve load estimates was a unique dataset 
of year-round continuous NO3 and P measurements combined with continuous meas-
urements of precipitation, discharge, and groundwater levels. Another innovative key 
element	was	our	quantification	of	the	concentration	responses	to	individual	events,	
whereas previous studies primarily used long-term concentration-discharge relations 
for	their	attempts	to	improve	load	estimates	(Preston	et	al.,	1989;	Smart	et	al.,	1999).	
The short concentration changes during individual events are not captured by com-
mon	low-frequency	grab	sampling,	while	they	have	a	relatively	large	effect	on	total

Figure 6.6
Measured and estimated annual NO3 (A) and P (B) loads. 
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In our research catchment, we found consistent and repetitive changes in NO3 and P 
concentrations in response to rainfall events. The NO3 concentrations dipped, while 
the P concentrations peaked during rainfall events throughout the year (Figure 6.3). 
For NO3, similar responses to events were observed in comparable catchments by 
Borah	et	al.	(2003);	Chang	and	Carlson	(2004);	and	Poor	and	McDonnell	(2007).	The	
lowering of the NO3 concentrations during rainfall events is related to the dilution of 
NO3-rich stream discharge by NO3-poor precipitation water. The short peaks in the P 
concentrations in response to events are also in correspondence with previous work 
in	comparable	catchments	(Stamm	et	al.,	1998;	Heathwaite	and	Dils,	2000;	Jordan	et	
al.,	2007).	These	peaks	were	usually	attributed	to	the	flushing	of	particulate	P	during	
events. During dry periods, we observed large supplies of P-rich Fe- and Al-oxides ac-
cumulating at the ditch bottoms and inside tile-drains in the Hupsel catchment. When 
the	water	flow	velocities	increased,	this	particulate	P	was	detached	and	transported	
downstream	(see	also	Stamm,	1998;	Heathwaite	and	Dils,	2000;	Jordan	et	al.,	2007).	

In	many	catchments,	spatial	aspects	influence	the	water	quality	response	to	rainfall	
events at the catchment outlet. While relevant, these within-catchment spatial varia-
tions were outside the scope of this paper. We refer to Kirchner et al. (2000), Corwin 
et al. (2006), Lennartz et al. (2010), and references therein for work related to spa-
tially varying processes. 

The consistent concentration response to rainfall events implies a strong connection 
between the dynamics in solute concentrations and the variations in quantitative 
hydrological variables like precipitation, discharge, and groundwater levels. This was 
confirmed	by	the	results	of	our	regression	analyses.	The	singular	regressions	revealed	
many relations between the NO3 and P event response characteristics and the quan-
titative hydrological response characteristics (Figure S6.2). Furthermore, the event 
response models from the sequential multiple linear regression analysis explained 
74% up to 95 % of the variance in the NO3 and P response characteristics (see Table 
6.2).	These	high	coefficients	of	determination	(R2) supported our assumption that 
continuous quantitative hydrological data can be used for the prediction of the solute 
concentration response to rainfall events. The unexplained part of the variance in the 
NO3 and P response characteristics can be attributed to uncertainties in the concentra-
tion measurements (Harmel et al., 2006), non-linearity of the relations, and possibly 
to seasonal changes in the concentration response to events. This seasonality in the 
hydrological conditions is covered by some of the explanatory variables (APEI, Qs, QFs, 
and Gs).	Nevertheless,	seasonality	in	temperature	and	land	use	also	influences	solute	
transport processes and might cause part of the unexplained variability in the NO3 and 
P event response characteristics.

We applied the event response models to improve load estimates from low-frequency 
concentration	data.	Several	previous	studies	reported	on	the	effects	of	low	sampling	
frequencies	on	load	estimates	(e.g.	Kirchner	et	al.,	2004;	Johnes,	2007;	Rozemeijer	et	
al.,	2010).	In	correspondence	to	this	earlier	work,	our	figures	6.4b	and	6.5b	clearly	
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demonstrated the large deviations between the interpolated weekly concentra-
tions and the actual concentrations during rainfall events. These deviations severely 
propagate into the load calculations, due to the simultaneous high discharges. For load 
estimates based on low-frequency concentration data, this results in overestimates of 
the NO3 loads (Figures 6.4c and 6.4d) and underestimates of the P loads (Figures 6.5c 
and 6.5d). The reconstruction of the concentration patterns using the event response 
models produced much better load estimates, both for the validation period (Fig-
ures 6.4 and 6.5) and for the year-round measurements (Figure 6.6). In addition, we 
applied	the	response	models	to	fill	in	the	data	gaps	in	the	continuous	water	quality	
records. With this approach we produced the best estimates for the total yearly NO3 
and P loads of 121.103 kg (41 kg ha-1) and 570 kg (0.27 kg ha-1), respectively.

The results of this study demonstrate that using the explanatory strength of quantita-
tive	hydrological	data	can	significantly	improve	load	estimates.	Our	straightforward	
and transparent approach optimally combines the information about the concentra-
tion response to events from periods with frequent measurements with the informa-
tion about long-term concentration patterns from low-frequency concentration data. 
Caution is required when extrapolating our event response models to other time peri-
ods, other catchments, or other solutes. For extrapolation purposes, a process-based 
modeling approach would be a more legitimate way to relate quantitative hydrologi-
cal data to water quality dynamics. Nevertheless, adequate water quality modeling is 
complicated and often requires many input variables that are only marginally known.

The presented approach can be applied to improve load estimates for all monitoring 
locations with consistent relations between the dynamics in solute concentrations and 
the variation in quantitative hydrological variables. In some catchments, however, bio-
chemical or human-induced variations might dominate concentration dynamics and 
should	be	accounted	for.	This	may	require	different	types	of	explanatory	information,	
such as temperature data or loads from industrial spills. For the Hupsel catchment, the 
high	coefficients	of	determination	(R2) of our event response models indicated that 
the dynamics in NO3 and P concentrations are primarily driven by weather-induced 
hydrological variations. 

In	this	paper	we	showed	that	regional	water	quality	monitoring	would	benefit	from	
high frequency measurements during peak discharges obtained by in-situ analyzers or 
storm event samplers. It would be expensive and laborious to install on-site equip-
ment for continuous measurements at all sampling locations of a regional monitor-
ing network. However, collecting year-round continuous concentration datasets at 
representative	locations	during	one	year	with	a	transportable	field	laboratory	would	
be a valuable addition to a water quality monitoring network. The approach presented 
in this paper could then be applied to improve load estimates for periods without 
continuous measurements and for nearby monitoring locations in similar hydrological 
settings.
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6.6 Supporting information

Map with the location of the Hupsel research catchment (Figure S6.1). Detailed 
information	on	our	field	measurements.	Event	characteristics	for	the	selected	rainfall	
events between June 2007 and July 2008 (Table S6.1). Overview of the results of the 
singular linear regression analysis (Figure S6.2). Graphs with the measured versus the 
modeled NO3 and P event response characteristics, both for the selected rainfall events 
as well as for the events in the validation period (Figure S6.3). 

Measurement procedures
We used a Hydrion-10 multi parameter probe (Hydrion BV Wageningen, the Nether-
lands) for continuous ion selective electrode measurements of NO3 concentrations at 
the	catchment	outlet.	The	probe	was	placed	in	a	flow-through	cell	which	was	continu-
ally supplied with stream water by a pump. Among other parameters, values of NO3, 
temperature, EC, and pH were stored every 10 minutes. All sensors and ion selective 
electrodes within the probe were cleaned and calibrated weekly. 

For the P concentration measurements, we placed a Sigmatax sampler and a Phosphax 
Sigma auto-analyzer (both Hach Lange GmbH Düsseldorf, Germany) at the catchment 
outlet. The total P concentrations were recorded every 30 minutes. The Phosphax Sig-
ma was automatically cleaned and calibrated daily. The Sigmatax was installed for the 
automated stream water sample collection and the pretreatment (ultrasonic homog-
enization)	of	the	100	ml	samples.	The	samples	were	not	filtered	and	particulate	P	was	
included in the Phosphax total P measurements. A 10 ml sub-sample was delivered 
to the Phosphax Sigma auto-analyzer. This sample was digested using the sulphuric 
acid-persulphate method of Eisenreich et al. (1975). After mixing and quickly heating 

Figure S6.1 
Location of the Hupsel catchment.
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and cooling down the sample, molybdate antimony and ascorbic acid were automati-
cally added and mixed with the sample. The concentration of all P compounds, which 
have by now all been transformed to ortho-P, was determined by measuring the color 
change using a LED photometer. 

In addition to the automatic water quality measurements, we collected weekly grab 
samples from the catchment outlet. These weekly measurements were used to correct 
for	the	potential	drift	and	offset	of	the	Hydrion-10	ion	selective	electrode	NO3 meas-
urements.	The	samples	were	taken	using	a	peristaltic	pump	and	were	filtered	in	situ	
(0.45 µm). Electrical conductivity and pH of the samples were measured directly in 
the	field.	The	samplers	were	transported	and	stored	at	4oC. Subsequently, they were 
analyzed within 48 hours, using IC (Ion Chromatography) and ICP-MS (Mass Spec-
trometry). Samples with deviating results for ions which were measured by more than 
one device and samples with an ionic unbalance were reanalyzed.

The stream discharge at the catchment outlet was recorded every 15 minutes using 
a calibrated V-shaped weir and a water level sensor. Precipitation records at 1 hour 
intervals were measured at a weather station of the Royal Dutch Meteorological Insti-
tute	(KNMI,	De	Bilt,	The	Netherlands),	adjacent	to	the	experimental	field	(Figure	S6.1).	

For the phreatic groundwater level measurements, we installed pressure sensors 
into	15	piezometers	at	the	experimental	field.	The	filters	of	the	piezometers	were	
placed 1-3 meters below the surface into the 3 meter thick sandy aquifer. The pres-
sure sensors were installed in three transects at 1, 5, 20, 100, and 200 meters from the 
artificial	ditch	that	drained	the	field.	The	phreatic	groundwater	levels	were	recorded	
every 10 minutes.    
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Table S6.1
Event characteristics for the selected rainfall events between June 2007 and July 2008. The longer 
names, the units, and the summary statistics of the characteristics are given in Table 6.1 in the main 
text.



111

Figure S6.2
Overview of the coefficients of determination (R2) of the singular linear regression analyses between 
the NO3 and P event response characteristics and the characteristics of the discharge, groundwater 
levels, and precipitation. No dot means that the R2 was below 0.1. The squares indicate the variables 
that were selected in the sequential multiple regression analysis. The procedure of this sequential 
analysis (see main text) brings the possibility that the variables with the largest coefficients of deter-
mination in the singular regression are not necessarily selected in the event response models.   



112 Figure S6.3
Graphs with the measured (x-axes) versus the modeled (y-axes) NO3 and P event response charac-
teristics, both for the selected rainfall events (dots) as well as for the events in the validation period 
(crosses). 
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Joachim installing a SorbiCell mounting in the Hupsel stream

Part II

Monitoring
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7
7.1 Abstract

We	present	a	field	based	testing,	optimization,	and	evaluation	study	of	the	SorbiCell	
sampler	(SC-sampler);	a	new	passive	sampling	technique	that	measures	average	
concentrations over longer periods of time (days to months) for various substances. 
We tested the SC-sampler within a catchment scale monitoring study of NO3 and P 
concentrations	in	surface	water	and	tile-drain	effluent.	Based	on	our	field	experiences,	
we	optimized	the	flow	velocity	control	and	the	sample	volume	capacity	of	the	SC-sam-
plers. The SC-samplers were capable of reproducing the NO3 concentration levels and 
the seasonal patterns that were observed with weekly conventional grab sampling and 
continuous water quality measurements. Furthermore, we demonstrated that average 
measurements produce more consistent load estimates than ‘snapshot’ concentra-
tions from grab sampling. Therefore, when the purpose of a monitoring program is to 
estimate reliable (trends in) average concentrations or loads, the SC-samplers are a 
cost-effective	alternative	for	grab	sampling.	

7.2 Introduction

Surface water and groundwater pollution is a serious problem in areas with intensive 
agricultural	land	use	such	as	the	Netherlands	(Campling	et	al.,	2005;	Oenema	et	al.,	
2007). Policy makers of the European Union and elsewhere in the world aim at im-
proving water quality (e.g. EU, 2000). For the evaluation of action programs and pilot 
studies, water authorities invest heavily in the monitoring of groundwater and surface 
water quality. However, interpretation of the grab sampling data from their monitoring 
networks is often problematic. Grab samples only provide ‘snapshots’ of water quality 
at	the	moments	of	sampling,	and	frequencies	are	generally	not	sufficient	to	capture	
the dynamic behavior of shallow groundwater and surface water quality (Kirchner et 
al.,	2004;	Rozemeijer	and	Broers,	2007;	Van	der	Velde	et	al.,	2010).	Together	with	the	
uncertainties in the water quality measurements themselves (e.g. Harmel et al., 2006), 

Chapter
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water quality monitoring study

Joachim Rozemeijer, Ype van der Velde, Hubert de Jonge, Frans van Geer, Hans Peter Broers, and Marc Bierkens
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this results in large uncertainties in the estimates of loads and average concentrations. 
Many	researchers	tried	to	improve	this	by	developing	and	testing	different	methods	
for estimating loads from discrete grab sample data. However, none of their methods 
clearly outperformed the others, and the accuracy of the load estimates turned out 
to	depend	mainly	on	the	sampling	frequency	(Preston	et	al.,	1989;	Smart	et	al.,	1999;	
Schleppi et al., 2006).  

Increasing the frequencies of common sampling and laboratory analyses in regional 
monitoring programs is extremely laborious and expensive. Another option for 
increasing the measurement frequencies is the use of on-site automatic samplers and 
analyzers which can produce continuous water quality time series of many chemicals 
(Kirchner	et	al.,	2004;	Jordan	et	al.,	2007;	Van	der	Velde	et	al.,	2010).	A	major	draw-
back	of	this	equipment	is	the	expensive	purchase,	maintenance,	and	field	installation	
in a sheltered environment with electrical power supply. 

Another strategy for dealing with short term variability in water quality monitoring 
is to measure long term average solute concentrations. Therefore, passive sampling is 
generally regarded as a promising emerging technique for monitoring water quality 
(e.g.	Petty	et	al.,	2004;	Allan	et	al.,	2006;	Söderström	et	al.,	2009).	An	extensive	review	
on available passive sampling methods is given by Vrana et al. (2005). Existing pas-
sive	sampler	techniques	are	either	based	on	equilibrium	or	kinetic	diffusion.	A	major	
shortcoming	of	these	diffusion	samplers	is	their	poor	performance	under	dynamic	
hydrological,	hydrochemical,	and	biochemical	conditions,	like	varying	flow	velocities,	
temperature,	and	solute	speciation	(Huckins	et	al.,	1999;	Shaw	and	Mueller,	2009).	In	
addition, kinetic passive samplers require continuous refreshment of the surrounding 
water, which makes the method unsuitable for application in stagnant surface waters 
and	groundwater	(Gustavson	and	Harkin,	2000;	Kingston	et	al.,	2000).	

The SorbiCell sampler (SC-sampler) is a new passive sampling technique that can 
measure average concentrations over longer periods of time (days-months) for vari-
ous substances (De Jonge and Rothenberg, 2005). The method is based on advective 
flow	of	water	through	the	sampler,	rather	than	equilibrium	or	kinetic	diffusion.	To	
induce	the	water	flow	through	the	SC-samplers,	they	are	usually	placed	on	reservoirs	
with	atmospheric	pressure	inside.	With	different	mounting	systems,	SC-samplers	can	
be	applied	for	sampling	in	groundwater	wells,	tile-drains,	and	flowing	or	stagnant	
surface waters. 

Although SC-samplers have been extensively tested and optimized under laboratory 
conditions	(De	Jonge	and	Rothenberg,	2005),	more	field	based	experience	is	needed	
to verify the applicability of SC-samplers for water quality monitoring. This paper 
presents	the	first	large	scale	field	application	of	the	SC-sampler.	Furthermore,	this	
is	the	first	comparison	between	automatically	recorded	continuous	concentrations,	
average concentrations from a passive sampler, and ‘snapshot’ concentrations from 
common grab sampling. 
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The objectives of this study were: 1) to test and optimize SC-samplers in a catchment 
scale	field	study;	2)	to	compare	the	average	concentration	measurements	with	com-
mon	grab	sampling	and	continuous	concentration	measurements;	and	3)	to	evaluate	
the applicability of  SC-samplers as an alternative for grab sampling in regional water 
quality monitoring programs. We focused this study on the nutrient Nitrate (NO3);	one	
of the most problematic substances in surface water and groundwater. We performed 
our measurements in an agricultural lowland catchment in The Netherlands. Our 
evaluation of the SC-sampler results was based on duplicate analysis, comparison with 
continuous measurements and grab sample data, and comparison of load estimates 
based	on	the	different	types	of	concentration	measurements.		

7.3 Methods

7.3.1 Field measurements
A multi-scale experimental setup was installed in the Hupsel catchment in the eastern 
part of The Netherlands (See Figure S7.1, Supporting Information) (52o03’	N;	6o38’ E). 
Water quality and discharge measurements were performed at the catchment outlet 
and	at	an	experimental	field	from	August	2007	until	April	2009.	A	detailed	description	
of the Hupsel catchment and of all installations and measurements is given by Van der 
Velde et al. (2010). 

We applied three methods for measuring NO3	concentrations;	common	grab	sam-
pling, automatic continuous analysis, and average concentration measurements using 
SC-samplers. Weekly grab samples were collected from four groundwater wells and 
three	tile-drains	at	our	experimental	field.	Surface	water	was	sampled	weekly	at	two	
locations:	the	Hupsel	stream	at	the	catchment	outlet	and	the	artificial	ditch	draining	
the	experimental	field	(Figure	S7.1).	The	samples	were	transported	and	stored	at	
4oC and analyzed within 48 hours, using IC (Ion Chromatography) and ICP-MS (Mass 
Spectrometry). For the continuous NO3 analysis at the catchment outlet, we used a 
Hydrion-10 multi parameter probe (Hydrion BV Wageningen, The Netherlands). 

Average NO3 concentrations for installation periods of approximately one month were 
measured using SC-samplers. The basic components of the samplers are shown in Fig-
ure 7.1. As water passes the sampler, NO3 is captured by an adsorbent. Simultaneously, 
a tracer salt with a known solubility (calcium-citrate) is leached from the downstream 
side of the sampler. The volume of water that passed through the sampler during the 
installation period is estimated from the mass reduction of this tracer. Together with 
the mass of adsorbed solute, this gives an average solute concentration for the instal-
lation period. A detailed description of the SC-sampler and results of the laboratory 
testing have been published by De Jonge and Rothenberg (2005). 

We installed SC-samplers at 23 tile-drain outlets and 13 surface water locations 
throughout the Hupsel catchment (Figure S7.2 in Supporting Information). We re-
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placed all SC-samplers monthly, with the exception of the last sampling round, when 
an installation period of three months was tested. A detailed description of the SC-
sampler	field	installation	methods	and	laboratory	analysis	procedures	is	given	in	the	
Supporting Information.

7.3.2 Duplicate analysis 
The	first	part	of	the	evaluation	of	the	SC-sampler	results	in	this	study	was	based	on	
duplicate analysis.  Several locations were equipped with double mounting systems, 
which allowed for the installation duplicate SC-samplers. We analyzed a total amount 
of	64	duplicate	pairs	from	June	2008	to	April	2009.	The	average	absolute	differences	
between the duplicate pairs in measured NO3 concentrations were calculated as fol-
lows:

where Davg		is	the	average	absolute	difference,	d1i	–	d2i		is	the	difference	between	the	
two measured NO3 concentrations of the ith duplicate pair and n  is the number of 
duplicate pairs. 

Based on the duplicate measurements we also deduced the standard deviation of 
SC-sampler measurements (S ).	Because	the	average	difference	between	the	duplicate	
pairs approximates to zero, we can estimate the standard deviation following:

Subsequently, relative standard deviations were also derived by dividing the standard 
deviations by the average measured concentrations. These relative standard devia-
tions give a measure for the precision of the SC-samplers, which is insensitive for the 
absolute concentration values.

Figure 7.1 
Basic components of a SorbiCell passive sampler.
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7.3.3 Load estimates
The second part of the evaluation of the SC-sampler results was based on load 
estimates using the three types of concentration measurements. We used the NO3 
measurements of 12 February to 21 May 2008 because no major technical failures 
interrupted the continuous water quality and discharge measurements in this period. 

The load estimate using the continuous NO3 concentrations was straightforward, fol-
lowing:

where Lp  is the estimated load over period p,	∆ti  equals ti - ti-1  and represents the 
semi-continuous measurement interval (10 minutes), and Ci and Qi  are the concentra-
tion and discharge at ti . 

The loads based on the average SC-sampler concentrations were estimated by mul-
tiplying the average concentrations by the average discharge volumes for the same 
period:

where Lsi  is the estimated load over SC-sampler installation period si,		∆tsi  is the 
installation period duration, Csi  is the SC-sampler average concentration, and Qsi  is the 
average discharge at the catchment outlet over installation period si. 

For load estimates based on discrete grab sample data, many methods have been 
described in literature. However, several researchers reported that none of these 
methods	clearly	outperforms	the	others	in	all	cases	(e.g.	Preston	et	al.,	1989;	Smart	et	
al.,	1999;	Schleppi	et	al.,	2006).	Therefore,	we	applied	a	simple	stepwise	interpolation	
between our weekly concentration measurements (Aulenbach and Hooper, 2006). In 
other words, the grab sample NO3 concentrations were assumed to be representative 
for the period around which the sample was collected. The load estimate for these 
periods is similar to equation 4:

where Lgs is the load estimate for the period around the moment of sampling, Cgs  is the 
measured ‘snapshot’ concentration, Qgs  is the average discharge for the period around 
the	sampling	and	∆tgs  is the time interval that was represented by the grab sample 
measurement. This time interval depends on the sampling frequency.

For the comparison of load estimates, we used the one month SC-sampler installation 
periods (si ) as the common time intervals. The amount of grab samples per installa-
tion	period	defines	how	many	Lgs  values (eq 5) are summed to represent the common 
time interval si. For the load estimate from the continuous data (eq 3) the period p 
equaled installation period si.

 ∆⋅⋅= iiip tQCL                [3] 

 

sisisisi
tQCL ∆⋅⋅=               [4] 

 

gsgsgsgs tQCL ∆⋅⋅=                     [5] 
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One of the aims of this study was to compare SC-sampler measurements to continuous 
measurements	and	grab	sampling	data.	Structural	differences	between	the	different	
measurement	techniques	may	result	in	differences	between	the	load	estimates	that	
are	based	on	the	different	concentration	data	types.	Another	possible	source	of	devia-
tions is the bias that is introduced by using average concentrations and discharges. 
This averaging bias is proportional to the covariance between the continuous con-
centration	and	discharge	time	series	(Mood	et	al.,	1974;	Ferguson,	1987).	When	we	
combine the load estimate equations 3 and 4 for a period p equal to SC-sampler instal-
lation period si,	and	include	the	covariance	(COV	[Ci , Qi ]), we obtain:

We	can	eliminate	the	structural	difference	between	the	measurement	methods	and	
isolate	the	effect	of	the	averaging	bias	by	sub-sampling	hypothetical	datasets	of	
snapshot measurements and SC-sampler-like average NO3 concentrations from the 
continuous dataset. We calculated hypothetical SC-sampler-like average concentra-
tions by averaging the continuous concentration data for each SC-sampler installation 
period.	To	represent	grab	sampling	with	different	time	intervals,	we	sub-sampled	
three hypothetical datasets with one, two, and four snapshots for each SC-sampler 
installation period. Loads were calculated using the sub-sampled SC-sampler-like con-
centrations (eq 4) and the concentrations from the stepwise interpolation between 
the sub-sampled snapshot samples (eq 5). 

A	major	source	of	uncertainty	associated	with	snapshot	sampling	from	a	fluctuating	
concentration pattern is that the measured concentrations depend strongly on the ex-
act	moment	of	sampling.	To	illustrate	this	effect,	we	selected	from	the	continuous	data	
the minimum and maximum concentrations within the time interval represented by 
the snapshot measurements. From these concentrations we calculated the minimum 
and maximum loads that could have been deduced from a grab sampling monitoring 
program. 

7.4 Results

7.4.1 Field measurement results
From	September	2007	to	June	2008	we	optimized	the	SC-samplers	based	on	field	
experience	and	measurement	results.	We	improved	the	flow	velocity	control	and	the	
sample	volume	capacity	of	the	SC-samplers.	The	modifications	that	were	applied	to	
the SC-samplers during the optimization period are summarized in the Supporting 
Information. In the remainder of this paper, we will focus on the optimized SC-sampler 
measurements of December 2007 to April 2009. 

A summary of the results of all SC-sampler measurements in groundwater, surface 
water, and tile-drain water is given in the Supporting Information. We also included 

[ ]
siiisisiisiiisip tQCtQCtQCL ∆⋅+∆⋅⋅=∆⋅⋅= ,COV

,
            [6] 
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the results of P-concentration measurements that were performed from July 2008 
onward. The SC-samplers produced a valuable overview of NO3 and P concentrations 
and their temporal and spatial variability throughout the catchment.    

For the catchment outlet, the measured SC-sampler NO3 concentrations can be com-
pared to the weekly grab sampling snapshots and to the continuous measurements. 
In	addition,	the	SC-sampler	measurements	of	tile-drain	effluent	and	ditch	water	at	the	
experimental	field	can	be	compared	to	weekly	grab	samples.	The	results	for	the	catch-
ment	outlet	are	presented	in	Figure	7.2	and	for	the	experimental	field	in	Figure	7.3.	
For the catchment outlet, Table 7.1 compares the average SC-sampler NO3 concentra-
tions to the average NO3 concentrations derived from the continuous data and the grab 
sampling measurements. 

Despite	the	inherent	differences	between	the	measurement	methods,	the	overall	aver-
age SC-sampler NO3 concentration deviates only 2% from the grab sampling average 
NO3 concentration (Table 7.1). Furthermore, all three sampling methods reproduced 
the same seasonal concentration pattern, with decreasing concentrations in spring 
and increasing concentrations in autumn (Figures 7.2 and 7.3). Only in the November-
December 2008 installation period, the SC-sampler concentrations were generally 
lower	than	the	grab	sample	results	and	the	continuous	measurements.	This	difference	
was caused by partial disintegration of the absorption reservoir, which resulted in 
suboptimal contact between the adsorbent and the sample water. The disintegra-
tion occasionally occurred in case of larger sample volumes, due to the contraction of 
the	salt	tracer	reservoir.	An	improved	fixation	of	the	absorption	reservoir	solves	this	
problem.	Minor	structural	differences	between	the	three	methods	for	measuring	NO3 
concentrations can be observed in Figure 7.2 and Table 7.1. For the entire period, the 
Hydrion continuous NO3 concentrations were structurally somewhat higher than the 
SC-sampler and the grab sampling concentrations. 

Period 
Number of 

days 

SC-sampler 

NO3 (mg/l) 

Hydrion 

NO3 (mg/l) 

Grab samples  

Number of 

samples 

 Average 

NO3 (mg/l) 

14 Dec 2007 - 

10 Dec 2008 
321 33.8 37.5 43 34.5 

14 Dec-10 Jan 27 70.9 72.4 4 54.8 

10 Jan-12 Feb 33 61.7 59.2 5 47.5 

12 Feb-12 Mar 29 43.0 54.8 5 43.8 

12 Mar-11 Apr 30 39.8 43.3 4 37.2 

11 Apr-21 May 40 45.7 48 6 38.3 

21 May-19 Jun 29 30.6 36.9 2 43.7 

19 Jun–18 Jul 29 13.7 24.7 2 17.2 

18 Jul–26 Aug 39 1.7  3 10.4 

26 Aug–6 Oct 41  8.1 4 6.25 

6 Oct–5 Nov 30 17.3 20.3 5 19.15 

5 Nov–10 Dec 35 21.8 41.6 5 42.8 

 

Table 7.1
Average NO3 concentrations at the catchment outlet derived from SC-sampler measurements, 
continuous Hydrion measurements, and discrete grab sample measurements. 



122
Figure 7.2 
Graph with the three types of NO3 concentration measurements that were applied at the catchment 
outlet; grab sample snapshot measurements, SC-sampler average concentration measurements, 
and continuous measurements.

Figure 7.3 
Graphs with the two types of NO3 concentration measurements that were applied for the ditch and 
the three tile-drains at the experimental field; grab sample snapshot measurements and SC-sampler 
average concentration measurements.
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7.4.2 Duplicate analysis
Figure 7.4 shows a scatter plot of the 64 duplicate analyses for NO3. Table 7.2 presents 
for each installation period the number of duplicates, the average NO3 concentration, 
the	average	absolute	difference	between	the	duplicates	(see	eq	1),	the	standard	devia-
tion between the duplicates (see eq 2), and the relative standard deviation between 
the duplicates. 

The duplicate SC-sampler average NO3 concentration measurements showed rather 
good precisions (Figure 7.4 and Table 7.2). The relative standard deviation of the 
64 duplicate pairs is 16.1%. Table 7.2 also gives the duplicate analyses results for 
the individual installation periods. Understandably, the low NO3 concentrations that 

Period 
Number of 

dupl. pairs 

Average 

conc. 

(mg/L) 

Avg. abs. 

difference 

(mg/L) 

Standard 

deviation 

(mg/L) 

Relative 

st. dev. 

Jun 2008 –Apr 2009 64 30.8 4.1 4.9 16.1 % 

19 Jun – 18 Jul 9 31.3 3.6 5.1 16.3 % 

18 Jul – 26 Aug 7 1.3 0.8 1.0 79.3 % 

26 Aug – 6 Oct 3 1.8 0.8 0.7 38.2 % 

6 Oct – 5 Nov 6 23.9 4.8 5.5 22.9 % 

5 Nov – 10 Dec 16 42.0 6.1 6.5 15.5 % 

10 Dec – 21 Jan 10 50.7 6.6 6.2 12.2 % 

21 Jan – 9 Apr 13 26.6 0.9 2.5 9.2 % 

 

Table 7.2
Results of the duplicate NO3 measurements with SC-samplers (June 2008 – April 2009); number 
of duplicate pairs, average NO3 concentration of duplicates, average absolute difference between 
duplicates, standard deviation between duplicates, and relative standard deviation between the 
duplicates. 

Figure 7.4 
Scatterplot of the SC-sampler duplicate measurements. 
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were measured during summer resulted in relatively high relative standard devia-
tions. In the winter months, the relative standard deviations for the NO3 concentration 
measurements were much lower. In particular the three-month installation period 
in January-April 2009 shows high precision, considering the relatively low relative 
standard deviation of 9.2%. 

7.4.3 Load estimates
The results of the NO3	load	estimates,	based	on	the	different	types	of	concentration	
measurements, are given in Figure 7.5. The 12 February to 21 May load estimate based 
on the SC-sampler average concentrations deviate less than 10% from those based 
on the continuous measurements and the grab sampling. The deviations between the 
load	estimates	is	partly	caused	by	the	difference	in	average	NO3 concentrations that 
were	derived	from	the	three	types	of	measurement	(Table	7.1).	However,	the	differ-
ences also partly originate from the use of average concentration and discharge values 
for the load calculation (see eq 6). 

Figure 7.6 gives the results of the load estimates based on the sub-sampled hypo-
thetical grab sample and SC-sampler datasets. See section 7.3.3 for the explanation 
and aims of the sub-sampling procedure. By sub-sampling from the ‘true’ continuous 
NO3	time	series,	we	eliminated	the	structural	differences	between	the	measurement	
methods.	Consequently,	the	difference	between	the	‘true’	loads	and	the	load	estimates	
based on the sub-sampled average ‘SC-sampler’ concentrations is exclusively caused 
by the averaging bias (eq 6). For the total period from 12 February until 21 May 2008, 
this averaging bias amounts +6.0%.

The results of the load estimates based on equally distributed ‘snapshot’ sub-samples 
are also shown in Figure 7.6. In addition, the minimum and maximum possible load 

Figure 7.5
Load estimates (in kg NO3 over the indicated period) based on continuous (Hydrion), average (SC-
samplers), and snapshot (grab sample) NO3 measurements.
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estimates that could be deduced from snapshot sampling are given. Compared to the 
load estimates based on the sub-sampled SC-sampler-like concentrations, the load es-
timates	based	on	the	hypothetical	snapshot	samples	generally	show	larger	differences	
from the ‘true’ loads.  The large uncertainty in load estimates based on low frequency 
snapshot	sampling	is	also	illustrated	by	the	large	differences	between	the	potential	
minimum and maximum loads. With less samples, the actual and potential deviations 
in load estimates increase even further.   

7.5 Discussion and Conclusions

During	this	study,	we	tested	and	optimized	the	SC-sampler;	a	new	passive	sampling	
technique that measures average concentrations. Placing the SC-samplers at multiple 
sites enabled us to obtain a catchment scale overview of spatial and temporal variabil-
ity in NO3	concentrations	in	surface	water	and	tile-drain	effluent.	Duplicate	analysis	
produced relative standard deviations of 16.1%. The SC-samplers NO3 concentration 
levels and seasonal patterns were similar to those observed with weekly conventional 
grab sampling and continuous water quality measurements. 

These results are rather promising, especially when considering the common uncer-
tainties	of	field	measurements	of	water	quality	(Harmel	et	al.,	2006;	Rode	and	Suhr,	
2007;	Harmel	et	al.,	2009).	These	uncertainties	do	not	just	arise	from	the	laboratory	
procedures, but also follow from the sample collection and the sample preservation 
and	storage.		Harmel	et	al.	(2006)	quantified	the	cumulative	error	in	field	measure-
ments of NO3 loads in stream water during events from 8% up to 104%.

Figure 7.6
Load estimates in kg NO3 based on ‘true’ continuous NO3 concentrations (Hydrion measurements), 
sub-sampled hypothetical SC-sampler-like average concentrations, and sub-sampled snapshot 
(grab sampling-like) data. The bars give the range of possible load estimates based on grab sam-
pling, depending on the exact moment of sampling (see text for explanation).
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Regional surface water quality monitoring networks are sampled 12 times per year in 
most European countries (Fraters et al., 2005). Our results show that monthly average 
concentration measurements produce more reliable load estimates than monthly, 
biweekly, or even weekly snapshot sampling. The laboratory and labor costs per SC-
sampler are similar to the costs of one grab sample. This illustrates that the introduc-
tion	of	SC-samplers	potentially	increases	the	cost-efficiency	of	a	monitoring	program.			
 
We	optimized	the	SC-samplers	based	on	our	practical	field	experiences.	An	improved	
control	of	the	flow	velocities	through	the	samplers	helped	to	obtain	the	sampling	
volumes	within	the	optimal	range	of	50-250	ml.	Because	flow	conditions	cannot	be	
known	beforehand,	we	still	recommend	installing	two	or	more	samplers	with	different	
conductivities at the same location. At the end of the installation period, the sampler 
with the best sampling volume can be selected for the laboratory analysis.

More	field-based	testing	could	increase	the	flexibility	of	SC-sampler	application	in	
various water quality monitoring programs. Laboratory testing has already yielded 
promising	results	for	other	contaminants,	but	additional	field-based	experience	with	
measuring heavy metals, pesticides, and VOC’s is desirable. Furthermore, little is 
known of SC-sampler performance in brackish or salty aquatic environments. The 
large amounts of ions in salt water would probably require a larger capacity of the 
adsorbent reservoir. A larger adsorbent reservoir may also be needed for longer 
installation	periods	and	larger	sample	volumes,	which	might	be	preferred	in	specific	
monitoring studies. Our three-month installation period showed consistent results, 
but longer installation periods have not been tested so far.

We showed that the averaging bias should be taken into account when using average 
concentration measurements for estimating solute loads. In general, a positive covari-
ance between stream discharge and solute concentrations leads to an underestimation 
and a negative covariance to an overestimation of loads based on average concentra-
tions (see also Supporting Information, Figure S7.5). 

Correction for the averaging bias is possible when the covariance is known or can be 
estimated. The covariance can be estimated from short periods with high frequency 
measurements or from high frequency data from similar catchments. From our contin-
uous water quality and discharge records, we found that NO3 concentrations generally 
decreased with increasing discharges. This gives a negative covariance, which results 
in an overestimation of the loads when using average concentrations. Our continu-
ous P concentration records (Rozemeijer et al., 2010) structurally showed a positive 
covariance with discharge, which would result in underestimation of loads when using 
average concentrations. 

Another	option	to	overcome	the	averaging	bias	is	to	measure	flow-averaged	concen-
trations instead of time-averaged concentrations. This would be achieved when the 
sample	flow	through	the	SC-sampler	is	proportional	to	the	discharge.	Laboratory	tests	
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showed	that	the	sample	flow	velocity	through	the	SC-sampler	responds	linearly	to	
the water pressure gradient over the sampler. When the water pressure gradient also 
responds	linearly	to	the	discharge,	the	SC-sampler	measures	a	flow-proportional	aver-
age concentration. This could be realized by installing the sampler on the upstream 
side of a calibrated weir. For tile-drains, laboratory test with a new mounting system 
for	flow	proportional	measurements	gave	promising	results	(De	Jonge,	personal	com-
munication).	Still,	measuring	flow	proportional	average	concentrations	with	SC-sam-
plers	needs	further	field	testing	and	development.		

In summary, this study showed that the SC-samplers for average solute concentration 
measurements	produce	consistent	results	and	may	be	a	cost-effective	alternative	for	
grab sampling in regional water quality monitoring programs. Average concentration 
measurements produce more consistent load estimates than ‘snapshot’ concentrations 
from conventional grab sampling. 
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7.6 Supporting Information

Maps of the research catchment (Figure S7.1) and SC-sampler locations (Figure S7.2). 
Description	of	the	SC-sampler	field	installation	methods	and	laboratory	analysis	
procedures.	SC-samplers	modifications	during	the	optimization	period.	Summary	of	
all	SC-sampler	measurements	in	groundwater,	tile-drain	effluent,	and	surface	water	
during	December	2007	to	April	2009.	Figure	demonstrating	the	effects	of	positive	
and negative covariance between solute concentration and discharge records on load 
estimations based on average concentrations (Figure S7.5).

Figure S7.1
Location of the Hupsel catchment within the Netherlands (left) and topographic map of the catch-
ment with the locations of the catchment outlet measurement location and the experimental field 
(right).

Figure S7.2
Locations of field measurements of NO3 and P concentrations with SC-samplers in tile-drains (a) and 
surface water (b) within the Hupsel catchment.
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SC-sampler field installation methods and laboratory 
analysis procedures
Figure	S7.3	shows	the	field	installation	methods	for	the	SC-samplers	that	we	used	for	
sampling groundwater (Figure S7.3a), surface water (Figure S7.3b), and tile-drain 
water (Figure S7.3c). In all cases, the samplers were placed on a reservoir. Air tubes 
connected these reservoirs to the atmosphere in order to maintain atmospheric air 
pressure inside, even when the reservoir is submerged under the water table. The 
water	pressure	above	the	sampler	was	the	driving	force	for	the	water	flow	through	
the	sampler	into	the	reservoir.	In	fast	flowing	streams,	the	samplers	can	also	be	placed	
directly into the surface water, using the kinematic pressure as driving force for water 
flow	through	the	samplers.	However,	the	flow	velocities	in	the	Hupsel	catchment	were	
too	low	to	obtain	sufficient	sampling	volumes	with	this	method	of	installation.	
When replacing the samplers, we also emptied the reservoirs and measured the 
sample volumes. In the laboratory, the adsorbent was pushed out from the samplers. 
An	extraction	fluid	was	added	and	after	an	ultrasonic	treatment,	NO3 and P concentra-
tions were measured using spectrophotometers. The remaining calcium-citrate tracer 
was	also	collected	from	the	samplers	and	transferred	to	a	volumetric	flask,	which	was	
brought to volume with 0.2 M HCl. The amount of calcium-citrate in the extract was 
measured as Calcium using ICP-MS (Mass Spectrometry). 

 

 

Figure S7.3
Pictures of field installations of the passive sampler reservoirs into a groundwater well (a), in a 
stream (b), and at a tile-drain outlet (c). 
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SC-sampler modifications
Table	S7.1	summarizes	the	main	modifications	that	were	applied	to	the	SC-samplers	
during	this	optimization	period.	The	first	two	modifications	(sampler	versions	B	and	
C	in	Table	S7.1)	were	meant	to	improve	the	control	on	the	water	flow	through	the	
samplers. For an accurate average concentration measurement, the optimal sample 
volume is between 50 and 250 ml. Lower volumes result in larger uncertainties of the 
measurements and higher volumes could exceed the maximum capacity of the tracer 
salt.	When	a	completely	filled	reservoir	blocks	the	further	water	flow	through	the	sam-
pler, the measured average concentrations does not represent the entire installation 
period.	During	the	fieldwork	we	noticed	that	many	reservoirs	had	completely	filled	
up	before	the	end	of	the	installation	period.	The	flow	control	through	the	samplers	
was	improved	by	adding	an	inert	silica	filling	with	a	known	hydrological	conductivity	
(sampler	version	B)	and	by	introducing	a	fixating	and	constricting	ring	into	the	sam-
plers	(sampler	version	C).	Apart	from	the	improvement	of	the	sample	flow	control,	
these	rings	also	improved	the	fixation	of	the	adsorbent	and	the	tracer	salt	within	the	
samplers.	After	these	modifications,	reservoirs	rarely	filled	up	completely.	However,	
obtaining the optimal sample volume between 50-250 ml still appeared to be prob-
lematic in some cases, mainly due to the uncertain weather conditions in the period 
after installation. 

The	modification	to	sampler	version	D	was	intended	to	increase	the	volume	capacity	
and	to	prevent	preferential	flow	through	the	tracer	salt	compartment	of	the	sampler.	
For some samplers, the volumes derived from the tracer salt loss measurements were 
smaller	than	the	reservoir	volumes	that	we	measured	directly	in	the	field.	Visual	
inspection of these samplers revealed that all available salt tracer had been dissolved 
along	a	preferential	flow	path	through	the	salt	compartment.	Tracer	salt	uptake	along	
this	flow	path	might	not	have	been	optimal	at	the	end	of	the	installation	period,	which	
would result in an underestimation of sample volumes. To solve this, we introduced a 
larger amount of tracer salt divided into two compartments into the samplers. After 
this	modification,	preferential	flow	through	the	salt	compartments	was	never	ob-
served.

Version First use Silica Constriction ring Tracer salt Modification Rationale 

A Sept 2007 No No 70 mg  

B Nov 2007 Yes No 70 mg Sample volume control 

C Dec 2007 Yes Yes 70 mg 
Sample volume control 

and fixation 

D June 2008 Yes Yes 107 mg 
Prevent preferential flow 

through salt compartment 

 

Table S7.1
Subsequent modifications of the SC-samplers. 
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Summary of all SC-sampler measurement results of 
December 2007 – April 2009
The NO3 and P concentrations measured with SC-samplers in the Hupsel catchment 
are summarized in Figure S7.4. The average NO3 concentrations (Figure S7.4a) for 
both tile-drains and surface water exceeded the Dutch water quality target for stream 
water of 17.7 mg NO3 L-1. Very low nitrate concentrations were measured in the four 
groundwater wells, that where designed for SC-sampler measurements (Figure S7.3a). 
A clear seasonal pattern in NO3	concentrations	was	found	in	both	tile-drain	effluent	
and surface water (Figures S7.4b and S7.4c). In winter, nitrate concentrations were 
high,	especially	in	December	2007	–	January	2008	which	was	a	relatively	wet	period	
(total precipitation: 175 mm in 2 months). In the summer period (July-September), 
several tile-drains were inactive and could not be sampled. Very low NO3 concentra-
tions	were	measured	in	the	effluent	from	the	drains	that	were	still	active.	In	October,	
NO3	concentrations	in	tile-drain	effluent	and	surface	water	started	to	increase	again.	
However, the concentrations that were measured in winter 2007/2008 were not 
reached in winter 2008/2009. This is probably caused by the relatively low amounts 
of rainfall during September to December (total precipitation: 192 mm in 4 months). 
Apart from the temporal patterns, the boxplots in Figure S7.4b and S7.4c also show 
the large spatial variation in NO3	concentrations,	especially	in	tile-drain	effluent.	In	
winter, the NO3	concentrations	in	effluent	from	individual	tile-drains	varied	from	
<0.054	–	390	mg	NO3 L-1.

In contrast to the patterns observed for NO3, the measured P concentrations in 
groundwater	were	much	higher	than	in	tile-drain	effluent	and	surface	water	(Figure	
S7.4d).	In	tile-drain	effluent	and	surface	water,	the	measured	P	concentrations	were	
generally	below	or	close	to	the	detection	limit.	Still,	the	water	quality	target	of	120	μg	
P L-1 is exceeded in 19 % of the measurements. Relatively high P-concentrations were 
measured	in	tile-drain	effluent	and	surface	water	for	the	installation	period	26	August		
- 6 October (Figure S7.4e and S7.4f). No clear seasonal pattern was found for the P 
concentrations.
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Figure S7.4 
Results of the SorbiCell measurements; boxplots of (a) NO3 concentrations in tile-drain effluent, sur-
face water, and groundwater, (b) NO3 concentrations in tile-drain effluent per sampling period, (c) 
NO3 concentrations in surface water per sampling period, (d) P concentrations in tile-drain effluent, 
surface water, and groundwater, (e) P concentrations in tile-drain effluent per sampling period, (f ) P 
concentrations in surface water per sampling period.
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Figure S7.5 
The effect of positive (S7.5a) and negative (S7.5b) covariance between discharge and concentra-
tions for load estimates based on average concentrations and discharges. In Figure S7.5a, the biased 
load (Lbiased ), underestimates the true load (Lavg ). The averaging bias (COV[Ci ,Qi]

. ∆t ; see also eq 6 in 
main text) equals 6. In Figure S7.5b, the biased load overestimates the true load and the averaging 
bias equals -24. 
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Harm working on the tile drain effluent collection reservoir

Part III

Modeling
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8
8.1 Abstract

Understanding the dynamics of groundwater-surface water interactions is needed 
to evaluate and simulate water and solute transport in catchments. However, direct 
measurements	of	the	contributions	of	different	flow	routes	towards	the	surface	water	
are rarely available. For this study, we physically separated the tile drain discharge 
toward	a	43.5	m	ditch	transect	from	the	groundwater	and	overland	flow	routes.	Direct	
groundwater	flow	and	ephemeral	overland	flow	were	jointly	captured	in	three	sheet-
pile	in-stream	reservoirs,	while	the	effluent	from	three	tile	drain	outlets	was	collected	
in	vessels.	Our	flux	measurements	showed	that,	in	response	to	a	rainfall	event,	the	tile	
drain contribution to the total ditch discharge decreased from 80% to 28%. We used 
these	flow	route	measurements	to	calibrate	a	field-scale	integrated	water	transport	
model. The HydroGeoSphere code was used, because it simultaneously solves the 
flow	regimes	in	the	variably	saturated	domain,	the	tile	drain	domain,	and	the	surface	
flow	domain.	This	simultaneous	solution	is	needed	for	a	correct	representation	of	the	
mutual	interactions	between	groundwater	flow,	tile	drain	flow,	and	ditch	water	flow.	
Our	model	produced	a	flow	distribution	between	the	flow	paths	which	deviated	only	
2%	from	the	measured	flow	distribution.	A	sensitivity	analysis	showed	that	model	
parameters	related	to	tile	drain	entrance	resistance	and	to	the	resistance	to	water	flow	
through	the	surface	water	system	controlled	the	water	flow	route	distribution	but	did	
not	severely	affect	groundwater	levels.	This	indicates	that	a	model	calibration	based	
on groundwater levels alone does not necessarily produce a correct representation of 
the	flow	route	contributions.	

Chapter

Using field-scale measurements of flow route contributions to 
improve integrated model representations of dynamic 
groundwater-surface water interactions

Joachim Rozemeijer, Ype van der Velde, Rob McLaren, Frans van Geer, Hans Peter Broers, and Marc Bierkens
Published in Water Resources Research
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8.2 Introduction

Important issues in hydrological research are the deterioration of water quality and 
the	generation	of	floods	and	droughts.	Hydrological	modeling	often	plays	an	important	
role in understanding, predicting, and mitigating these complex problems. Especially 
for	the	simulation	of	solute	transport,	a	proper	representation	of	water	flow	routes	
from the land surface toward the surface water system is essential (Van der Velde et 
al.,	2010;	Wriedt	et	al.,	2007;		O’Connel	et	al.,	2007).	However,	the	process	of	water	and	
solute transport is very dynamic and complex and involves a myriad of routes along 
which a water drop can travel toward a stream. In general, precipitation water can 
enter	a	stream	through	direct	precipitation	or	(a	combination	of)	overland	flow,	inter-
flow,	and	groundwater	flow	(e.g.	Beven	and	Kirkby,	1979;	Ward	and	Robinson,	1990).	

Travel	time	distributions	of	precipitation	water	flowing	from	the	land	surface	toward	
a	ditch	are	closely	related	to	the	relative	contributions	of	the	different	connecting	
flow	routes	and	their	resistance	to	water	flow.	In	agricultural	catchments,	flow	routes	
and travel time distributions have often been manipulated to increase agricultural 
productivity.	In	relatively	humid	regions	this	involved	the	construction	of	an	artificial	
drainage network of ditches and subsurface tile drains to improve the discharge of 
excess	precipitation	water	(Jaynes	et	al.,	2001;	Carluer	and	De	Marsily,	2004;	Hirt	
et	al.,	2005;	Van	den	Eertwegh	et	al.,	2006).	These	artificial	ditches	and	tile	drains	
generally	provide	faster	flow	routes	for	the	transport	of	water	and	chemicals	through	
the	hydrological	system.	This	might	have	increased	risks	for	floods	and	droughts	(e.g.,	
O’Connel et al., 2007) and the leaching of agrochemicals like nutrients, heavy metals, 
and	pesticides	(e.g.	Stamm	et	al.,	2002;	Jaynes	et	al.,	2001).	

Hydrological	and	solute	transport	modeling	would	benefit	from	more	field-based	
knowledge	of	the	dynamic	behaviour	of	flow	route	contributions.	Optimization	and	
validation of hydrological models is usually based on measurements of stream dis-
charge or groundwater heads. Often, the wide range of possible parameter sets that 
provide satisfactory results for discharge and groundwater head predictions result in 
large	uncertainties	in	the	predictions	of	flow	route	contributions	and	travel	time	dis-
tributions (Gallart et al., 2007). When incorporating solute transport and associated 
hydrochemical processes into these models, even larger uncertainties arise. 

Some	insight	into	the	dynamic	behaviour	of	flow	route	contributions	is	gained	using	
indirect	methods	for	estimating	flow	pathways.	Hydrograph	separation	using	the	
signatures of chemical tracers or temperature is a widely used indirect method to es-
timate	the	contributions	of	two	or	three	different	flow	routes	to	the	stream	discharge	
(e.g.	Ladouche	et	al.,	2001;	Soulsby	et	al.,	2003;	Essaid	et	al.,	2008).	A	major	limitation	
of chemically based hydrograph separation is the common assumption that the tracer 
concentrations	of	the	individual	flow	routes	are	constant	in	time.	In	fact,	different	
studies showed variable solute concentrations for example in upper groundwater 
(Bjerg	and	Christensen,	1992;	Boumans	et	al.,	2005;	Rozemeijer	et	al.,	2009),	tile	drain	
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effluent	(De	Vos	et	al.,	2000;	Jaynes	et	al.,	2001;	Stamm	et	al.,	2002;	Gächter	et	al.,	
2004,	Tiemeyer	et	al.,	2006),	and	overland	flow	(Langlois	and	Mehuys,	2003).

Direct	measurements	of	the	contributions	of	different	flow	routes	to	surface	water	
discharge generation have a great potential for reducing uncertainties in water and 
solute	transport	modeling.	However,	physically	separating	water	from	different	routes	
at a relevant scale level is often considered extremely laborious or even impossible. 

The main goal of this study was to measure and understand the dynamic behaviour of 
water	flow	route	contributions	from	a	low-relief	experimental	field	towards	a	ditch.	
We	installed	a	field-scale	experimental	setup,	described	in	detail	by	Van	der	Velde	et	
al.	(2010),	that	separately	captured	both	tube	drain	effluent	and	direct	groundwater	
discharge	from	an	agricultural	field	before	it	entered	a	ditch.	In	this	paper,	we	focused	
on	a	correct	simulation	of	the	measured	flow	route	contributions.	For	modeling	the	
water	transport	from	the	experimental	field	towards	the	43.5	m	ditch	transect,	we	
used the model code HydroGeoSphere (Therrien et al., 2010), which includes all rel-
evant	water	flow	routes.

8.3 Methods

8.3.1 Field Measurements
A multi-scale experimental setup was installed in the Hupsel catchment in the eastern 
part of The Netherlands (Figure 8.1) (52o03’	N;	6o38’ E). We physically separated 
water	from	different	flow	routes	entering	a	43.5	m	ditch	transect	and	measured	their	
contributions to the total ditch discharge. A detailed description of all installations and 
measurements is given in Van der Velde et al. (2010). Here, we focus on the measure-
ments which were applied in this paper as well. 

For	the	field	scale	observations,	we	selected	a	0.9	ha	grass	field	within	a	38	ha	sub-
catchment.	The	location	of	the	experimental	field	within	the	sub-catchment	is	shown	

Figure 8.1
Location of the Hupsel catchment and the experimental field within its sub-catchment. The field 
sketch shows the three measured tile-drains, the location of the in-stream reservoirs, and the loca-
tion of the continuous groundwater level recording used in  this study.
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in Figure 8.1. Surface elevations in the sub-catchment range between 27.5 m +MSL 
(above Mean Sea Level) in the Southeast and 31 m +MSL in the North. The experi-
mental	field	surface	elevations	range	between	27.5	and	28.5	m	+MSL.	An	artificial	
secondary	ditch	with	an	average	depth	of	1.2	m	borders	the	experimental	field	at	the	
eastern side. The ditch leaves the sub-catchment in the South and discharges into the 
main brook. 

At	the	experimental	field,	tile	drain	tubes	of	5	cm	in	diameter	were	present	with	
spaces of 14.5 m between individual drains. The drains discharged into the eastern 
ditch	at	90	cm	below	the	field	surface	level.	Over	their	200	m	length	the	tubes	sloped	
upward by 20 to 60 cm away from the ditch, depending on the local topography.

This	study	focuses	on	the	field	scale	observations	on	drains	1,	2,	and	3	(Figure	8.1).	
To	separate	the	fluxes	toward	the	eastern	ditch	via	different	routes,	three	adjacent	
sheet pile reservoirs were built in the eastern ditch. Each in-stream reservoir was 
constructed around a single tile drain outlet. Together, the three in-stream reservoirs 
stretched along a 43.5 m ditch transect (Figure 8.2). The wooden tongue-and-groove 
sheet piles were driven into the low conductivity Miocene clay layer at 3 to 4 m depth 
to	capture	all	groundwater	flow	from	the	field	into	the	ditch.	The	in-stream	reservoirs	
captured	overland	flow,	interflow,	direct	precipitation,	and	groundwater	inflow	from	
the thin aquifer above the Miocene clay. Water levels in the in-stream reservoirs and in 

Figure 8.2
Picture of the complete setup with collector vessels for drain discharge, pumps, and water flux 
meters. The shed in the back houses the data acquisition and control equipment.
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the adjacent ditch were measured using pressure sensors. The water levels inside the 
in-stream reservoirs were maintained at the ditch water level by pumps. Excess water 
was pumped from the in-stream reservoirs into the ditch and the pumped volumes 
were	recorded	with	digital	flux	meters.

The	effluent	from	the	tile	drains	was	separated	from	the	other	flow	routes	by	connect-
ing	each	drain	outlet	to	a	500	L	vessel	using	a	flexible	tube	(Figure	8.2).	The	vessels	
were	partly	dug	into	the	ditch	bottom	and	they	were	allowed	to	fill	up	to	the	tile	drain	
outlet	height,	which	led	to	an	effective	storage	capacity	of	about	200	L.	When	this	wa-
ter	level	was	reached,	the	water	was	pumped	into	the	ditch	and	the	flux	was	measured	
with	digital	water	flux	meters.	

In	an	unmonitored	situation,	the	surface	water	pressure	affects	the	tile	drain	flow	
rates whenever the tile drain outlets are below the ditch water level. To imitate this 
effect,	floaters	were	attached	to	the	flexible	tubes	that	connected	the	drains	to	the	col-
lection	vessels	(Figure	8.2).	Water	leaving	the	drains	had	to	flow	up	to	the	ditch	level	
before being discharged into the vessels.

In addition to the discharge measurements, we manually measured phreatic ground-
water	levels	at	31	locations	within	the	field	every	week.	Furthermore,	we	installed	
pressure sensors for semi-continuous recording of phreatic groundwater levels at the 
experimental	field	(see	Figure	8.1).

8.3.2 Model Setup
To	improve	understanding	of	the	dynamic	behaviour	of	flow	routes	contributions	dur-
ing	rainfall	events,	we	constructed	a	field	scale	HydroGeoSphere	model	for	an	event	
from	20	to	22	March	2008.	We	focused	on	the	field	scale	and	on	a	single	rainfall	event	
in	order	to	be	able	to	closely	reproduce	our	flow	route	contribution	measurements	
within reasonable calculation times. The 20-22 March rainfall event was selected, 
because this was a single, isolated event with a distinct response of groundwater 
levels,	tile	drain	flow,	and	in-stream	reservoir	flow.	The	pre-event	conditions	for	this	
event	were	representative	for	average	flow	conditions	(see	also	the	results	section).	
Furthermore, the reduction of the discharge after the event was not interrupted by a 
subsequent event. 

HydroGeoSphere is a three-dimensional numerical model describing fully-integrated 
subsurface	and	surface	flow	and	solute	transport.	The	model	includes	all	possible	
water	and	solute	transport	routes:	overland	flow,	unsaturated	and	saturated	flow,	
tile	drain	flow,	and	flow	through	the	ditch.	We	refer	to	the	manual	by	Therrien	et	al.	
(2010) for more detailed information on the governing equations and the numerical 
implementation	into	the	code.	The	governing	equation	for	tile	drain	flow	is:
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where Q  is the tile drain discharge (L3 T-1), w  is the drain width, h  is the water depth 
in the tile drain, l  is the distance along the tile drain, and z  is the elevation. K(h)  is the 
tile	drain	conductivity	and	is	approximated	by	assuming	shallow	laminar	flow:

where μ		is	the	fluid	viscosity,	ρ		is	the	fluid	density,	and	g  is the gravitational accel-
eration constant. We refer to MacQuarrie and Sudicky (1996) for more details on the 
numerical	implementation	of	tile	drain	flow	in	the	model	code,	a	verification	of	the	
approach, and some illustrative examples.

To	provide	the	modeled	field	site	with	realistic	boundary	conditions,	the	whole	sub-
catchment is included in the model setup. The model mesh (Figure 8.3a) is created 
using GridBuilder (McLaren, 2009). The segment lengths in the sub-catchment are 
around	25	m.	The	mesh	is	refined	in	the	area	of	interest	using	5	m	segment	lengths	
along the explicitly modeled tile drains and 1 m segment lengths along the secondary 
ditch. 

Surface elevations were derived from a 5x5m digital elevation model (DEM) from 
which	trees	and	buildings	were	filtered	out	(Figure	8.3b).	The	model	domain	extends	
down to the impermeable Miocene clay layer at depths of 2-5 m below the surface. The 
elevations of the impermeable marine clay layer (lower boundary) were interpolated 
from 200 corings in the Hupsel catchment. 

With	the	exception	of	the	experimental	field,	artificial	drainage	by	tile	drains	and	
tertiary	ditches	was	represented	by	a	high	permeability	layer	at	0.7	–	1.0	m	below	
the surface. This is the elevation of most tile drains and tertiary ditch bottoms in the 
sub-catchment.	At	the	experimental	field,	the	measured	drains	1,	2,	and	3	and	the	two	
adjacent drains were explicitly modeled at 90 cm below the surface (Figure 8.3c). The 
adjacent tile drains were included for a correct representation of the boundary condi-
tions	around	the	experimental	field.	Groundwater	entering	the	modeled	tile	drains	is	

Figure 8.3 
Model mesh (a), land surface elevations in meters above Mean Sea Level (b), and the location of the 
modeled tile-drains and the main ditch (c).
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discharged	toward	the	secondary	ditch	draining	the	experimental	field.	This	second-
ary ditch (width 1.5 m, depth 1.2 m) is also explicitly incorporated in the model setup 
(Figure 8.3c).   

For the conductivity of the aquifer we adopted a value of 1.0 m d-1, which was inferred 
from	pumping	tests	at	the	experimental	field	(Van	den	Eertwegh,	2002).		No	distinct	
changes	in	lithology	occur	within	the	unconfined	aquifer,	except	for	occasional	layers	
of gravel, peat, and loam, of which the spatial extents are not well known. Neverthe-
less, layers and sub-layers were incorporated in the model in order to facilitate a 
detailed	flow	path	representation.	The	model	domain	was	divided	into	three	main	lay-
ers which were sub-divided into seven sub-layers in total. The upper main model layer 
extends from the land surface down to 90 cm below the surface and is subdivided into 
3 sub-layers. The second layer is positioned at 90 to 110 cm below the surface, which 
allows for an exact implementation of the tile drains (at 90 cm) and the main ditch 
bottom (at 110 cm) into the model domain. The bottom main layer reaches from 110 
cm below the surface down to the top of the impermeable marine clay layer. This bot-
tom layer is subdivided into 3 sub-layers.

The	outer	boundaries	of	the	sub-catchment	were	modeled	as	no	flow	boundaries.	The	
impermeable	marine	clay	layer	is	represented	as	a	no	flow	boundary	at	the	bottom	of	
the	model.	The	model	node	at	the	outflow	point	of	the	sub-catchment	was	assigned	a	
constant head to allow the ditch water to discharge.  

In order to reach adequate initial conditions at the start of the rainfall event of 20 
March 2008, all model runs started at 1 September 2007. The initial head values 
were derived from a steady state model run. For September 2007 until January 2008, 
monthly	precipitation	and	evaporation	fluxes	were	added	to	the	upper	boundary.	
Weekly weather data were introduced at 1 February and daily data at 12 March. Start-
ing at the onset of the 20-22 March event, we used hourly precipitation and evapora-
tion data. The meteorological data were derived from the Royal Dutch Meteorological 
Institute	(KNMI)	weather	station	adjacent	to	the	experimental	field.

8.3.3 Calibration procedure
Through	a	sensitivity	analysis	we	selected	the	model	parameters	which	mostly	influ-
enced	the	flow	route	distribution	and	the	groundwater	levels.	Initial	parameter	values	
for	the	model	calibration	were	also	estimated	from	these	first	model	runs.	The	model	
calibration parameters and their initial estimates are given in Table 8.1. We calibrated 
the	model	using	the	field	measurements	of	the	tile	drain	and	in-stream	reservoir	
discharges during the 20-22 March rainfall event. For this calibration we used PEST 
(Doherty, 2001), a non-linear parameter estimation and optimization code for auto-
mated calibration. We used the R software package (R Development Core Team, 2009) 
for	generating	and	processing	PEST	and	HydroGeoSphere	input	and	output	files.	
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The upper and lower boundaries of the parameters used in the calibration are also 
given in Table 8.1. The drain width (w  in equation 1) is the only parameter in the 
HydroGeoSphere tile drain schematization that controls the entrance resistance of the 
tile drains (Therrien et al., 2010). In our model, this parameter combines the actual 
width	of	the	tile	drains	with	other	factors	that	influence	the	entrance	resistance.	
Therefore,	we	refer	to	this	parameter	as	the	effective	drain	width	(wd ) (Table 8.1). 
This	effective	drain	width	can	be	lower	or	higher	than	the	actual	drain	width	of	0.05	
m.	The	entrance	resistance	of	the	tile	drains	at	our	experimental	field	has	been	found	
to vary due to the gradual clogging up of the drains and the subsequent maintenance 
by	pressure	washing	or	back-flushing	(Van	der	Velde	et	al.,	2010).	For	the	calibration	
of a single rainfall event however, we can reasonably assume the tile drain entrance 
resistance to be constant over the short period of interest.

8.4 Results

8.4.1 Flow route measurements 
In	this	section,	we	focus	on	the	field	scale	discharge	measurements	during	the	rainfall	
event	of	20-22	March.	For	a	more	elaborate	presentation	and	analysis	of	the	flow	route	
contribution measurements for the entire measurement period from November 2007 
to May 2008, we refer to Van der Velde et al. (2010). 

Figure 8.4 gives the precipitation during the 20-22 March event as well as the respons-
es	of	the	groundwater	level,	the	total	discharge	from	the	experimental	field	toward	
the 43.5 m ditch transect, and the discharge contributions from the three tile drains 
and from the three in-stream reservoirs. At the start of the event, the tile drains were 
already active with a total discharge rate of 0.12 L s-1, while the in-stream reservoir 
discharge summed up to a mere 0.03 L s-1. This pre-event situation, with 80% of the 
total	ditch	discharge	contributed	by	the	tile	drains,	was	common	during	average	flow	
conditions (Van der Velde et al., 2010).

The 20-22 March rainfall event started with very low rainfall intensities. Although the 
groundwater	levels	already	showed	a	slight	rise	after	the	first	gentle	rainfall,	the	tile	
drain	effluent	and	the	in-stream	reservoir	discharge	did	not	yet	respond.	After	the	pre-
cipitation intensities exceeded 1.0 mm h-1, the tile drain and the in-stream reservoir 
discharge evidently started to increase. The in-stream reservoir discharge responded 

Calibration parameter Initial 

estimate 

Lower 

boundary 

Upper 

boundary 

Optimized 

value 

Conductivity drain layer (kdr) in m·d
-1

 6311
 

2500 10000 7570 

Effective drain width (wd) in m 0.017 0.0001 0.5 0.0124 

Ditch conductivity (kdi) in m·d
-1

 551600 10000 10000000 613398 

 

Table 8.1
The calibration parameters and their initial estimates, the lower and upper boundaries, and the op-
timized parameter values after the calibration (for reference: conductivity of the aquifer: 1.0 m d-1).
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about 6 hours later than the tile drains. This relatively late response of the reservoir 
discharge might be an artifact of our experimental setup. No excess water is pumped 
out	of	the	reservoirs	and	recorded	by	the	flow	meters	until	the	water	levels	inside	the	
reservoirs exceed the water level in the adjacent ditch. Initially, when the ditch water 
level and the in-stream reservoir water levels rise simultaneously, no or little excess 
water is pumped out of the reservoirs. This delays the recording of the increased dis-
charge into the in-stream reservoirs. At the end of the event, the lowering of the ditch 
water	level	induces	extra	reservoir	water	to	be	pumped	out	and	recorded	by	the	flow	
meters.	This	extra	discharge	compensates	for	the	discharge	deficit	at	the	start	of	the	
event.	Consequently,	only	the	timing	of	the	in-stream	reservoir	discharge	is	affected	
and not the total discharge volumes.  

The	maximum	total	discharge	from	the	experimental	field	toward	our	43.5	m	ditch	
transect during the rainfall event of 20-22 March was 1.32 L s-1, of which 28% was tile 
drain	effluent.	The	maximum	discharge	from	the	three	tile	drains	during	the	event	was	
0.37 L s-1. From the three in-stream reservoirs, the maximum discharge came to 0.95 
L.s-1. 

Figure 8.4 
The 20-22 March rainfall event and the response of the groundwater levels, the total discharge from 
the experimental field toward the 43.5 m ditch transect, the tile-drain discharge, and the in-stream 
reservoir discharge.
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After the event, the initial recovery of in-stream reservoir discharge was very fast. 
After this fast initial recovery, the decline slowed down and, eventually, the in-stream 
reservoir	hydrograph	gradually	tailed	off.	The	recovery	of	the	groundwater	levels	and	
the tile drain discharge was much slower than the decline of the in-stream reservoir 
discharge. From 21 March to 22 March, the relative contribution of the tile drains to 
the total discharge to the ditch gradually climbed back to 80%.

8.4.2 Model results
We	calibrated	our	model	toward	an	optimal	representation	of	the	measured	flow	route	
contributions during 20-22 March.  The optimized parameter values are presented 
in Table 8.1. The modeled water levels in the entire sub-catchment and at the experi-
mental	field	are	shown	in	Figure	8.5.	This	figure	gives	the	water	levels	just	before	the	
rainfall event (19 March 0:00h), at the moment of maximum discharge (21 March 
12:00h), and shortly after the event (24 March 0:00h). 

Figure 8.5
Modeled water levels in the sub-catchment just before the start of the 20 March  rainfall event (a), 
at the event maximum (b), and after the event (c). Figures d, e, and f show the water levels at the 
experimental field at the same moments. 
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A	comparison	between	the	measured	and	modeled	flow	route	contributions	is	given	
in Table 8.2 and Figure 8.6. For the entire event, Table 8.2 gives the modeled and 
measured	total	discharge	from	the	experimental	field	toward	the	ditch,	together	with	
the	total	tile	drain	and	in-stream	reservoir	discharges.	The	modeled	flow	distribution	
between	the	flow	paths	(58%	drain	and	42%	in-stream	reservoir)	deviates	only	2%	
from	the	measured	flow	distribution.			

For the tile drains, the total discharge volume and the timing of the discharge peak 
are adequately represented by the model (Table 8.2 and Figure 8.6a). Nevertheless, 
the model slightly overestimated the tile drain discharge before and after the event 
and underestimated the peak drain discharge. This pattern was also observed for the 
modeled groundwater levels (Figure 8.6b). Although the groundwater level measure-
ments were not used in the model calibration, the simulated groundwater levels are 
very close to the measured groundwater levels. The groundwater levels were slightly 
overestimated before and after the event and the model underestimated the peak 
groundwater level. The deviations in the modeled groundwater levels and tile drain 
discharges are probably connected to a non-optimal representation of the discharge-
water level (Q -h ) relations in the main ditch and in the smaller tertiary ditches in the 
sub-catchment that were represented by the drainage layer (see section 8.3.2). In real-
ity, the conductivity of the drain layer (kd ) and the ditch conductivity (kdi ) might not 
be constant during water level changes in response to the event. For example, small 
volumes of water within a ditch may meet a relatively high resistance by small-scale 
ditch bottom irregularities and vegetation. Consequently, a small increase in discharge 
may lead to a relatively large increase in surface water levels and surrounding ground-
water levels. 

The total discharge volume and the peak discharge to the reservoirs are adequately 
captured	by	the	model.	The	small	negative	reservoir	fluxes	before	and	after	the	event	
indicate	a	net	water	transport	toward	the	low-lying	experimental	field.	Our	setup	was	
not	designed	to	measure	these	negative	fluxes	and	a	reservoir	discharge	close	to	0	
L.s-1	was	recorded	for	these	periods.	The	modeled	peak	of	the	reservoir	inflow	takes	
place somewhat earlier than the measured peak (Figure 8.6a). This deviation might be 
caused by the temporary water storage in the in-stream reservoirs (see also section 
8.4.1). The extra water storage at the start of the event is caused by the simultane-
ous rise of both the reservoir water level and the ditch water level. During the 20-22 
March event, the reservoir water level increased by 40 cm, which corresponds to an 

Discharge 20-22 March 2008 Measured Modeled 

Total discharge from field to ditch (m
3
) 111.1 117.5 

Total tile drain discharge (m
3
) 62.3 (56%) 67.7 (58%) 

Total in-stream reservoir discharge (m
3
) 48.8 (44%) 49.8 (42%) 

 

Table 8.2
Measured and modeled total discharge volumes from 20 March 0:00h to 22 March 23:00.
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Figure 8.6
Results of the flow route optimized HydroGeoSphere model: 8.6a gives the modeled and measured 
tile-drain discharge, the modeled in-stream reservoir inflow, and measured in-stream reservoir 
discharge; 8.6b gives the measured and modeled groundwater levels (uncalibrated, see Figure 8.1 
for the location).

Figure 8.7 
Results of the flow route optimized HydroGeoSphere model: modeled in-stream reservoir inflow 
filtered to allow better comparison to the measured in-stream reservoir discharge measurements 
(see text for further explanation).
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extra water storage volume in the reservoirs of 8.7 m3. To account for the storage lag 
between	the	modeled	and	measured	reservoir	discharge,	we	applied	a	temporal	filter	
for	the	model	results.	The	filter	first	allows	a	storage	volume	of	8.7	m3	to	fill	before	
the	reservoir	discharge	starts.	When	the	surface	water	level	lowers	again,	the	filter	
accounts	for	the	extra	reservoir	discharge.	The	filtered	reservoir	inflow	shows	an	
improved correspondence with the measured reservoir discharge (Figure 8.7).

8.4.3 Parameter sensitivities
The	parameters	that	control	the	modeled	flow	route	distribution	do	not	have	a	large	
effect	on	the	modeled	groundwater	levels.	This	means	that	conversely,	it	is	not	pos-
sible	to	estimate	such	parameters	(and	thus	flow	route	contributions)	from	calibrating	
models to groundwater levels alone. The sensitivities of the modeled groundwater 
levels, tile drain discharges, and in-stream reservoir discharges to changes in the 
model parameters are shown in Figure 8.8. For example, a higher conductivity of the 
drainage layer (kd  ) leads to a lower resistance to discharge and to lower groundwater 
levels. Changing the kd  from 7570 m d-1 to 75700 m d-1 led to a drop of the modeled 
groundwater levels by around 8 cm. The tile drain discharge and the in-stream reser-
voir	discharge	change	more	drastically;	the	drain	discharge	decreases	with	77%	and	
the	in-stream	reservoir	flow	remains	negative	during	the	event.	Changing	the	effective	
drain width (wd ) and the ditch conductivity (kd  )	has	even	less	effect	on	the	modeled	

Figure 8.8 
Comparison between the sensitivities of the modeled groundwater levels and the modeled tile-
drain discharge and in-stream reservoir discharge for the model parameters kdr , wd , and kdi . 
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groundwater levels (Figure 8.8). However, the tile drain discharge and the in-stream 
reservoir discharge again showed a much higher sensitivity to these model param-
eters. 

8.5 Discussion & Conclusions
 
Our	experimental	setup	successfully	separated	the	tile	drain	flow	route	from	the	
groundwater	and	overland	flow	routes	toward	a	43.5	m	ditch	transect.	The	tile	drain	
contribution	to	the	total	field	discharge	towards	the	ditch	varied	from	28%	at	peak	
discharge	to	80%	before	and	after	the	rainfall	event.	These	dynamics	of	the	flow	route	
contributions during a rainfall event were adequately simulated by our model. The 
modeled	distribution	between	the	flow	paths	deviated	only	2%	from	the	measured	
flow	route	distribution.		

The	changes	in	the	flow	path	contributions	during	events	can	explain	the	surface	wa-
ter quality response to rainfall events. Van der Velde et al. (2010) and Rozemeijer et al. 
(2010) showed that NO3 concentrations in the stream water of the Hupsel catchment 
lowered in response to events. Van der Velde et al. (2010) also reported that the tile 
drains are the main route for the transport of NO3	from	the	experimental	field	toward	
the surface water system. The mean NO3	concentration	of	the	tile	drain	effluent	was	
18.6 mg L−1, while the in-stream reservoir average NO3 concentration was 9.1 mg L−1. 
The lowering of the surface water NO3 concentrations in response to events can thus 
be explained by the larger proportion of in-stream reservoir discharge (i.e. surface 
runoff,	interflow,	and	direct	precipitation)	during	events.	

Our	results	illustrate	the	importance	of	a	proper	simulation	of	the	flow	route	distribu-
tions for adequate water and solute transport modeling. However, we also demon-
strated	that	the	representation	of	flow	route	contributions	might	depend	on	model	
parameters	that	do	not	significantly	affect	the	modeled	groundwater	levels.	This	
implies that a model that is properly calibrated to measured groundwater levels does 
not	necessarily	produce	correct	water	flow	patterns.	The	same	applies	to	a	model	that	
is only calibrated toward an optimal representation of the total catchment discharge, 
as was demonstrated by Gallart et al. (2007). This means that direct measurements 
of	flow	route	contributions	are	necessary	for	a	correct	simulation	of	water	and	solute	
transport.

However,	physically	separating	water	from	different	routes	and	measuring	their	
contributions might still be too laborious and often even impossible. In that case, we 
recommend a combination of groundwater level measurements and discharge meas-
urements of tile drains, ditches, and streams for the model calibration. In addition, 
simple	field	observations,	such	as	the	occurrence	of	overland	flow	and	the	connection	
and disconnection of tile drains and ephemeral ditches and trenches can contribute to 
an	improved	flow	route	representation	of	a	model.
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For	this	study,	we	chose	to	simulate	the	dynamic	behavior	of	the	flow	route	contri-
butions	to	surface	water	discharge	at	the	field	scale	for	a	single	rainfall	event.	The	
current state of the art in hydrological modeling does not allow for a proper simula-
tion of the complex interactions between soil water, groundwater, tile drains, and 
surface	water	at	larger	scales,	especially	in	catchments	with	dense	artificial	drainage	
networks. By restricting this study to a single event, we limited the model calculation 
times	and	excluded	the	effects	of	some	time-varying	model	parameters.	For	example,	
the tile drain entrance resistance varies due to the recurring pressure washing and 
re-clogging of the drains (Van der Velde et al., 2010).

Despite the limited spatial and temporal scale of our problem, few fully integrated 
codes	were	available	for	simulating	water	transport	from	the	field	surface	towards	a	
ditch	that	include	all	possible	flow	routes.	We	chose	HydroGeoSphere,	because	this	
code	simultaneously	solves	the	flow	regimes	in	the	variably	saturated	domain,	the	
tile	drain	domain,	and	the	surface	flow	domain	(Therrien	et	al.,	2010).	This	allows	
for	a	correct	simulation	of	the	mutual	interaction	between	soil	water	flow,	groundwa-
ter	flow,	tile	drain	flow,	overland	flow,	and	ditch	water	flow.	Many	other	widely	used	
hydrological	modeling	codes,	including	Modflow	(McDonald	and	Harbaugh,	1984),	do	
not	fully	account	for	the	small	scale	interactions	between	flow	domains.	For	exam-
ple,	groundwater	entering	a	tile	drain	directly	leaves	the	system	in	a	Modflow	model,	
while HydroGeoSphere can redirect the tile drain discharge via the drain outlet into a 
stream. Furthermore, water entering a ditch in a transient HydroGeoSphere model at 
time step t		directly	affects	the	ditch	water	level	at	time	step	t +1,	which	in	turn	affects	
the	water	inflow	and	flow	route	distribution	at	time	step	t +1. This two-way interac-
tion	is	crucial	for	a	proper	representation	of	dynamic	groundwater-surface	water	flow	
patterns.

Especially	in	low-relief	catchments	with	dense	artificial	drainage	systems,	small	scale	
flow	patterns	severely	affect	travel	time	distributions	and	flow	route	contributions	at	
larger	scale	levels.	Therefore,	a	proper	representation	of	these	small	scale	flow	routes	
from the land surface toward the surface water system is essential for a realistic simu-
lation	of	water	and	solute	transport	(Van	der	Velde	et	al.,	2010;	Wriedt	et	al.,	2007;		
O’Connel et al., 2007). However, the required detail in the model setup and parame-
terization and the accompanying computational requirements are major obstacles. To 
improve	the	representation	of	water	flow	routes	and	travel	time	distributions	in	larger	
scale models is still a major challenge for future research. 
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9.1 Introduction

The research described in this thesis connects hydrology with chemistry, groundwater 
with surface water, the point-scale with the catchment-scale, and the rainfall event 
time-scale with the annual scale. This combination of processes, domains, and spatial 
and temporal scale levels was needed to unravel the dynamic behaviour of upper 
groundwater and surface water quality. The research was based on an extensive and 
unique	field	campaign	in	a	small	agricultural	catchment	in	the	East	of	the	Netherlands.		
In the introduction of this thesis, 8 research questions were formulated, which have 
been addressed in the subsequent chapters. The next section of this synthesis (sec-
tion 9.2) gives a short summary of the main results of this study regarding the three 
general	topics;	processes,	monitoring,	and	modeling.	After	this	review,	the	synthesis	
continues with a section about the importance of considering the dynamics in water 
quality	(section	9.3)	and	with	the	assessment	of	the	final	research	question	that	was	
presented in the introduction: 

“What are the processes behind the dynamics in water quality and what are the impli-
cations	of	this	study	for	monitoring,	modeling,	and	managing	water	quality?	”		

Section	9.4	will	assess	the	first	part	of	this	final	research	question:	“What	are	the	proc-
esses	behind	the	dynamics	in	water	quality?”	The	remaining	part	will	be	considered	in	
sections 9.5 - 9.7. Section 9.5 will assess the implications of this study for monitoring, 
section	9.6	will	reflect	on	the	implications	for	modeling,	and	section	9.7	will	consider	
the	implications	for	water	quality	management.	The	final	part	of	this	synthesis	(sec-
tion 9.8) gives suggestions for future research.  

Chapter

Synthesis

Joachim Rozemeijer
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9.2 Summary of results

9.2.1 Part I: Processes
Research questions:
1. What is the groundwater contribution to regional surface water pollution and  
	 how	is	this	contribution	affected	by	variations	in	hydrological	conditions?	–		 	
 chapter 2
2. What are the most important routes for water and solutes from agricultural   
	 fields	towards	the	surface	water	system	in	a	lowland	catchment?	–	chapter	3
3.	 Can	we	quantify	the	temporal	varying	contributions	of	different	flow	routes	to		
	 surface	water	discharge	and	solute	loading?	–	chapter	4

The regional scale study of chapter 2 yielded the conceptual framework on which 
the further research in this thesis was built. The conceptual model states that stream 
water	quality	at	different	discharges	is	the	result	of	different	mixing	ratios	of	ground-
water	from	different	depths	following	different	flow	routes.	When	the	groundwater	
composition	varies	with	depth,	changes	in	flow	conditions	result	in	changes	in	surface	
water composition. This concept was used in a regional study of the groundwater 
contribution to surface water contamination in the Dutch province of Noord-Brabant, 
using the large amount of available data from the regional monitoring networks. The 
results show that groundwater is a dominant source of surface water contamination. 
Especially	during	quick	flow	periods,	the	poor	chemical	status	of	shallow	groundwater	
causes exceedance of the quality standards in the receiving surface waters.

In consideration of the regional impact of the dynamical groundwater-surface water 
interaction	processes	studied	in	chapter	2,	we	zoomed	in	on	field-	and	catchment-
scale processes in chapters 3 and 4. A novel experiment setup was built that physically 
separated	tile-drain	effluent	and	groundwater	discharge	before	it	could	enter	a	43.5	
m	ditch	transect.	The	measured	field-scale	flow	route	contributions	were	presented	in	
chapter 3. The tile-drains contributed 80% of the total discharge towards the 43.5 me-
ter ditch transect. During severe rainfall events however, up to 67% of the discharge 
towards	the	ditch	originated	from	combined	overland	and	biopore	flow.	The	field-scale	
flux	measurements	of	individual	flow	routes	proved	to	be	essential	for	understanding	
catchment-scale discharge generation and solute transport processes.  

For	the	total	annual	contaminant	loads	from	the	experimental	field	towards	the	
surface	water	system,	the	flow	route	contributions	were	quantified	in	chapter	4.	The	
tile-drains contributed 89%-93% of the total annual NO3 and heavy metal loads. The 
NO3	concentrations	in	tile-drain	effluent	were	directly	related	to	the	spatial	pattern	of	
NO3	concentrations	in	the	upper	groundwater	at	the	experimental	field.	In	addition,	
the	seasonal	variations	in	the	effluent	of	tile-drains	throughout	the	Hupsel	catchment	
were linked to the continuous NO3 concentration records at the catchment outlet. 
Considering their crucial role in water and solute transport, enhanced monitoring and 
modeling of tile-drainage is important for adequate water quality management.   
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 9.2.2 Part II: Monitoring
Research questions:
1	 How	do	weather	variations	affect	solute	concentrations	in	upper	groundwater		
 and how can we distinguish weather-related variations from human-induced  
	 trends?	–		chapter	5
2 Can we relate the surface water quality rainfall event response to commonly   
 available and inexpensive data on precipitation, discharges, and groundwater  
	 levels?	–	chapter	6	
3	 Are	passive	samplers	for	average	concentration	measurements	a	cost-effective		
	 alternative	for	grab	sampling	in	water	quality	monitoring	networks?	–	chapter		
 7

The second part of the thesis focused on the application of new measurement tech-
niques and on the application of statistical and process-based modeling in regional 
water quality monitoring. In chapter 5, the weather related variations in shallow 
groundwater	were	quantified	using	a	1D	water	and	solute	transport	model	(Hydrus	
1D). The NO3 concentrations in the upper meter of groundwater at the experimental 
farm De Marke appeared to vary between 55% and 153% of the average concentration 
due to meteorological variability. It was demonstrated that a process-based model to-
gether with quantitative hydrological data (precipitation and groundwater levels) can 
be applied to distinguish the weather related variability from human-induced trends 
in NO3 concentration monitoring data.  

Another example of how quantitative hydrological data can upgrade the interpretation 
of water quality measurements is described in chapter 6. Through sequential multiple 
regression analysis, the NO3 and P concentration responses to rainfall events were 
related to high-frequency records of precipitation, discharge, and groundwater levels. 
This	new	approach	significantly	improved	load	estimates	from	a	20%	to	a	1%	bias	for	
NO3 and from a 63% to a 5% bias for P. For the characterization of the concentration 
response to rainfall events, we used a unique dataset of year-round 15 minutes inter-
val measurements of both NO3 and P concentrations.

Chapter 7 showed that measuring monthly average concentrations using SorbiCell 
samplers	is	a	cost-effective	alternative	for	conventional	grab	sampling.	The	SorbiCells,	
a new passive sampling technique, successfully reproduced the NO3 concentration 
levels and the seasonal patterns that were also observed by weekly conventional grab 
sample measurements and continuous water quality measurements. It was dem-
onstrated that average concentration measurements produce more consistent load 
estimates than snapshot concentrations from grab sampling. 

9.2.3 Part III: Modeling
Research question:

Can	we	adequately	simulate	the	varying	flow	route	contributions	in	an	inte-1. 
grated	hydrological	model?	–	chapter	8
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In	chapter	8	we	successfully	calibrated	a	field-scale	integrated	water	transport	model	
towards	an	optimal	representation	of	the	measured	flow	route	contributions	at	the	
experimental	field.	The	HydroGeoSphere	code	was	used	because	it	simultaneously	
solves	the	flow	regimes	in	the	variably	saturated	domain,	the	tile-drain	domain,	and	
the	surface	flow	domain.	This	simultaneous	solution	is	needed	for	a	correct	represen-
tation	of	the	mutual	interactions	between	groundwater	flow,	tile-drain	flow,	and	ditch	
water	flow.	A	sensitivity	analysis	showed	that	the	water	flow	route	distribution	is	con-
trolled	by	model	parameters	that	did	not	severely	affect	the	simulated	groundwater	
levels. Therefore, a model calibration based on groundwater levels does not necessar-
ily	produce	a	correct	representation	of	the	flow	route	contributions.

9.3  Significance of dynamics in water quality

Before	assessing	the	final	research	question,	this	section	will	once	again	bring	forward	
the importance of considering the dynamical behaviour in water quality for adequate 
water quality policy and management. Neglecting these dynamics may easily lead to 
misjudgement	of	the	effectiveness	of	measures	to	improve	water	quality	and	to	inef-
ficient	water	quality	monitoring.	The	significance	of	dynamics	in	water	quality	and	the	
necessity to take them into account have been expounded by Kirchner et al. (2004) 
and	Harris	and	Heathwaite	(2005),	but	also	follows	from	different	chapters	of	this	
thesis. In Chapter 2, we presented a study in which the groundwater contribution to 
surface	water	quality	was	quantified	at	the	regional	scale.	This	groundwater	contribu-
tion and the resulting surface water quality appeared to depend heavily on variable 
meteorological conditions. In chapter 5 we presented groundwater quality records 
from ‘De Marke’ experimental farm, where various management options were evalu-
ated to improve upper groundwater quality. A complicating factor in the monitoring of 
the	effects	of	these	measures	was	the	large	natural	weather-induced	inter-annual	vari-
ability in shallow groundwater concentration measurements. Taking these weather-
induced variations into account prevented misjudgement of the human-induced 
changes at the experimental farm. 

Subsequently, the research focused on the surface water quality response to rainfall 
events.	These	solute-specific	short-term	changes	in	water	quality	are	not	captured	by	
common low-frequency grab sampling. However, due to the simultaneous increase of 
the	discharge,	they	have	a	relatively	large	effect	on	total	solute	loads	exported	from	a	
catchment, as was shown in chapters 6 and 7. The inaccuracy in load estimates result-
ing	from	low-frequency	concentration	data	might	cause	misjudgement	of	the	effective-
ness of action programs to improve water quality.  
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9.4 Processes behind dynamics in water quality

The main causes of dynamics in groundwater and surface water quality are variations 
in human land management, biochemical processes, and meteorological conditions. 
Variations	in	water	quality	occur	at	different	time-scales.	For	example,	pronounced	
seasonal variations occur in surface water quality due to the seasonality in land use 
and	biochemical	and	hydrological	conditions	(Wriedt	et	al.,	2007;	chapters	6	and	7).	
Whether this seasonality is noticed in groundwater quality measurements depends on 
the depth interval of the groundwater sampling and the measurement frequency (see 
chapter 5). 

When seasonal or inter-annual changes would cause the major variations in surface 
water quality, the common monthly grab sampling frequency in surface water quality 
monitoring	would	be	sufficient.	However,	short-term	variations	in	surface	water	qual-
ity	usually	interfere	with	the	seasonal	and	inter-annual	trends	(Kirchner	et	al.,	2004;	
Harris	and	Heathwaite,	2005;	chapters	6	and	7).	The	short-term	variations	are	not	
captured by monthly snapshot measurements and are only marginally understood, 
while they cause large uncertainties in water quality assessments (see for example 
Figure 9.1). We therefore focused this study primarily on the short-term dynamics in 
water quality.

Figure 9.1
Hypothetical example of an upward trend in solute concentrations (a), which is misinterpreted as a 
downward trend due to the uncertainty which is involved in low-frequency measurements (b). 
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The most important driver for short-term variations in water quality in most hu-
mid agricultural catchments is the variability in meteorological conditions, which 
induces	changes	in	the	relative	contributions	of	water	from	different	flow	routes	to	
the	total	catchment	discharge	(e.g.	Jordan	et	al.,	2007;	Wriedt	et	al.,	2007;	chapters	
2-4). Obviously, human sources such as direct spills from sewage water treatment 
plants,	sewage	overflows,	and	industrial	spills	can	also	cause	short-term	water	quality	
changes in many streams. In addition, activities like water inlet or irrigation, applica-
tion of manure or fertilizer, and the maintenance of tile-drains (pressure cleaning) 
and ditches (mowing and dredging) induce temporal changes in water quality as well. 
Studying the impact of these human activities on catchment-scale surface water qual-
ity is complicated. It requires detailed information on the exact procedures and timing, 
as well as local- and catchment-scale high frequency monitoring to infer the water 
quality response. 

Biochemical processes also induce short-scale variations in water quality (e.g. Hessen 
et	al.,	1997;	Scholefield	et	al.,	2005).	High-frequency	measurements	revealed	diurnal	
cycles	in	water	quality,	which	are	particularly	significant	in	nature	reserves	with	low	
NO3 concentrations. In agricultural catchments with higher NO3 concentration levels, 
the relative impact of these small daily variations on NO3 concentrations and loads is 
limited.

We	focused	this	study	on	the	most	significant	short-term	variations	in	surface	water	
quality;	the	event-scale	weather-induced	changes	in	solute	concentrations.	As	was	
demonstrated in chapter 6, the concentration changes during rainfall events particu-
larly	have	a	large	impact	on	solute	loads;	in	addition	to	large	concentration	changes,	
rainfall events simultaneously induce increases in discharge. Furthermore, this study 
primarily focused on the nutrients NO3 and P, two of the most problematic substances 
in agricultural catchments worldwide. 

The surface water quality response to events is mainly controlled by changing relative 
contributions	of	water	from	different	flow	routes	to	the	total	surface	water	discharge.	
The	conceptual	model	described	in	chapter	2	connected	these	changes	in	flow	route	
contributions	to	changes	in	stream	water	quality	(see	Figure	9.2).	During	base	flow	
conditions (HS-classes 1 and 2) groundwater tables are low and only deep groundwa-
ter with long subsurface residence times contributes to the stream discharge. During 
HS-class 3, the groundwater levels rise and upper groundwater with shorter residence 
times starts to contribute. From HS-class 4 to 6, smaller ditches and tile-drains also 
start	to	contribute.	During	HS-class	7,	surface	runoff	might	contribute	to	surface	water	
discharge	as	well.	The	water	contributed	to	the	surface	water	system	by	different	
flow	routes	differs	in	residence	time	and	chemical	composition.	Therefore,	changing	
flow	route	contributions	during	events	also	induce	changes	in	surface	water	quality.	It	
should be noted that this conceptual model is only applicable for areas with shallow 
groundwater	tables	and	natural	or	artificial	surface	runoff.	However,	this	situation	is	
typical for many agricultural lowland catchments worldwide.  
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To study the dynamics in surface water quality, we established a multi-scale experi-
mental	setup	in	the	Hupsel	brook	catchment	(chapter	3).	At	the	field-scale,	we	quanti-
fied	the	flow	route	contributions	from	a	tile-drained	agricultural	field	towards	a	43.5	
meter	ditch	transect.	During	average	flow	conditions,	the	tile-drains	contributed	80%	
of	the	total	discharge	from	the	field	to	the	ditch,	while	groundwater	flow	contributed	
20%. During rainfall events, the relative contribution of the tile-drains dipped in favor 
of the relative contribution of groundwater seepage, direct precipitation, and over-
land	flow	or	biopore	flow	(chapters	3,	8).	Overland	flow	was	observed	during	several	
events	at	many	locations	throughout	the	catchment.	Ponds	on	the	fields	discharged	to-
wards	the	surface	water,	either	directly	(overland	flow)	or	via	hole	systems	burrowed	
by	moles	and	mice	(biopore	flow).	At	the	experimental	field,	the	maximum	observed	
relative	contribution	of	overland	and	biopore	flow	to	the	43.5	meter	ditch	transect	was	
67% (chapter 3). 

From	our	field-scale	and	catchment-scale	water	quality	measurements,	we	obtained	
an overview of NO3	and	P	concentrations	in	water	from	different	compartments,	fol-
lowing	different	flow	routes	from	the	land	surface	to	the	surface	water	system	(Table	
9.1).	Tile-drain	effluent	showed	relatively	high	NO3 concentrations, both at the experi-
mental	field	as	well	as	throughout	the	catchment.	In	overland	flow	and	discharged	
groundwater in the in-stream reservoirs, NO3 concentrations were relatively low (see 
chapter 4 and Table 9.1). The low NO3 concentrations in discharged groundwater are 
caused	by	denitrification	in	the	unsaturated	and	saturated	zone.	The	low	NO3 concen-
trations	in	overland	flow	can	be	attributed	to	a	large	proportion	of	NO3-poor precipita-
tion water. For P, concentrations in groundwater seepage into the ditch and tile-drain 
effluent	are	low	compared	to	the	concentrations	in	groundwater.	This	difference	is	

Increasing concentrations
of agricultural pollutants

Active flow component

Groundwater table
Tile drainage

HS-class 1 HS-class 2 HS-class 3 HS-class 4

HS-class 7HS-class 6HS-class 5

Figure 9.2 
Visualisation of the conceptual model for groundwater - surface water interaction; groundwater 
flow components contributing to surface water discharge during different flow conditions from 
base flow conditions (HS-class 1) up to quick flow conditions (HS-class 7).
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likely caused by so called ‘iron curtains’. When Fe-, Al-, and P-rich groundwater seeps 
up into the tile-drains or into the ditch, the presence of oxygen induces the oxidation 
of Fe and Al and the precipitation of Fe- and Al-hydroxides. The curtains of Fe- and 
Al-hydroxides inside and around the tile-drains and at the ditch bottom adsorb much 
of the P from the discharging groundwater. This explains the low P concentrations in 
tile-drain	effluent	and	in-stream	reservoir	water	compared	to	groundwater.	High	P	
concentrations	were	observed	in	overland	flow	(see	chapter	4	and	Table	9.1).	This	can	
be attributed to the uptake of P-rich organic particles and Fe- and Al-hydroxides by 
overland	flow,	which	is	stimulated	by	raindrop	impact	and	large	overland	flow	veloci-
ties. 

The typical responses of discharge and solute concentrations at the catchment outlet 
to rainfall events are shown in Figure 9.3 (see also chapter 6). Similar responses to 
events were observed in comparable catchments by Poor and McDonnell (2007), Bo-
rah et al. (2003), and Chang and Carlson (2004). The lowering of NO3 concentrations 
in response to events is caused by the dilution of the pre-event water with NO3-poor 
precipitation water. The opposite response, i.e. an increase of NO3 concentrations 
during rainfall events, was also found in several agricultural catchments (Wriedt et al., 
2007;	Tiemeyer	et	al.,	2008;	chapter	2).	This	is	related	to	the	relatively	thick	uncon-
fined	aquifers	of	the	studied	catchments,	such	as	in	Noord-Brabant	(chapter	2)	and	in	
the research catchments of Wriedt et al. (2007) and Tiemeyer et al. (2008). In Noord-
Brabant,	the	unconfined	aquifers	are	more	than	40	m	thick	and	the	average	residence	
time of water in the saturated zone is over 40 years (Broers, 2004b). During average 
flow	conditions,	a	large	proportion	of	the	stream	discharge	in	these	catchments	con-
sists of old groundwater with low NO3 concentrations (see Figure 9.4). During rainfall 
events,	shallow	groundwater	and	drain	effluent	with	high	NO3 concentrations start 
to contribute, resulting in an increase of NO3 concentrations in the main streams. The 
Hupsel	experimental	catchment,	on	the	other	hand,	has	a	shallow	unconfined	aquifer	
with an average thickness of only four meters and average residence times of around 
four	years	(Van	der	Velde	et	al.,	in	prep.).	This	results	in	a	small	base	flow	contribution	
of relatively old, NO3-poor	groundwater.	During	average	flow	conditions,	the	stream	
discharge mainly consists of relatively young, NO3-rich shallow groundwater and 

Field-scale average concentrations 

 NO3 (mg·L
-1

) P (mg·L
-1

) 

Groundwater 22.3 0.66 

Tile-drain effluent 20.71 0.11 

In-stream reservoirs 7.4 0.12 

 
Catchment-scale average concentrations 

 NO3 (mg·L
-1

) P (mg·L
-1

) 

Tile-drain effluent 48 0.05 

Overland flow 7.3 0.65 

 

Table 9.1
Summary of water quality data from the experimental field and the entire Hupsel catchment; aver-
age NO3 and P concentrations in different compartments or flow routes.
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tile-drain	effluent	(see	Figure	9.4;	chapters	3,	4).	The	rapid	response	to	rainfall	events	
in	the	Hupsel	catchment	consists	of	overland	flow,	interflow,	and	direct	precipitation	
with low NO3 concentrations (chapters 3, 4). 

After some rainfall events during the summer period, the NO3 concentrations recov-
ered up to a higher level than before the event (e.g. Figure 9.5). This occurred after 
large summer storms with dry antecedent conditions. These events cause a rise in 
groundwater levels and even a reactivation of the tile-drain discharge, which leads 
to increased NO3 loads towards the surface water. During the discharge peak, these 
increased loads are overshadowed by the dilution with quickly discharged precipita-
tion water. After this initial dilution, the increased groundwater levels and tile-drain 
discharges cause higher NO3 concentrations than before the event.   

In contrast to NO3, the P concentrations in the Hupsel catchment structurally peaked 
during rainfall events (Figure 9.3). This is related to the large amounts of P-rich Fe- 
and Al-hydroxides at the ditch bottoms and inside tile-drains that we observed in the 
catchment.	During	steady	flow	conditions,	these	‘iron	curtains’	build	up	and	adsorb	
P-ions	from	discharged	groundwater.	When	the	water	flow	velocities	in	the	tile-drains	
and ditches increase, this particulate P is detached and transported downstream (see 
also	Stamm	et	al.,	1998;	Heathwaite	and	Dils,	2000;	Evans	and	Johnes,	2004;	Jordan	et	
al.,	2007;	Stutter	et	al.,	2008).	

Figure 9.3 
Responses of discharge, groundwater levels, and NO3 and P concentrations to several rainfall events 
(see also chapter 6).  
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The	process	of	P	accumulation	and	flushing	is	strikingly	demonstrated	by	the	stacked	
event on 21 March 2008 (Figure 9.6). Despite the higher peak discharge for the 
second	event,	the	maximum	P	concentration	occurred	during	the	first	event.	The	high	
P	concentrations	during	the	first	discharge	peak	can	be	explained	by	the	large	supply	
of transportable P that has accumulated during the dry period before these events. At 
the start of the second event, a large proportion this transportable P has already been 
removed	from	the	catchment	during	the	first	event.	The	accumulation	and	flushing	
process explains the short peaks in P concentrations in response to events. We expect 
similar peaky responses for other strongly adsorbed substances, like heavy metals and 
several pesticides. 

The	findings	from	this	study	cannot	be	directly	extrapolated	to	other	periods,	other	
catchments, or other solutes. Although many of the described patterns and processes 
have been found in other catchments as well, their eventual impact on the variations 
in	surface	water	quality	is	highly	catchment-specific.	Nevertheless,	we	developed,	
evaluated, and demonstrated new approaches for water quality monitoring and data 
processing, which are applicable for a wide range of solutes in a wide range of catch-
ments. 

Figure 9.4 
Conceptual visualization groundwater-surface water interaction during average flow conditions in a 
catchment with a thick unconfined aquifer (a) and a catchment with a thin unconfined aquifer (b).  
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Figure 9.5 
Summer storm event at 23 august with higher NO3 concentrations after the dilution dip. 

Figure 9.6
Discharge and P concentration response to a stacked rainfall event at 21 March 2008.
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9.5 Implications for regional water quality monitoring

9.5.1 Measurement frequencies 
In most regional surface water and upper groundwater quality monitoring networks, 
measurement frequencies are too low to capture the short-term dynamic behaviour 
of solute concentrations. The most common measurement frequency in European 
national monitoring networks for upper groundwater quality is once every year.  
Regional surface water quality monitoring networks are sampled 12 times per year 
in	most	European	countries	(Fraters	et	al.,	2005).	To	illustrate	the	limited	effective-
ness of the common monitoring frequencies in capturing the short-term dynamic 
behaviour of surface water quality, Figure 9.7 shows the P-concentrations pattern for 
the Hupsel brook with an arbitrary one-month measurement interval indicated by 
arrows. Obviously, the monthly snapshot measurements do not capture the variability 
in P-concentrations. In chapters 6 and 7, we demonstrated the low precision of load 
estimates from low-frequency ‘snapshot’ samples and the merits of continuous and 
average concentration measurements.

Increasing sampling frequencies reduces the uncertainties in load and average con-
centration estimates and increases the understanding of solute transport mechanisms 
in	a	catchment.	However,	the	field	sampling,	sample	transport,	and	laboratory	proce-
dures are laborious and expensive. Another option for increasing the measurement 
frequencies is the use of automatic samplers. For example, Schleppi et al. (2006) pro-
duced reliable load estimates, based on data from a discharge-proportional automatic 
sampler. Modern on-site automatic samplers and analyzers can even produce continu-
ous	water	quality	time	series	of	many	chemicals	(Kirchner	et	al.,	2004;	Jordan	et	al.,	
2007;	chapters	3,	6).	A	major	drawback	of	this	equipment	is	the	expensive	purchase,	
maintenance,	and	field	installation	in	a	protected	environment	with	electrical	power	
supply. Still, at monitoring locations where reliable average concentrations or load es-
timates are required, continuous concentration measurements are worth considering. 
Especially in pilot studies that aim at the reduction of solute concentrations or loads, 
the	detection	of	the	induced	water	quality	improvement	would	benefit	from	continu-
ous water quality data. 

Figure 9.7 
Continuous P-concentration measurements from the Hupsel catchment with arrows indicating a 
common one-month grab sampling interval. 
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Within regional monitoring networks, installing on-site equipment for continuous wa-
ter quality measurements at all sampling locations might be too expensive. However, 
collecting continuous concentration datasets at varying locations for a period of, for 
example, one year is a valuable addition to an existing water quality monitoring net-
work. The concentration reconstruction approach from chapter 6 can then be applied 
to improve the load estimates for periods without continuous concentration data. 
Furthermore, the water quality response to rainfall events may be less spatially vari-
able	than	the	absolute	solute	concentrations	themselves.	In	other	words;	continuous	
concentration data from a few sites within a regional monitoring network can possibly 
be related to the low-frequency data from other locations. 

In quantitative water management, the application of continuous measurements 
has become common practice over the last decades. The techniques for continuous 
water quality measurements are relatively new and their application in water quality 
management	is	in	its	first	stage.	We	showed	that	load	estimates,	which	are	crucial	for	
water	quality	management,	can	be	significantly	improved	using	continuous	concen-
tration measurements (chapter 6). Other opportunities of continuous concentration 
measurements are the detection of illegal spills and the real time management of 
water quality. Examples of real-time operational water quality management are the 
flushing	of	polder	areas	when	the	salinity	gets	too	high	and	the	treatment	of	agricul-
tural drainage before it enters a nature reserve or residential area when the P concen-
trations get too high.   

9.5.2 Average concentration measurements
Most water quality monitoring studies search for long-term changes in water qual-
ity rather than short-scale temporal variability. In that view, average concentration 
measurements provide the appropriate level of information. Average concentration 
measurements take account of short-scale variations in solute concentrations, but do 
not provide the actual concentration pattern. 

In chapter 7, we evaluated a new type of passive sampler for measuring average 
concentrations. This SorbiCell sampler (SC-sampler) measures average concentra-
tions over longer periods of time (days to months) for various substances and can 
be	applied	in	flowing	or	stagnant	surface	waters,	tile-drains,	and	groundwater.	The	
SC-samplers were capable of reproducing the NO3 concentration levels and the 
seasonal patterns that were observed with weekly conventional grab sampling and 
continuous water quality measurements. Furthermore, chapter 7 demonstrates that 
average measurements produce more consistent load estimates than low-frequency 
“snapshot”	concentrations	from	grab	sampling.	Therefore,	when	the	purpose	of	a	mon-
itoring program is to estimate reliable (trends in) average concentrations or loads, 
SC-samplers	are	a	cost-effective	alternative	for	grab	sampling.	Unlike	the	equipment	
for continuous measurements, the SC-samplers do not need electricity and can easily 
be installed at many locations within a monitoring network. 
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9.5.3 Exploitation of generally available quantitative 
 hydrological measurements
Variations in precipitation and evaporation are not just driving changes in many quan-
titative hydrological variables (e.g. groundwater levels, stream discharge), but also 
induce changes in groundwater and surface water quality (chapters 2, 5). Obviously, 
a causal relation exists between solute concentrations and quantitative hydrological 
variables like precipitation, discharge, and groundwater levels. Continuous or high-
frequency measurements of these quantitative hydrological variables are easier and 
cheaper to acquire than continuous water quality measurements. In fact, continuous 
quantitative hydrological data recording is often already available at or near surface 
water quality monitoring locations, facilitating quantitative water management. 
When the relation between these quantitative hydrological variables and solute con-
centrations is known, the commonly available quantitative hydrological data can be 
applied to reconstruct concentration patterns between low-frequency measurements. 
The relations between water quantity and water quality can be captured in a concep-
tual model (e.g. chapter 2), a process-based model (e.g. chapter 5), or in a statistical 
model (e.g. chapter 6).

The conceptual model from chapter 2 stated that surface water concentrations of 
many agrochemicals increase during wet periods, due to the higher contribution of 
near-surface	flow	routes	to	the	surface	water.	Through	this	conceptual	model,	we	can	
qualitatively predict surface water quality patterns between low-frequency measure-
ments. Chapter 5 gives an example of the application of a process-based model to 
relate quantitative hydrological data to variations in water quality. We applied the 
water and solute transport model Hydrus-1D to relate variations in historic precipita-
tion and evaporation data to the resulting variations in upper groundwater quality. 
This enabled us to distinguish weather related variability from human-induced trends 
in actual nitrate concentration monitoring data from De Marke experimental farm. A 
similar approach can be used to quantify the weather related variability in tile-drain 
effluent	or	surface	water	solute	concentrations.

In chapter 6, regression analysis was used to relate precipitation, discharge, and 
groundwater level data to the changes in stream water solute concentrations in 
response to events. The event response models from sequential multiple regression 
analyses were applied to reconstruct concentration patterns for periods without con-
tinuous	concentration	measurements.	This	allowed	us	to	significantly	improve	load	
estimates from low-frequency grab sampling measurements, using generally available 
and inexpensive quantitative hydrological data.

9.5.4 Choosing the appropriate spatial sampling strategy
Water	and	solute	transport	through	different	domains	(surface,	unsaturated	zone,	sat-
urated	zone,	tile-drains,	and	surface	water)	connects	water	quality	from	the	field-	to	
the catchment-scale. Choosing the most appropriate domain and scale level for water 
quality	measurements	is	important	for	efficient	water	quality	monitoring.	However,	
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as was argued before by Harris and Heathwaite (2005), the choice of the domain and 
scale level for observations is often arbitrary and depends on human convenience and 
the allocation of research funds. Two examples of domain and scale issues in water 
quality monitoring follow from chapter 4 and chapter 5 of this thesis. 

The groundwater quality monitoring at the experimental farm De Marke (chapter 
5)	was	intended	to	evaluate	the	effects	of	changes	in	the	farm	management	on	the	
leaching of NO3 towards the groundwater. Samples of the upper meter of groundwater 
were withdrawn from temporary open boreholes. However, the groundwater quality 
measurements and modeling results in chapter 5 revealed a large short-term temporal 
variability in solute concentrations. For temporary open borehole measurements (as 
described in chapter 5), this variability is partly caused by the varying sampling depth, 
which	is	related	to	the	fluctuating	groundwater	levels.	These	groundwater	level	fluc-
tuations	do	not	influence	the	sampling	depth	interval	when	using	a	fixed	groundwater	
well. Larger screen depths and longer screens can further reduce short term variabil-
ity, at the cost of longer average travel times and a more delayed detection of trends. 
This	example	demonstrates	that	the	sampling	domain	affects	monitoring	efficiency.

An example of a scale issue in choosing the appropriate sampling domain comes 
from chapter 4. We mapped the spatial variability in the NO3 concentrations in upper 
groundwater	at	our	experimental	field	by	sampling	from	62	temporary	open	bore-
holes. Within the 9000 m2	field,	the	NO3 concentrations varied from below the detec-
tion limit up to 219 mg L-1.	This	information	on	the	within-field	spatial	variation	of	the	
NO3	concentrations	is	not	necessary	in	an	evaluation	study	on	the	effects	of	changed	
agricultural land management on groundwater quality. Just monitoring the average 
groundwater	composition	of	the	experimental	field	would	be	sufficient.	Therefore,	the	
samples from all boreholes could be mixed and analyzed as one bulk sample, which 
would severely reduce the laboratory costs. Still, coring and sampling as much as 62 
temporary boreholes for an accurate estimate of the average NO3 concentration of the 
field	is	labour	intensive.	From	chapter	4	it	follows	that	sampling	the	three	tile-drains	
at	the	experimental	field	yields	a	similar	average	NO3	concentration.	The	drain	effluent	
consists	of	a	mixture	of	groundwater	from	the	entire	field	and,	therefore,	the	three	tile-
drains	offered	a	much	less	demanding	alternative	for	the	sampling	from	temporary	
boreholes. 

For shallow groundwater quality monitoring locations without tile-drains, install-
ing	a	drain-like	horizontal	groundwater	sampling	tube	might	also	be	a	cost-efficient	
alternative for the temporary borehole sampling. Furthermore, for a catchment-scale 
study	of	groundwater	quality,	monitoring	stream	water	and	tile-drain	effluent	is	a	
more	efficient	way	to	obtain	accurate	information	on	the	average	shallow	groundwa-
ter composition than directly sampling groundwater at point locations. Obviously, this 
only	holds	where	no	other	important	sources	affect	the	ditch	or	stream	water	quality.	
Sampling	tile-drain	effluent	and	stream	water	can	also	produce	information	on	the	
average	composition	of	groundwater	at	different	depths.	This	relates	to	the	conceptual	
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model	of	chapter	2;	during	low	flow	conditions	the	surface	water	composition	reflects	
the average composition of the deeper groundwater within the catchment, while dur-
ing	average	and	wet	flow	conditions	the	surface	water	composition	is	more	influenced	
by shallow groundwater from the catchment. Again, this only applies to catchments 
where groundwater is the major source of surface water contamination.

9.5.5 Towards effective water quality monitoring
If there was a possibility to start from scratch with water quality monitoring in a 
specific	catchment,	what	would	be	the	best	approach	taking	account	of	the	dynami-
cal	behaviour	of	water	quality?	Obviously,	this	depends	on	the	monitoring	objectives.	
In most regional water quality monitoring networks, the general objectives are (1) 
the	detection	of	water	quality	problems;	(2)	the	detection	of	trends	in	regional	water	
quality;	and	(3)	the	evaluation	of	policy	action	programs	or	specific	measures	to	
improve water quality. 

For the detection of water quality problems, monitoring can initially be focused on 
the requirements for the recreational, industrial, and agricultural application of water 
resources. In case no indications for existing or developing water quality problems 
are found, more detailed water quality monitoring is not necessary. The compliance 
monitoring can be continued for the detection of possible future deterioration of the 
water quality.

Whenever the functioning of a water resource is threatened, more detailed informa-
tion is needed for the selection of appropriate measures. In this case, the monitoring 
should	provide	an	overview	of	the	most	important	input	and	output	fluxes	of	water	
and solutes into and out of the surface water system. This requires load estimates 
at strategic locations such as (sub-)catchment outlets or main pumping stations, as 
indicated in Figure 9.8. In addition, the contributions of the major (point-) sources of 
contaminants	in	the	catchment	should	be	quantified	(Figure	9.8).	

For	the	quantification	of	loads	from	a	sub-catchment	or	from	specific	point-sources	of	
pollution, combined measurements of discharge and concentrations are needed. As 
was demonstrated in chapters 6 and 7, continuous or average concentration meas-
urements provide much more reliable average concentrations and solute loads than 
low-frequency grab sampling. Furthermore, continuous measurements reveal the 
short-term variability in solute concentrations which may give valuable insight into 
the	contribution	of	different	flow	routes	to	the	surface	water	pollution	(see	chapter	
2). Passive samplers for average concentration measurements, such as SorbiCells 
(chapter 7), can be easily installed at many locations in a catchment. These measure-
ments	for	example	allow	for	a	quantification	of	the	contribution	of	tile-drain	effluent	
to	the	surface	water	contaminant	loading	in	a	specific	agricultural	sub-catchment	(see	
chapter 4).    

The	effects	of	a	reduction	of	contaminant	loads	from	a	point	source	on	surface	water	
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quality	are	relatively	easy	to	quantify.	However,	especially	in	case	of	diffuse	sources	
of	pollution,	quantifying	the	effects	of	individual	measures	to	improve	water	quality	
is	often	less	straightforward.	For	example,	the	effects	of	changes	in	agricultural	land	
management on surface water quality are often obscured by complex hydrological and 
chemical	processes	during	the	transport	of	water	and	solutes	from	the	field	surface	
towards	a	stream.	A	proper	assessment	of	the	effects	of	such	measures	requires	a	
detailed	monitoring	setup	at	a	pilot	field	or	catchment.	Intensive	monitoring	of	water	
and solute transport at the test site is needed to distinguish the possibly induced 
water quality improvement from the weather-induced variations in water quality (see 
chapters	5	and	6).	When	a	certain	measure	is	found	to	be	effective	at	several	pilot	
locations	in	different	hydrological	settings,	it	can	safely	be	expected	to	improve	water	
quality	in	other	regions	as	well.	In	these	other	regions,	the	lumped	effect	of	a	suite	of	
measures should then primarily be monitored at the outlet of an agricultural sub-
catchment (Figure 9.8). 

 
9.6 Implications for solute transport modelling

The	transport	of	water	and	solutes	involves	different	flow	routes	from	the	field	surface	
towards	the	surface	water	system,	such	as	overland	flow,	tile-drain	effluent,	and	
groundwater	seepage.	We	found	large	differences	in	solute	concentrations	between	
samples	from	different	flow	routes	(see	Table	9.1	and	chapters	3,	4).	The	dynamics	
in stream water quality during rainfall events appeared to be controlled by changing 
water	flow	route	distributions	(chapters	2,	3,	Van	der	Velde	et	al.,	in	prep.).	There-

Figure 9.8 
Monitoring setup in a hypothetical catchment for the quantification of the impact of different con-
taminant sources on the total loads towards a threatened water body. 
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fore,	a	proper	representation	of	flow	routes	is	essential	for	adequate	solute	transport	
modeling.	However,	two	problems	complicate	the	correct	simulation	of	flow	route	
distributions: (1) model codes that fully integrate three dimensional water and solute 
transport	from	the	field	surface	toward	a	ditch	and	include	all	possible	flow	routes	are	
far	from	conventional;	and	(2)	direct	measurements	of	flow	route	contributions	for	
model calibration and validation are seldom available. 

Ad 1: 
The current state of the art in hydrological modelling does not allow for a proper sim-
ulation of the complex interactions between soil water, groundwater, tile-drains, and 
surface	water	at	larger	scales.	Especially	in	lowland	catchments	with	dense	artificial	
drainage	systems,	these	small-scale	flow	patterns	severely	affect	surface	water	quality	
at larger scales. However, the required detail in the model setup and parameterization 
and the accompanying computational requirements are major obstacles. To improve 
the	representation	of	water	flow	routes	and	travel	time	distributions	in	larger	scale	
models is still a major challenge for future research. We restricted our integrated wa-
ter	and	solute	transport	modelling	(chapter	8)	to	the	field-scale	and	to	a	single	event.	

We chose the model code HydroGeoSphere (Therrien et al., 2010), because this code 
simultaneously	solves	the	flow	regimes	in	the	variably	saturated	domain,	the	tile-drain	
domain,	and	the	surface	flow	domain.	This	allows	for	a	correct	simulation	of	the	mu-
tual	interaction	between	soil	water	flow,	groundwater	flow,	tile-drain	flow,	overland	
flow,	and	ditch	water	flow.	Many	other	widely	used	hydrological	modelling	codes,	
including	Modflow	(McDonald	and	Harbaugh,	1984),	do	not	fully	account	for	these	
small-scale	mutual	interactions	between	flow	domains.	For	example,	groundwater	
entering	a	tile-drain	directly	leaves	the	system	in	a	Modflow	model,	while	HydroGeo-
Sphere can redirect the tile-drain discharge via the drain outlet into a stream. Fur-
thermore, water entering a ditch in a transient HydroGeoSphere model at time-step t 
directly	affects	the	ditch	water	level	at	time-step	t+1,	which	in	turn	affects	the	water	
inflow	and	flow	route	distribution	at	time-step	t+1.	This	two-way	interaction	is	crucial	
for	a	proper	representation	of	dynamic	groundwater-surface	water	flow	patterns.

Speeding up the simulations of complex models can create new opportunities for 
improving the representation of local scale hydrological processes in regional scale 
models. Faster simulations can be achieved by further expansion of the computational 
power or by parallelisation of the model calculations. Another option to improve re-
gional scale water and solute transport models is to include lumped or stochastic sub-
models	to	account	for	local	scale	processes.	For	example,	we	observed	that	lateral	flow	
through burrow systems of mice and moles is important for water and solute trans-
port towards the surface water system (chapter 3). A stochastic approach describ-
ing the temporal and spatial prevalence of animal burrowing in a catchment might 
account for this process in a regional-scale model. In fact, Van der Velde et al. (2009, in 
prep.) demonstrated the possibility of capturing the dynamical behavior of catchment 
discharge,	solute	loads,	and	flow	route	contributions	in	a	lumped,	zero-dimensional	
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mass	balance	approach.	Direct	flow	route	contribution	measurements	and	a	field-scale	
fully	integrated	field-scale	model	(chapter	8)	can	be	used	for	a	field-scale	validation	of	
the	chosen	simplified	approach	for	regional-scale	assessments.			

Ad 2: 
A model that is properly calibrated using groundwater level measurements does 
not	necessarily	produce	a	correct	representation	of	the	flow	route	distribution.	We	
showed	this	in	chapter	8	for	our	HydroGeoSphere	model	of	the	experimental	field.	
Several	model	parameters	that	controlled	the	flow	route	distribution	of	the	simula-
tion,	did	not	have	a	significant	effect	on	the	modeled	groundwater	levels.	Gallart	et	
al. (2007) demonstrated the same for a model that was only calibrated towards an 
optimal representation of the total catchment discharge. If possible, water and solute 
transport models should be calibrated and validated using direct measurements of 
flow	route	contributions.	Because	these	measurements	are	rarely	available,	we	recom-
mend a combination of groundwater level measurements and discharge measure-
ments of tile-drains, ditches, and streams for the model calibration. In addition, simple 
field	observations,	such	as	the	occurrence	of	overland	flow	and	the	connection	and	
disconnection of tile-drains and ephemeral ditches and trenches can contribute to an 
improved	flow	route	representation	in	a	model.

9.7 Implications for water quality management

Managing water quality involves the detection and mitigation of water quality prob-
lems. The selection of appropriate measures to improve water quality, as well as the 
evaluation	of	these	measures,	would	benefit	from	enhanced	monitoring	and	modeling	
as was discussed in the previous sections. In addition, this study generated enhanced 
understanding of solute transport processes, which also helps directly to judge the 
appropriateness of measures to improve water quality.

An important consideration when judging measures to improve water quality is that 
the problems should not be passed on to other compartments, other regions, or other 
periods. However, this requires a thorough interdisciplinary insight into hydrologi-
cal,	chemical,	and	biological	processes	in	catchments	at	different	spatial	and	temporal	
scale levels. Often proposed measures, such as removing tile-drains, raising or lower-
ing	groundwater	levels,	and	installing	buffer	strips	along	streams,	have	major	negative	
aspects. For example, although we found that tile-drains are a major route for water 
and solutes to reach the surface water (chapters 3, 4), removing the drains would 
increase	the	groundwater	and	overland	flow	contribution	to	surface	water	contami-
nation. Furthermore, removing drains would lead to unfavourable wet conditions for 
agricultural land use. 

In quantitative water management, plans to lower or to raise (ground)water levels 
are	often	underpinned	by	putting	forward	their	positive	side-effects	for	water	quality.	
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When groundwater levels are lowered, this prevents P and heavy metals from being 
mobilized from the upper soil. When groundwater levels are elevated, the positive 
effects	on	nitrate	removal	by	denitrification	are	often	stressed.	However,	in	both	cases	
the	adverse	effects	also	occur,	i.e.	less	denitrification	with	lower	groundwater	levels	
and more P-mobilisation with higher groundwater levels. Therefore, neither lowering 
nor raising groundwater levels is a structural solution when both NO3 and P losses 
cause water quality problems. 

Another	frequently	applied	but	sometimes	overrated	measure	is	to	install	buffer	strips	
along	streams.	By	not	applying	manure	and	fertilizer	in	the	buffer	strip,	the	contami-
nant	loads	from	these	strips	towards	the	stream	are	reduced.	However,	other	flow	
routes	like	lateral	groundwater	flow,	tile-drain	flow,	discharge	via	trenches	and	ditch-
es,	and	biopore	or	overland	flow	(e.g.	Figure	9.9)	are	generally	not	affected.	Buffer	
strips	do	have	a	net	positive	effect	on	water	quality	when	the	reduction	of	manure	and	
fertilizer use is not compensated by larger applications elsewhere. In addition, in case 
of	an	adequate	layout	and	maintenance,	buffer	strips	might	reduce	overland	flow	ve-
locities and capture part of the suspended matter with adsorbed P and heavy metals. 
  
In fact, only two comprehensive options exist for structurally improving water quality 
in a catchment: (1) reducing the input of contaminants into the catchment and (2) 
removing contaminants from the catchment. 

The	first	option	requires	a	quantification	of	the	most	important	contaminant	input	
sources.	In	specific	streams,	removing	industrial	spills	or	reducing	contaminant	loads	
from	sewage	treatment	plants	might	be	the	most	effective	strategy.	In	many	agricul-
tural catchments a reduction of manure and fertilizer input is needed for improving 
groundwater	and	surface	water	quality.	However,	this	might	reduce	the	efficiency	of	
agricultural production in these catchments.

The second general option for improving water quality is to remove contaminants 
from the catchment. An example is the mining of P or heavy metals from agricul-
tural soils. By repeatedly growing and removing crops without applying manure, the 
historic accumulation of P and heavy metals in the soil is gradually removed. A second 
example	is	the	purification	of	ditch	or	stream	water	before	it	leaves	the	catchment	
and/or enters a nature reserve or residential area. Currently, several small-scale water 
inlet	purification	plants	are	running	in	the	Netherlands.	These	plants	add	FeCl	to	the	
inlet water whenever P-concentrations are too high. This initiates the formation of Fe-
hydroxides that adsorb P and precipitate. As the worldwide recoverable P resources 
are decreasing rapidly, the re-use of extracted P for fertilizer production might also 
become	advantageous.	A	final	possibility	for	removing	contaminants	is	the	purification	
of	discharge	from	agricultural	fields.	In	case	of	our	experimental	field,	removing	con-
taminants	from	tile-drain	effluent	would	severely	reduce	contaminant	loads	towards	
the	surface	water	system.	Systems	for	(partial)	purification	of	tile-drain	effluent	are	
currently being developed (Jansen, personal communication).
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9.8 Suggestions for further research

A	multi-scale	field	experiment	as	presented	in	this	thesis	produces	more	research	
questions than can reasonably be answered within a single study. In this section we 
propose some directions for follow-up research which may contribute to future water 
quality management.

9.8.1 Extension to other catchments and contaminants
In this study we focused on NO3 and P transport in the Hupsel catchment. Our meth-
ods and principles may also be applicable to several other contaminants, such as 
heavy metals and pesticides. Continuous measurements of pesticide and heavy metal 
concentrations could reveal much of the transport processes involved. Furthermore, 
studying	water	quality	variability	in	different	types	of	catchments	would	increase	
understanding of hydrological, geological, and biochemical controls on contaminant 
transport. For example, we observed that catchments with thick phreatic aquifers, 
such	as	in	Noord-Brabant	(chapter	2),	result	in	different	dynamics	in	water	quality	
than found in the Hupsel catchment.

Figure 9.9 
Overland flow by-passing a maintenance strip between an agricultural field and the Hupsel main 
stream.
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9.8.2 Flow routes and travel times
More	detailed	measurements	of	different	flow	route	contributions	to	surface	water	
discharge could further increase insight into water and solute transport. Continuous 
water	quality	measurements,	tracer	experiments,	and	age-dating	of	tile-drain	efflu-
ent and groundwater seepage could provide more insight into the actual sources and 
flow	patterns	at	the	field-scale.	A	major	challenge	for	regional	solute	and	transport	
modeling is to account for the dynamic local-scale water and solute transport proc-
esses,	such	as	groundwater-surface	water	interaction,	overland	and	biopore	flow,	and	
tile-drain discharge. Especially when regional solute transport models are applied in 
a	predictive	mode,	a	proper	representation	of	flow	patterns	is	essential.	For	several	
small-scale	flow	processes,	a	lumped	or	stochastic	modeling	approach	might	be	more	
realistic than a detailed deterministic approach. For example, we observed that lateral 
flow	through	burrow	systems	of	mice	and	moles	is	important	for	water	and	solute	
transport towards the surface water system (chapter 3). A stochastic approach de-
scribing the temporal and spatial prevalence of animal burrowing in a catchment can 
account for this process in a regional-scale water and solute transport model. Another 
possibility is to implement lumped catchment models into a regional model to deal 
with	the	effects	of	catchment-specific	local-scale	water	and	solute	transport	processes.	
Van der Velde et al. (2009, in prep.) demonstrated that the dynamical behavior of 
catchment	discharge,	solute	loads,	and	flow	route	contributions	can	be	captured	in	a	
lumped, zero-dimensional mass balance approach.       

9.8.3 Chemical changes at the groundwater-surface water interface  
We	observed	large	differences	in	the	chemical	composition	of	groundwater,	tile-drain	
effluent,	overland	flow,	and	surface	water	(chapters	3,	4).	Chemical	modeling	could	
increase understanding of the hydrochemical processes at the interface between 
groundwater, tile-drains, and surface water. For example, we observed the precipita-
tion of Fe-oxides at ditch bottoms and inside tile-drains in the Hupsel catchment. 
During	steady	flow	conditions,	these	‘iron	curtains’	adsorb	P-ions	from	discharged	
groundwater.	When	the	water	flow	velocities	through	these	compartments	increase,	
this particulate P is detached and transported downstream. Fully understanding such 
transport	processes	requires	a	quantification	of	the	rates	and	effects	of	the	chemical	
alterations that occur when anoxic P- and Fe-rich groundwater seeps into the oxic 
environment of a tile-drain or ditch. The chemical alterations at the interface between 
groundwater,	tile-drains,	and	surface	water	may	also	affect	transport	processes	of	
other	solutes.	For	example,	relatively	low	pH	values	were	observed	in	tile-drain	efflu-
ent, which may be important for lateral transport of heavy metals.  

9.8.4 Ecological effects of dynamics in water quality
Little	is	known	about	the	effects	of	short	event-induced	changes	in	water	quality	for	
plant and animal communities in aquatic ecosystems. In conventional toxicity tests, 
animals are exposed to a constant concentration of the pollutant under considera-
tion.	The	toxic	effects	of	short	pulses	of	contaminants	are	only	marginally	investi-
gated (Rosenkrantz et al., 2008). Another challenge for further research is to relate 
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the	contaminant	pulses	from	catchments	to	their	ecological	effects	in	downstream	
floodplains,	wetlands,	or	lakes.	A	major	ecological	risk	of	the	high	concentrations	
of suspended matter during events is the increased biological oxygen demand and 
the possible depletion of oxygen in surface water (e.g. Lindenschmidt et al., 2009). 
Furthermore, the contaminants carried by the suspended matter may be released in 
the receiving water bodies. For example, the reduction of Fe- and Al-oxides releases 
P and heavy metals to the water phase where it becomes bio-available. Tracking the 
fate of contaminants from their source to their uptake by animals and plants requires 
a multidisciplinary approach that combines hydrological, chemical, physical, and 
ecological research. 

9.8.5 Possibilities of real-time water quality monitoring   
Automated	field	measurements,	data	transfer,	data	processing,	and	data-model	
integration are already quite common in quantitative water management. This allows 
for real-time adjustments of pumping rates or weir crest levels, without any human 
interference.	In	case	of	calamities	like	flooding,	online	data	collection	and	process-
ing provide the water manager with the information needed to make appropriate 
decisions. With the new techniques for real-time water quality measurements, similar 
opportunities arise for water quality management. First examples of real time water 
quality	management	are	the	flushing	of	reclaimed	polder	areas	when	the	salinity	gets	
too high and the treatment of agricultural drainage before it enters a nature reserve or 
residential area when the P concentrations get too high. Other possible applications 
are the detection of illegal spills and the protection of nature reserves or drinking 
water resources in case of water quality calamities. In agriculture, nutrient losses may 
be	reduced	and	production	efficiency	may	be	increased	by	adjusting	land	management	
to real time water quality information. 

9.8.6 Implementation in regional water quality monitoring
We believe that our recommendations for regional water quality monitoring will 
increase	monitoring	efficiency.	However,	the	practical	implementation	and	optimal	
application of continuous or average concentration measurements within monitor-
ing	networks	is	not	yet	worked	out.	The	recommended	quantification	of	different	
contaminant	sources	requires	a	different	monitoring	setup	(e.g.	Figure	9.8).	Currently,	
water quality is generally measured at downstream locations to represent large catch-
ments	in	which	different	sources	are	already	mixed	(e.g.	CIW,	2001).	Discharge	meas-
urements near water quality monitoring locations to infer solute loads are generally 
not available. Integrating the measurement networks for quantitative and qualitative 
groundwater	and	surface	water	measurements	would	improve	monitoring	efficiency.	

9.8.7 Precision farming in time and space   
Both	agricultural	productivity	and	water	quality	would	benefit	from	‘on	demand’	ap-
plication	of	agrochemicals	like	fertilizer	and	pesticides.	At	our	experimental	field,	we	
observed	large	spatial	variations	in	nutrient	concentrations	(chapter	4).	The	differ-
ences	in	nutrient	availability	were	reflected	in	the	grass	production	rate.	Within	the	
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field,	the	longest	grass	appeared	within	the	nutrient-rich	area	around	the	drinking	
trough and, very locally, at old cow excrement patches. Applying large extra amounts 
of nutrients to these nutrient-rich patches increases the nutrient surplus and enhanc-
es	leaching,	while	several	nutrient-poor	patches	might	benefit	from	extra	nutrients.	A	
major	challenge	is	the	quick	identification	of	the	actual	nutrient	demand	of	the	crops.	
Possibly, this can be inferred from spectral imagery and actual concentration measure-
ments are not necessary.  

In	addition	to	the	spatial	diversification	of	agrochemical	application,	an	improved	
timing of the application might reduce losses to groundwater and surface water and 
increase agricultural productivity. Again, the development of the nutrient demand of 
crops could be monitored and accounted for. In addition, applying agrichemicals dur-
ing very wet periods increases the risk of large losses towards the surface water sys-
tem. In the Netherlands and in many other countries, the timing of manure application 
is largely controlled by the ban on manure spreading in the winter period. Farmers 
have a limited storage capacity for manure, which often forces them to apply manure 
as soon as allowed in early spring. Unfavorable hydrological conditions and low actual 
crop demands are only marginally accounted for (see Figure 9.10).

 9.8.8 The ultimate future tile-drain
The	tile-drain	of	the	future	is	flexible	(the	outflow	height	can	be	adjusted)	and	puri-
fies	its	own	effluent.	Flexible	tile-drain	systems	have	a	large	potential	to	optimize	the	
hydrological	conditions	in	agricultural	fields.	In	dry	periods,	the	tile	outlets	can	be	
elevated to prevent quick drainage of precipitation. In periods with unfavorable wet 
conditions,	flexible	drains	can	be	adjusted	to	optimize	discharge	from	the	fields.	In	this	
study, we found that tile-drains can contribute a large proportion of the total contami-
nant	load	from	agricultural	fields	to	the	surface	water	system.	Capturing	and	re-using	
agrochemicals	from	tile-drain	effluent	could	reduce	surface	water	contamination.	A	
major	challenge	for	future	research	is	to	purify	tile-drain	effluent	as	much	as	possible	
without obstructing the tile-drain discharge during large events. 

9.8.9 Closing the P-cycle
Mining activities for obtaining P are destructive to local nature and local natural 
resources (e.g. Das, 1999). Furthermore, the global recoverable resources of P are 
expected to be depleted within 50-100 years (Cordell et al., 2009). The availability 
of P will soon become a major concern for global food production. Next to the water 
quality	issues,	this	gives	another	major	motivation	for	optimizing	P	use	efficiency	
and for reducing of P losses via surface waters towards the oceans. Above, we already 
discussed two possibilities for capturing P from agricultural drainage: purifying tile-
drain	effluent	and	small-scale	FeCl	applying	purification	plants.	Other	possibilities	for	
reducing P-losses can be investigated in the near future. For example, we observed 
large amounts of P-rich Fe and Al-hydroxides accumulated at the ditch bottom and 
inside tile-drains in the Hupsel catchment. Especially after a long dry period, the ac-
cumulated P-rich sediment layer may be worth harvesting. 
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9.8.10 Water quality and climate change
In this study, we related variations in groundwater and surface water quality to 
meteorological variations. Climate oscillations, such as the North Atlantic oscillation 
(NOA),	affect	precipitation	and	evaporation	patterns	and	consequently	also	affect	
water quality. For example, during wet years, a relatively large proportion of the P-
storage	in	agricultural	fields	will	be	transported	downstream.	This	might	account	for	
cyclic stability shifts in freshwater ecosystems as was proposed by Rip (2007). A more 
profound study on the impact of climate oscillations on the leaching of agrochemicals 
could provide water quality managers with the possibility to predict and anticipate to 
‘bad water quality years’. In addition, studying the relations between climate change 
and water and solute transport is recommended to predict the impact of global warm-
ing on water quality.

Figure 9.10 
Example of a field where manure has been injected as soon as allowed in early spring. The ponds 
indicate the unfavourable wet conditions with high risks of direct nutrient and heavy metal losses 
towards adjacent ditches during a next rainfall event (Picture taken February 2010 in Bunnik, The 
Netherlands).  
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Dankwoord / Acknowledgements

Na ruim 100 keer op veldwerk naar Hupsel, ruim 2250 handmatige grondwaterstand-
metingen,	na	het	vullen	van	ruim	3000	flesjes	met	watermonsters	en	na	het	schrijven	
van ruim 60.000 woorden in niet-willekeurige  volgorde is dan eindelijk het moment 
daar om aan een dankwoord te beginnen. Het dankwoord schijnt het meest gelezen 
onderdeel van een proefschrift te zijn. Daarom, voordat ik echt begin, nog één keer 
de belangrijkste boodschap van het onderzoek: zonder schoon water houden we het 
niet lang uit en waterkwaliteitsonderzoek kan beter en goedkoper als er rekening 
gehouden wordt met de grote dynamiek in waterkwaliteit. 

In 2002 kreeg ik dankzij Bas van der Grift en Ruben Busink de kans om bij TNO stage 
te lopen en vervolgens in dienst te komen. Aangetrokken door het leuke werk van 
onder	andere	Perry	de	Louw,	Monique	van	der	Aa,	Jasper	Griffioen	en	Hans-Peter			
Broers ging ik aan de slag bij de afdeling Grondwater. Ene Ype van de Velde (blz. 58) 
werd daar enkele maanden later ook aangenomen. Na een aantal leerzame jaren 
met leuk onderzoek en enthousiaste collega’s, moedigde Chris te Stroet mij aan een 
voorstel voor promotieonderzoek te schrijven. Het heeft na de eerste ideeën nogal wat 
voeten in de aarde gehad, maar vooral dankzij het doorzettten van Frans van Geer en 
Ipo Ritsema konden we op 1 mei 2006 beginnen.  Het DYNAQUAL-team bestond uit 
de AIO’s Ype van der Velde en mijzelf en de begeleiders Frans van Geer, Hans Peter      
Broers, Marc Bierkens en Ger de Rooij. 

Ype, wat hebben wij de afgelopen 4 jaar samen veel geleerd en meegemaakt! Zo’n in-
tensieve samenwerking gaat alleen goed met iemand die uit het goede hout gesneden 
is en gaat voor het gezamelijke resultaat. Je bent een enorme doorzetter in het veld. 
We hadden de vrijheid om nieuwe dingen te proberen en daarbij gingen soms de 
gekste dingen fout. Desondanks ging je altijd door en kwam er ook altijd wel een 
oplossing. Zo bleken damespanty’s in combinatie met magnetronbordjes zeer geschikt 
om verstopping van de pompen tegen te gaan. En Sorbi’s wisselen in de vrieskou doe 
je met een kabelstripper. Al met al hebben we een schat van veldervaring opgebouwd, 
waar we de rest van ons leven plezier van zullen hebben. Maar na al het veldwerk 
waren	we	elkaar	nog	niet	zat.	Je	bent	een	meester	in	het	programmeren	en	‘fitten’	van	
modelletjes. Je leerde mij werken met ‘R’, calibreren met ‘PEST’ en nog veel meer. In 
volledige	samenwerking	produceerden	we	twee	artikelen	waar	ik	enorm	trots	op	ben;	
in dit proefschrift hoofdstuk 3 en 6. Bedankt voor de geweldige samenwerking!

Frans, vanaf de allereerste ideetjes was jij bij mijn promotieonderzoek betrokken. 
Door jouw inspanningen kwamen alle overeenkomsten rond en konden we starten 
met het onderzoek. Vanaf het begin liet je ons vrij, hield je de vinger aan de pols, 
stuurde je ons af en toe wat bij en gaf je ons van tijd tot tijd vertrouwen door goed-
keurend	te	brommen:	“Mwja,	dat	lijkt	me	op	zich	een	best	aardig	plan.”	Na	het	be-
kijken van een nieuw artikel was steevast je commentaar: “Nou, hier moet nog wel wat 
aan	gebeuren...”,	na	de	tweede	versie:	“Mwja,	dit	begint	langzaamaan	wel	ergens	op	te	
lijken...”,	en	na	versie	drie	kwam	een	gematigd	enthousiast:	“Dit	zit	inmiddels	toch	wel	
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redelijk	in	elkaar.”	Stiekem	wisten	we	via	Ciska	(Mevrouw	van	Geer,	red.)	dat	je	erg	
enthousiast was over de vorderingen en DYNAQUAL toch wel een erg leuk onderdeel 
van je werk vond. Ondertussen is het je, na het nodige voorwerk, gelukt om zowel 
opa als professor te worden. Frans, bedankt voor alle tijd en moeite die je in mijn 
promotieonderzoek hebt gestopt. Ik hoop dat we een vervolg kunnen geven aan onze 
samenwerking	en	aan	zo	nu	en	dan	een	weekendje	wadvaren	op	de	“Strinda”.		

Hans Peter, wat weet je veel, wat wil je veel en wat doe je veel! Na lang doorzetten 
kreeg jij het project STROMON van de grond, waarin we eigenlijk de basis hebben 
gelegd voor dit proefschrift. Door het STROMON-werk kon ik als beginnend AIO me-
teen hoofdstuk 2 opschrijven. Bovendien wist ik door STROMON wat ik wilde meten 
in Hupsel. Net als Ype ben je soms licht chaotisch, maar ook enorm creatief. Als ik een 
artikel na enige tijd van je terugkreeg zag het altijd blauw van je commentaar. Dat 
vergde wel wat incasseringsvermogen, maar altijd werd het artikel beter van je goede 
ideeën. Hans Peter, bedankt voor je betrokkenheid en ik hoop nog lang met je te kun-
nen samenwerken. 

Marc,	ik	was	een	van	de	TNO-AIO’s	die	je	als	hoogleraar	bij	Fysische	Geografie	was	
komen ‘aanwaaien’. Het onderwerp van mijn promotie lag niet helemaal in de lijn van 
waar jij met je onderzoeksgroep heen wilde, namelijk de grootschalige hydrologische 
modellering. Eens typeerde één van je andere AIO’s een model met cellen van 10x10 
km,	waar	Hupsel	ruim	10	keer	in	past,	als	een	model	met	een	erg	fijne	resolutie.	Toch	
was je altijd erg enthousiast over mijn onderzoek en dat heeft mij erg gemotiveerd. 
Ondanks alle drukte maakte je steeds weer tijd vrij voor overleg en om mijn artikelen 
te becommentariëren. Het was soms ongelofelijk hoe snel jij mijn nog prille ideeën 
met mimimale uitleg begreep. Marc, bedankt voor al je vertrouwen!        
 
Ger, als eerste begeleider van Ype keek je, naar eigen zeggen, bij mij “over de schouder 
mee”.	Voor	mij	was	je	vooral	tijdens	de	veldwerkfase	belangrijk.	Je	wees	ons	al	in	een	
vroeg stadium op het feit dat de Wet van Murphy van toepassing is op experimenteel 
werk in het veld. Je kunt onmogelijk verzinnen wat er allemaal mis gaat en daardoor 
kost het altijd meer tijd dan je vantevoren denkt. We zijn het gaan bijhouden en onze 
“Lijst	van	Murphy”	is	uiteindelijk	58	items	lang,	variërend	van	een	aannemer	die	on-
aangekondigd	onze	apparatuur	loskoppelt	en	verplaatst	voor	de	aanleg	van	een	fiets-
pad tot onvindbare peilbuizen onder een laag sneeuw. Ger, bedankt voor je betrokken-
heid en het ga je goed bij het Helmholtz in Halle. 

Naast de hoofdbegeleiders hebben talloze mensen meegedacht en meegewerkt 
tijdens het onderzoek. Sjoerd van der Zee van de WUR, Piet Groenendijk van Alterra 
en Johan Valstar van Deltares, bedankt voor jullie medewerking en ideeën tijdens de 
vergaderingen met de begeleidingscommissie. Paul Torfs van de WUR, bedankt voor je 
bijdrage aan hoofdstuk 6. We waren ook nooit erg ver gekomen zonder de medewerk-
ing van de bewoners van Hupsel. Vooral Wim Kimmels, wiens perceeltje we behoorlijk 
overhoop gehaald hebben met schep en boor, was erg enthousiast en behulpzaam. 
Wim, bedankt voor je medewerking. Leo Boumans en Dico Fraters van het RIVM heb-



188

ben al in een vroeg stadium meegedacht over de invulling van het onderzoek. Leo en 
Dico, bedankt voor jullie goede ideeën en voor het mogelijk maken van onze metingen 
met de SorbiCells. Gé van den Eertwegh, inmiddels van KWR, bedankt voor het meed-
enken en voor je oude meetgegevens van het perceel van Kimmels. Marius Heinen, 
Antonie van den Toorn en Caroline van der Salm van Alterra, bedankt voor het delen 
van jullie ervaringen met meetopstellingen in het veld.

De elektronica voor onze meetopstelling is bedacht door elektronicus Pieter Hazen-
berg van Wageningen Universiteit. Pieter, de sensoren, data-opslag en aansturing van 
de pompen werkten vanaf het begin perfect. Bedankt voor deze top-prestatie! Harm 
Gooren van Wagingen Universiteit (blz. 134) heeft geholpen met het onderhoud 
van de meetopstelling. Harm, bedankt! Je hebt ons erg veel werk uit handen kunnen 
nemen. Een aantal andere helden heeft geheel belangeloos een dagje geholpen met het 
veldwerk	in	Hupsel;	Ate,	Joris	S,	Yanchun,	Anton,	Marjon,	Arnout,	Joris	R,	Sibren,	
Hanneke, Sanneke, Nelleke, Geert-Jan en Odysseus, bedankt.

Van cruciaal belang was het werk van de labmedewerkers van het geïntegreerd labo-
ratorium van TNO/Deltares en de Universiteit Utrecht. Bijna twee jaar lang kwamen 
we elke week met ca. 30 monstertjes aanzetten die allemaal keurig zijn geanalyseerd. 
De toppers die daarvoor hebben gezorgd zijn (in willekeurige volgorde en wellicht 
niet volledig): Piet Peereboom, Dieneke van de Meent, Erik van Vilsteren, Gerard Klav-
er, Bertil van Os en Bernadette Marchand. De creatieve uitvinders van Hydrion BV uit 
Wageningen waren ook zeer belangrijk voor ons onderzoek. Met name Ydo Hoogkamp 
heeft er alles aan gedaan om onze Hydrion-10’s zo goed mogelijke continue water-
kwaliteitsmeetreeksen te laten registeren. Bedankt! Een ander essentieel apparaat 
voor het onderzoek was de P-analyzer. Ik wil de diverse medewerkers van Hach Lange 
die hebben meegedacht en onderhoud hebben uitgevoerd bedanken.

I would also like to acknowledge the people of SorbiSense for all their work. We 
exchanged nearly a thousand SorbiCells which were processed and analyzed in 
Denmark. Hubert de Jonge of SorbiSense is especially acknowledged for his coopera-
tion, ideas, and his contribution to chapter 7 of this thesis. Rob McLaren of Waterloo 
University is acknowledged for his help with the GeoHydroSphere modeling. Espe-
cially during my stay at Waterloo University, Rob showed me the special features of 
the code. Rob, also thanks for your contribution to chapter 8 of this thesis and, last 
but not least, for lending me your bike to get around in Waterloo. I would like to thank 
Jirka Simunek of University of California Riverside for his support with the Hydrus-1D 
modeling.

In 2006 klopten we bij waterschap Rijn en IJssel  aan om toestemming te vragen voor 
het bouwen van onze meetopstelling in hun sloot. Vanaf het begin waren alle water-
schappers waar we mee te maken kregen erg enthousiast over het onderzoek. Ik wil 
vooral Gert van den Houten, Marga Limbeek, Annemarie Kramer en Laurens Gerner 
bedanken voor alle medewerking en interesse.
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voor de gezelligheid en de belangstelling voor mijn onderzoek. Vooral Victor, Bas, 
Stefan, Jasper, Janneke, Ruth, Hilde, Marijn, Dimmie, Wiebe, Annemieke, Yanchun, Gijs 
en	de	helaas	inmiddels	vertrokken	Ate,	Michelle,	Arnout	en	Marielle;	bedankt	voor	de	
gezelligheid	tijdens	de	koffiepauzes	en	de	lunchwandelingen	in	de	botanische	tuin.	Ik	
zal er de komende periode weer wat vaker zijn en hoop nog lang met jullie te kunnen 
samenwerken.

Bij Deltares werd er altijd rumoerig rondgelopen, getelefoneerd en gepraat. Op de 
universiteit kon ik vaak heerlijk rustig werken aan mijn artikelen. Toch was het ook 
altijd gezellig, vooral met mijn kamergenootjes (en paranimfen!) Sanneke (Figuur 1.3) 
en Nelleke (blz. 76). Sannie en Nellie, het was erg leuk de details over veen, muggen en 
andere AIO-beslommeringen met jullie te delen. Bedankt voor het prima gezelschap in 
kamer 008! Op de begane grond was ik als hydroloog een beetje een vreemde eend in 
de bijt, maar gelukkig werd ik geaccepteerd door de kwartairgeologen van de ‘Gruppo 
Fluvial’;	Marc,	Ingwer,	Gilles,	Willem,	Jan,	Kim,	Esther	en	buurman	Wim;	bedankt	voor	
alle	leuke	lunchwandelingen	en	koffiepauzes.	Ook	bedankt	voor	de	gezelligheid	bij	de	
koffieautomaat:	Hans,	Paul,	Chris,	Wiebe,	Juul,	Frans,	Roy	en	mede	hydrologie-AIO’s	
Arien, Sibren, Loes, Reinder, Ate, Hanneke, Frederieke en Edwin. Marcel van der Perk 
zorgde	voor	een	zeer	prettige	invulling	van	mijn	onderwijstaak;	lekker	met	een	groep-
je master-studenten op excursie door België, Duitsland, Luxemburg en Zwitserland. 
Marcel, bedankt voor de leuke excursies en voor het meedenken met mijn onderzoek.

Tijdens mijn promotieonderzoek was er gelukkig ook nog tijd voor ander vermaak. 
Dion, Geert-Jan, Deon, Martine, Mijntje, Jorn, Rens, Annet, Daniël, Goele, Hans, Jeroen, 
Tim,	Jan,	Riejan,	Marijn,	Mathieu,	Annemieke,	Ernst,	Bas,	Jeanine;	bedankt	voor	alle	
leuke wintersporten / uitstapjes / feestjes / spelletjesavonden / etc. etc. etc.. 

Een vrije opvoeding is de basis voor creatief onderzoek. Ik wil daarom mijn ouders, 
Cor en Anca Rozemeijer, bedanken voor alle inspanningen om mij van een dwarse 
dreumes te laten opgroeien tot een licht eigenwijze onderzoeker. Ook broer Joris en 
Emma, schoonouders Ad en Sybella, schoonzus Eva en Aling, bedankt. De rest van de 
familie zal ik hier niet noemen omwille van de ruimte die dat in beslag zou nemen, 
maar allemaal bedankt voor het meeleven en de interesse.

En	dan,	last	but	not	least;	mijn	lieve	Hanneke.	In	de	afgelopen	vier	jaar	zijn	we	
getrouwd en hebben we samen een huis gekocht en opgeknapt. Het laatste jaar heb ik 
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teveel tegelijk wil. Dat is deels de aard van het beestje, maar komende tijd zal ik meer 
zijn voor jou, de poesjes en vanaf half maart ook voor ons kindje.
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Summary

The motivation

Clean water is essential for our existence on earth. In areas with intensive agricultural 
land use, such as The Netherlands, groundwater and surface water resources are 
threatened.	The	leaching	of	agrochemicals	from	agricultural	fields	leads	to	contamina-
tion of drinking water resources and toxic algae blooms and loss of biodiversity in sur-
face waters. Water quality managers are responsible for the detection of water quality 
problems	and	for	taking	appropriate	measures.	Therefore,	a	lot	of	their	effort	and	
resources goes into the monitoring of groundwater and surface water quality. Despite 
all	measurements,	the	detection	of	the	effects	of	measures	is	often	still	problematic.	
Human-induced changes in water quality are often concealed by the large weather-
induced variations in surface water and upper groundwater quality. In addition, the 
common measurement intervals of 1 month for surface water and 1 year for ground-
water	are	not	sufficient	to	capture	the	highly	dynamic	behaviour	of	solute	concentra-
tions in surface water and upper groundwater.

This thesis is about dynamics in groundwater and surface water quality. The main 
research question: What are the processes behind the dynamics in water quality and 
what	are	the	implications	for	monitoring,	modeling,	and	managing	water	quality?	The	
general	objective	of	this	thesis	was	to	improve	the	efficiency	of	water	quality	monitor-
ing by applying recent developments in measurement techniques and data processing.  

The research

Existing measurements
We started with analyzing existing data from regional water quality monitoring 
networks. Based on measurements of the Province of Noord-Brabant and the Water 
Boards within this province, we developed a conceptual model on the interactions 
between groundwater and surface water. Surface water quality depends on the mix-
ing	ratio	of	groundwater	from	different	depths.	During	wet	conditions,	near-surface	
water	fluxes	are	dominant	and	the	concentrations	of	agrochemicals	in	surface	waters	
are high. During dry conditions, streams mainly discharge deeper groundwater and 
surface water quality resembles the quality of deep groundwater. For a better un-
derstanding of the relations between weather conditions and water quality a more 
detailed	experimental	field	study	was	needed.

Search for a study catchment
The	first	challenge	was	to	find	a	suited	catchment	for	the	experimental	fieldwork.	To	
be able to directly relate groundwater to surface water, we looked for a tile drained 
field	in	a	free	flowing,	mainly	agricultural	catchment	without	water	inlet	from	else-
where and without point sources of pollution. After numerous expeditions through the 
sandy areas of North, Middle, and South Netherlands, we found our perfect research 
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catchment in the East, near Groenlo. The Hupsel catchment, not surprisingly one of the 
most studied catchments in The Netherlands, met with all our wishes. 

Continuous water quality measurements
At	the	outflow	point	of	the	Hupsel	catchment,	discharges	were	already	being	meas-
ured	by	Water	Board	Rijn	&	IJssel.	At	the	same	spot,	water	quality	was	sampled	
monthly as it was a measurement location of the Water Board’s regional water qual-
ity monitoring network. At this location, we installed a Hydrion-10 for continuous 
measurements of nitrate, potassium, sodium, chloride, pH, and EC in the stream water. 
We also placed a Phosphax analyzer, which performed continuous measurements of 
total-phosphorus and dissolved (ortho-) phosphorus. Through this equipment, we 
recorded the variations in water quality between the monthly measurements of the 
Water Board and observed the concentration changes during rainfall events. How-
ever,	these	catchment-scale	variations	in	water	quality	are	caused	by	field-scale	water	
and	solute	transport	processes.	Therefore,	we	also	investigated	field-scale	water	and	
solute transport.

Field-scale research
For	the	field-scale	research	we	were	allowed	to	use	the	tile	drained	grass	field	of	the	
enthusiastic	farmer	Kimmels.	At	this	field,	we	have	tried	to	capture	and	measure	all	
water	fluxes	from	the	field	surface	towards	the	adjacent	ditch.	In	wooden	sheet-pile	
reservoirs,	we	collected	the	groundwater	flow	from	the	field	into	the	ditch.	Automatic	
pumps maintained the water level inside the reservoirs equal to the ditch water level. 
The	tile	drain	effluent	was	captured	in	white	vessels.	When	these	drain	vessels	had	
collected	200	L,	the	drain	effluent	was	pumped	into	the	ditch.	All	water	fluxes	were	
registered	with	flow	meters	and	samples	were	taken	weekly.

The results

Processes
The main causes of dynamics in groundwater and surface water quality are variations 
in human land management, biochemical processes, and meteorological conditions.  
We focused this research on the short-term variations in water quality which are nor-
mally not captured with common monthly measurement intervals. 

In most agricultural catchments weather induced variations are the major cause of 
short-term variations in water quality. During rainfall events, the relative contribu-
tion	of	different	flow	routes	(groundwater,	tile	drain,	overland	flow)	to	the	total	ditch	
discharge	changes.	These	different	flow	routes	have	different	residence	times	in	the	
subsurface	and	therefore	different	chemical	compositions.	The	nitrate	concentrations	
in the Hupsel stream lowered in response to rainfall events. This was caused by the 
temporal	dilution	of	nitrate-rich	tile	drain	effluent	with	nitrate-poor	rainwater.	The	
phosphorus concentrations on the other hand peaked during rainfall events. During 
steady weather conditions, phosphorus from groundwater is adsorbed by organic 
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matter and iron and aluminium oxides inside the tile drains and at the ditch bottoms. 
When the water velocities in the catchment increase, this particulate P is picked up 
and causes a concentration peak. 

Consequences for monitoring
The changes in water quality during rainfall events cause large uncertainties in the 
assessment of average concentrations and contaminant loads based on grab samples. 
With grab sampling, the measured concentrations depend heavily on coincidental 
(weather) conditions at the moment of sampling.

Continuous water quality measurements give a much more exact picture of the water 
quality situation. Especially in pilot areas where measures to improve water quality 
are	tested,	continuous	measurements	could	improve	the	detection	of	the	effects.	Due	
to the costs, it is not possible to install equipment for continuous water quality meas-
urements at all locations of a regional water quality monitoring network. However, for 
important	locations	in	the	surface	water	system,	such	as	outflow	locations	of	catch-
ments or large pumping stations, continuous water quality measurements are worth 
considering.  

Measuring average contaminant concentrations is another promising option for water 
quality monitoring. We used the so-called SorbiCell-samplers for average concentra-
tion measurements. These SorbiCells can easily be installed at several locations in a 
catchment and the costs are comparable to the costs of grab sample measurements.  
The average concentrations give a much more certain estimate of the water quality 
situation and the contaminant loads.  

In this thesis, we give some examples of using other types of monitoring information 
for improving load estimates. Continuous measurements of precipitation, groundwa-
ter levels, and discharges are much easier and cheaper to acquire than solute concen-
trations. When we know how these commonly available hydrological measurements 
relate to contaminant concentrations in surface water, we can use them to reconstruct 
the concentration pattern in between the monthly measurements. To demonstrate 
this, we captured the relation between hydrological measurements and water quality 
using process based modeling in chapter 5 and statistical modeling in chapter 6.

In catchments where measures to improve the water quality situation are needed, 
monitoring should give information on the most important sources of water and 
contaminants. Therefore, load estimates are needed at strategic locations such as 
outflow	locations	of	(sub)catchments	or	main	pumping	stations.	In	addition,	the	con-
tributions	of	major	point	sources	of	pollution	in	the	catchment	should	be	quantified.	
For estimating these loads, combined measurements of discharge and contaminant 
concentrations are needed. As mentioned above, continuous  and average concentra-
tion measurements produce much better load estimates than grab samples. 
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Consequences for modeling
Water and solute transport modeling can improve the understanding of complex 
hydrological systems and the selection of appropriate measures. From this thesis it fol-
lows	that	surface	water	quality	is	closely	linked	to	the	relative	contributions	of	differ-
ent	flow	routes	(groundwater,	tile	drain,	overland	flow).	Therefore,	a	correct	simula-
tion	of	these	flow	routes	is	essential	for	sensible	solute	transport	modeling.	However,	
model	codes	that	fully	integrate	all	possible	flow	routes	are	scarce	and	direct	meas-
urements	of	flow	route	contributions	for	model	calibration	and	validation	are	seldom	
available. In this research, we developed a fully integrated HydroGeoSphere model, 
which	was	calibrated	towards	our	groundwater	and	tile	drain	flux	measurements.		We	
found that a model that is properly calibrated using groundwater level measurements 
and/or	total	discharge	measurements	does	not	necessarily	produce	the	correct	flow	
route	contributions.		Our	measurements	showed	that	fast	flow	routes,	such	as	tile	
drain	flow	and	overland	flow,	carry	the	largest	nutrient	and	heave	metal	loads	towards	
the surface water. To improve the suitability of hydrological models for solute trans-
port	assessments,	more	information	on	these	fast	flow	routes	should	be	incorporated.					

Consequences for water management
The selection of appropriate measures to improve water quality, as well as the evalua-
tion	of	these	measures,	would	benefit	from	enhanced	monitoring	and	modeling	as	was	
discussed in the previous sections. Next to this, this study generated enhanced inter-
disciplinary understanding of water and solute transport, which also helps directly 
to judge the appropriateness of measures to improve water quality. An important 
consideration is that problems should not be passed on to other compartments (soil, 
atmosphere), other regions, or other periods. In fact, only two general options exist for 
structurally improving water quality: reducing the input or removing contaminants 
from the catchment.  
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Samenvatting

De aanleiding
Schoon water is essentieel voor ons bestaan op aarde. In gebieden met intensieve 
veehouderij, zoals Nederland, staat de kwaliteit van grond- en oppervlaktewater 
onder	druk.	Het	uitspoelen	van	meststoffen	vanuit	landbouwgebieden	zorgt	onder	
meer voor de verontreiniging van drinkwatervoorraden en giftige algenbloei en 
verlies van biodiversiteit in het oppervlaktewater. Het is de taak van waterkwaliteits-
beheerders om waterkwaliteitsproblemen te signaleren en waar nodig maatregelen te 
nemen. Daarom wordt er veel tijd en geld besteed aan metingen van de kwaliteit van 
grond-	en	oppervlaktewater.	Ondanks	alle	metingen	blijft	het	lastig	om	de	effecten	van	
maatregelen voor de waterkwaliteit vast te stellen. Het is namelijk vaak niet mogelijk 
het gevolg van de maatregel te onderscheiden van de grote natuurlijke dynamiek in de 
waterkwaliteit. Bovendien zijn de gebruikelijke meetfrequenties van één meting per 
maand voor oppervlaktewater en één meting per jaar voor grondwater veel te laag om 
de variaties te kunnen volgen.

Dit proefschrift gaat over de dynamiek in grond- en oppervlaktewaterkwaliteit. De 
kernvraag: Wat zijn de oorzaken van dynamiek in de waterkwaliteit en wat zijn de 
gevolgen	voor	monitoring,	modellering	en	waterbeheer?		Met	dit	onderzoek	streven	
we	naar	efficiëntere	regionale	waterkwaliteitsmonitoring	door	gebruik	te	maken	van	
moderne meettechnieken en vernieuwende dataverwerkingsmethoden.

Het onderzoek

Bestaande metingen
In eerste instantie hebben we goed naar bestaande meetgegevens uit regionale water-
kwaliteitsmeetnetten gekeken. Op basis van gegevens van de Provincie Noord-Brabant 
en de Brabantse waterschappen is een denkmodel opgesteld over de wisselwerking 
tussen grondwater en oppervlaktewater. De kwaliteit van het oppervlaktewater is het 
resultaat van de menging van grondwater vanuit verschillende dieptes. Bij nat weer 
hebben	ondiepe	waterstromen	de	overhand	en	zijn	de	concentraties	landbouwstoffen	
in het oppervlaktewater het hoogst. Bij droog weer wordt voornamelijk diep grondwa-
ter afgevoerd en lijkt de oppervlaktewaterkwaliteit meer op het diepe grondwater. Om 
de relatie tussen de weersomstandigheden en de waterkwaliteit beter te snappen, was 
meer gedetailleerd experimenteel veldonderzoek nodig.

Zoektocht naar een proefgebied
De eerste uitdaging was het vinden van een geschikt stroomgebied voor het experi-
mentele veldonderzoek. Om directe relaties te kunnen leggen tussen grondwater en 
oppervlaktewater zochten we naar een gedraineerd perceel in een vrij afwaterend, 
hoofdzakelijk agrarisch stroomgebied zonder aanvoer van gebiedsvreemd water en 
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zonder invloed van lozingen. Na talrijke omzwervingen door de zandgebieden van 
Noord-, Midden- en Zuid-Nederland, vonden we het ideale onderzoeksgebied in het 
oosten nabij Groenlo. De Hupselse beek, niet voor niets een van de meest onderzochte 
stroomgebieden van Nederland, bleek aan al onze wensen te voldoen. 

Continue waterkwaliteitsmetingen
Op het uitstroompunt van het Hupsel stroomgebied werd de afvoer al gemeten door 
waterschap	Rijn	&	IJssel.	Het	was	ook	al	een	meetpunt	uit	het	regionale	waterkwa-
liteitsmeetnet van het waterschap waar maandelijks een monster genomen werd. Op 
deze plek hebben we een Hydrion-10 geplaatst voor continue metingen van nitraat, 
kalium, natrium, chloride, pH en EC in het beekwater. Tevens is er een Phosphax-
analyzer geplaatst, die continue metingen deed van totaal fosfaat en opgelost fosfaat. 
Zo registreerden we de variatie in de waterkwaliteit tussen de maandelijkse metingen 
van het waterschap en konden we zien wat er tijdens regenbuien met de waterkwali-
teit gebeurde. Deze variaties in de waterkwaliteit op stroomgebiedschaal zijn echter 
het gevolg van dynamische hydrologische processen op perceelschaal. Daarom hebben 
we ook onderzoek gedaan naar water- en stoftransport op perceelschaal.  

Perceelonderzoek
Voor het perceelsonderzoek konden we terecht op het gedraineerde grasperceel 
van de enthousiaste boer Kimmels. Op dit perceel hebben we geprobeerd alle wa-
terstromen van het landoppervlak naar de sloot op te vangen en te bemonsteren. In 
houten bakken werd grondwater opgevangen dat vanuit het perceel uittrad in de sloot. 
In witte vaten werd het water, dat via de drainbuizen naar de sloot stroomde, opge-
vangen. Met pompen werd het niveau binnen de bakken automatisch gelijk gehouden 
met het slootpeil. De drainvaten werden na elke 200 liter drainafvoer automatisch 
bemonsterd en leeggepompt.

De resultaten

Processen
De belangrijkste oorzaken van de dynamiek in grond- en oppervlaktewaterwaliteit zijn 
variaties in landgebruik, biologische processen en weerscondities. In dit onderzoek 
hebben we vooral gekeken naar de korte termijn variaties in de waterkwaliteit die 
normaal verborgen blijven bij de gebruikelijke maandelijkse metingen. In de meeste 
landbouwgebieden hebben weersvariaties de grootste invloed op de korte termijn 
schommelingen in de waterkwaliteit. Tijdens buien verandert de relatieve bijdrage 
van verschillende afvoercomponenten (grondwaterstroming, drainafvoer, oppervlak-
kige afstroming) aan de totale slootafvoer. Deze verschillende afvoercomponenten 
hebben verschillende verblijftijden in de ondergrond en daardoor ook een verschil-
lende chemische samenstelling. De nitraatconcentraties in de Hupselse beek daalden 
telkens tijdens regenbuien. Dit kwam door verdunning van het nitraatrijke drainwater 
met bijna nitraatloos regenwater dat snel afspoelde. De fosfaatconcentraties piekten 
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juist tijdens regenbuien. Tijdens rustig weer bindt fosfaat zich aan organisch materiaal 
en ijzer- en aluminiumoxides op de slootbodem en in de drains. Als er dan een bui was 
en de stroomsnelheden toenamen, werden deze deeltjes met het water meegevoerd en 
veroorzaakten ze een piek in de concentratie.

Gevolgen voor monitoring
De veranderingen in de waterkwaliteit tijdens buien zorgen voor grote onzekerheden 
bij het berekenen van gemiddelde concentraties en stofvrachten op basis van steek-
monsters.	De	concentraties	die	met	steekmonsters	gemeten	worden,	zijn	erg	afhan-
kelijk van de toevallige (weers)omstandigheden op het moment van bemonsteren.

Continue waterkwaliteitsmetingen geven een veel nauwkeuriger beeld van de water-
kwaliteit. Vooral in proefgebieden waar maatregelen ter verbetering van de water-
kwaliteit worden uitgeprobeerd, zouden continue metingen kunnen zorgen voor een 
beter	beeld	van	de	effecten.	Vanwege	de	kosten	is	het	niet	mogelijk	om	op	alle	meetlo-
caties in regionale waterkwaliteitsmeetnetten continu te gaan meten. Op belangrijke 
plekken in het watersysteem, zoals bij het uitstroompunt van een stroomgebied of bij 
een gemaal, kunnen wel continue metingen worden ingezet. 

Een andere optie is het meten van gemiddelde concentraties. In dit onderzoek hebben 
we daarvoor gebruik gemaakt van zogenaamde SorbiCell-samplers. Deze SorbiCells 
kunnen vrij eenvoudig op meerdere plekken in een stroomgebied worden geïnstal-
leerd en zijn qua kosten vergelijkbaar met steekmonstermetingen. De gemiddelde 
concentraties leveren wel een veel betrouwbaarder beeld van de waterkwaliteitsitu-
atie en van de stofvrachten.

In dit proefschrift geven we ook voorbeelden van het gebruik van andere meetinfor-
matie voor het verbeteren van vrachtbepalingen. Neerslaghoeveelheden, grondwater-
standen en afvoeren zijn makkelijker en goedkoper continu te meten dan stofconcen-
traties. Als de relatie tussen deze algemeen beschikbare hydrologische metingen en 
de stofconcentraties bekend is, kunnen we reconstrueren wat er met de concentraties 
is gebeurd tussen de maandelijkse metingen. Om dit te demonstreren hebben we in 
hoofdstuk 5 een procesmodel en in hoofdstuk 6 een statistisch model gebruikt om de 
relatie tussen de hydrologische metingen en de waterkwaliteit vast te leggen.

In stroomgebieden waar maatregelen ter verbetering van de waterkwaliteit nodig zijn, 
zou met monitoring informatie verkregen moeten worden over de belangrijkste in- en 
uitposten van water en verontreinigingen. Daarvoor moeten stofvrachten worden 
bepaald op strategische locaties zoals uitstroompunten van (sub)stroomgebieden of 
gemalen. Ook de bijdragen van de belangrijkste puntbronnen (lozingen) van veron-
treinigingen moeten worden gemeten. Voor het bepalen van deze vrachten zijn gecom-
bineerde afvoer- en concentratiemetingen nodig. Zoals hierboven beschreven, geldt 
voor de concentraties dat continue of gemiddelde metingen betere vrachtschattingen 
opleveren dan steekmonsters. 
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Gevolgen voor modellering
Modellen kunnen de waterbeheerder helpen bij het begrijpen van het watersysteem 
en het kiezen van de juiste maatregelen. Uit dit onderzoek is gebleken dat de relatieve 
bijdrages van verschillende afvoercomponenten (grondwater, drainwater, oppervlak-
kige afstroming) bepalend zijn voor de waterkwaliteit. Voor een zinnig waterkwali-
teitsmodel is het dan ook belangrijk de afvoercomponenten goed te modelleren. Er 
zijn echter maar weinig modellen waarmee alle afvoerroutes goed kunnen worden 
meegenomen en daarnaast zijn er nauwelijks metingen van afvoerrroutes beschikbaar 
om de modellen te calibreren en valideren. In dit onderzoek hebben we een volle-
dig geïntegreerd HydroGeoSphere model opgezet en gecalibreerd met onze directe 
metingen van de grondwater- en drainafvoeren. Hieruit bleek onder meer dat een 
model dat goede grondwaterstanden of oppervlaktewaterafvoeren simuleert zeker 
niet vanzelfsprekend ook de goede bijdrages van de verschillende afvoercomponenten 
berekent. Uit onze metingen is gebleken dat snelle afvoerroutes zoals drainafvoer en 
oppervlakkige	afstroming	de	grootste	vrachten	aan	verontreinigende	stoffen	meevoer-
en naar het oppervlaktewater. Om modellen beter geschikt te maken voor stoftrans-
portberekeningen moet daarom meer gebruik worden gemaakt van informatie over 
deze afvoercomponenten.

Gevolgen voor waterbeheer
De selectie van maatregelen voor verbetering van de waterkwaliteit en de evaluatie 
van deze maatregelen hebben baat bij betere monitoring en modellering zoals hier-
voor beschreven. Hiernaast heeft dit onderzoek veel interdisciplinaire proceskennis 
opgeleverd,	wat	helpt	bij	het	beoordelen	van	maatregelen	op	hun	effectiviteit.	Hierbij	
is het van belang dat de problemen niet worden afgewenteld naar andere compar-
timenten (bodem, atmosfeer), andere gebieden of andere periodes. Eigenlijk zijn er 
maar twee algemene oplossingsrichtingen voor het verbeteren van de waterkwaliteit 
in een gebied: het verminderen van de input of het verwijderen van verontreinigingen 
uit het stroomgebied. 
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