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Summary
Surface waters worldwide are threatened by agricultural intensification, industrialization, 
urbanization and climate change. As a result, flow and water quality of many streams and rivers 
has deteriorated which in turn negatively affects aquatic ecology in these waters, especially 
when combinations of stressors are present. Many surface waters gain part of their flow from 
groundwater, for example through springs and diffuse seepage, and it has been noted that 
surface water and groundwater are effectively a single resource. Groundwater sustains flow in 
dry periods and delivers water of specific quality and temperature. However, the importance of 
the connection between surface- and groundwaters in multi-stressed catchments is not yet well 
understood. The research presented in this thesis therefore aimed to quantify the impact and 
importance of the groundwater contribution to streams and aimed to improve understanding of 
how the dynamics of the groundwater affect the propagation of stressors to streams. 

In Chapter 2, a conceptual comprehensive framework is presented for the analysis of linked 
multiply-stressed GW-SW systems. This framework is illustrated by applying it on four European 
catchments to analyse the propagation and buffering of multi-stressors through groundwater to 
surface waters. In all catchments the river discharge, water quality and temperature were affected 
by stressors via the groundwater system. The importance of the groundwater system varies 
between the catchments due to differences in e.g. geology, climate, land-use, scale and stressor 
combinations. Results from these catchments show that the effect of stressors can propagate 
through the groundwater system towards surface waters, and groundwater thus functions as a 
connection between a catchment and its stream(s). In addition to this, the flow of groundwater 
over potentially long distances and over longer time scales creates a buffer capacity to the 
effect of stressors by adding time lags and attenuating stressor signals, although this strongly 
dependents on groundwater flow paths and the shape and dynamics of groundwater travel time 
distributions. 

These travel time distributions are further studied in Chapter 3 by calculating them dynamically 
for three Dutch lowland catchments using a high-resolution spatially-distributed 3D groundwater 
flow model in a novel way. These detailed distributions showed that the streams consist of 
younger water in the wet periods and older water in dry periods as a result of variations in the 
contribution of different groundwater flow paths. Furthermore, these travel times were related 
with water storage in the catchment by constructing ‘StorAge Selection functions’ that describe 
their relation in a scale-independent way and revealed a high preference for the discharge of 
younger water from the groundwater storage. We suggest that this preference is controlled by 
the drainage density of the catchments. The TTDs and SAS functions are highly variable in time 
due to the interplay between the activation of shallow short flow paths contributing young water 
towards for instance shallow drains and the intensification of fluxes through all flow paths when 
groundwater levels rise. Our results suggest that geology and topography largely determine the 
shape of the SAS functions and together with the drainage density determine the extent to which 
new flow paths can be activated when groundwater levels rise. 

The calculated dynamic TTDs were combined with input curves for tritium, chloride and nitrate 
in Chapter 4 to reconstruct historical and present-day concentrations in the stream water of 
one of the study catchments. We were able to explain the short-term variability of nitrate and 
chloride in the stream with the variable contribution of different groundwater flow paths and 
the time-variable part of the catchment that is contributing to streamflow, which is the shrinking 
and growing of the catchment both spatially and in depth with wetness conditions. The model 
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that was calibrated on groundwater heads failed to reproduce the long-term breakthrough of 
solutes, especially the timing of the breakthrough of the 1985 peak in manure applications. 
We therefore used the model conceptually to advance our understanding of time lags in the 
breakthrough of agricultural nitrate. Parameters such as the thickness of the unsaturated zone, 
mean travel time, input patterns and the distance of agricultural fields compared to the stream 
were varied. This showed that these parameters determine time lags between peak inputs and 
maximum concentrations in the stream. The use of a spatially-distributed model allowed 
investigation of the spatial variability in the catchment, which revealed the importance of the 
distance between agricultural fields and the drainage network. In our type of catchments, with 
a limited unsaturated zone and a (close to) exponential TTD promoting the discharge of young 
water, a direct response of stream nitrate concentrations should be expected following decreases 
in the input of solutes, except when decreases are very slow or the MTT is very large. The 
availability of a limited number of stream tritium measurements in our study catchment proved 
to be a valuable indication of the transport response in the catchment, suggesting that the model 
needs further calibration of unsaturated zone time delays and the travel time distributions. We 
concluded that the effect of agricultural pollution is buffered by the groundwater system because 
groundwater distributes water in time and space. 

Groundwater provides streams with water with a relatively stable temperature. In Chapter 5 
the importance of groundwater for stream temperature is investigated by locating seepage in 
two of the study streams by measuring temperatures using long fibre-optic cables (Distributed 
Temperature Sensing, DTS) in combination with measurements of the groundwater tracer 
Radon-222. Using the field measurements, a stream temperature model was made to separate 
the different energy fluxes which showed that the cooling effect of groundwater changed in 
magnitude during a summer day, depending on the seepage flux. In addition, it was shown 
that the effect of groundwater on the temperature of the streams depends on the difference 
in temperature between the ground- and stream water, which implies that the buffering effect 
of groundwater fluctuates on a daily and seasonal basis. Scenario modelling showed that 
groundwater in groundwater-fed catchments may play an important role in the mitigation of 
climate warming because of its capacity of reducing summer maximum temperatures. 

Due to groundwater transporting stressor effects within catchments spatially and over longer 
time scales, pollution can affect stream water quality decades after management interventions in 
groundwater-fed catchments. However, the propagation of stressors through the groundwater 
doesn’t necessarily threaten stream ecosystems due to the other positive effects of a groundwater 
contribution on e.g. stream flow and temperature. The buffering capacity of groundwater is 
important for stream ecosystems, as it leads to a relatively stable discharge, water quality and 
temperature, and reduces extremes. Groundwater is especially important for the sustainment of 
flow in headwater streams, which provide unique habitats and are important for the provision 
of e.g. nutrients and spawning grounds for downstream river ecosystems. 
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Samenvatting
Wereldwijd wordt oppervlaktewater bedreigd door intensivering van landbouw, industrialisatie, 
verstedelijking en klimaatverandering. Hierdoor is in veel rivieren en beken de hoeveelheid 
water en de variatie daarvan gedurende het jaar veranderd. Daarnaast is op veel plekken ook de 
waterkwaliteit verslechterd en de watertemperatuur omhoog gegaan. Dit alles heeft gezorgd voor 
een verslechtering van de status van aquatische ecologie in deze wateren. Veel oppervlaktewater 
krijgt een deel van de afvoer uit grondwater, bijvoorbeeld via bronnen en diffuse kwel. Om deze 
reden wordt ook wel gezegd dat oppervlaktewater en grondwater eigenlijk één waterlichaam zijn.  
Grondwater zorgt voor een droogtebestendige afvoer en heeft vaak een specifieke waterkwaliteit 
en temperatuur. Wat precies het belang is van de verbinding tussen grond- en oppervlaktewater in 
stroomgebieden die onder druk staan van menselijke invloeden is echter nog niet duidelijk. Het 
onderzoek in deze thesis had daarom als doel om het belang van grondwater in bekensystemen 
te kwantificeren. Daarnaast was het doel om meer inzicht te krijgen in hoe de dynamiek van 
het grondwater de verspreiding van stressoren in stroomgebieden beïnvloed. Voorbeelden van 
stressoren zijn diffuse vervuiling door het gebruik van mest en het oppompen van grondwater 
voor irrigatie. 

Allereerst wordt in Hoofdstuk 2 een conceptueel model gepresenteerd dat gebruikt kan worden 
voor de analyse van gekoppelde grondwater-oppervlaktewater systemen waar meerdere 
stressoren in actief zijn. Met dit conceptuele model is voor vier Europese stroomgebieden de 
verspreiding en buffering van stressor effecten door grondwater onderzocht. In alle vier de 
stroomgebieden wordt de afvoer, waterkwaliteit en watertemperatuur beïnvloed door stressoren 
via het grondwater systeem en functioneert het grondwater als het ware als ‘doorgeefluik’. Het 
precieze effect van de grondwaterbijdrage verschilt tussen de stroomgebieden als gevolg van 
variatie in bijvoorbeeld geologie, klimaat, landgebruik, schaal en de combinaties van stressoren. 
Grondwaterstroming kan plaatsvinden over grote afstanden en lange tijdschalen. Hierdoor 
worden de effecten van stressoren vertraagd en afgezwakt en heeft grondwater dus een mitigerend 
effect op stressoren. Dit hangt echter grotendeels af van de grondwater stroombanen en de vorm 
en dynamiek van de reistijdverdeling van het grondwater in een stroomgebied. 

De reistijdverdelingen van grondwater zijn in detail bestudeerd in Hoofdstuk 3. Dit hoofdstuk 
beschrijft een nieuwe manier om grondwater reistijden dynamisch te berekenen met een 
ruimtelijk-gedistribueerd 3D grondwaterstromingsmodel met een hoge resolutie. Deze techniek 
wordt vervolgens gebruikt om de reistijdverdelingen van drie Nederlandse laaglandbeken te 
berekenen.  Deze gedetailleerde reistijdverdelingen laten zien dat de beken in natte perioden 
vooral jonger water en in droge perioden juist ouder water afvoeren. Dit is het gevolg van 
veranderingen in de bijdrage van verschillende grondwater stroombanen. De reistijdverdelingen 
zijn vervolgens gerelateerd met de totale hoeveelheid water in de ondergrond van de 
stroomgebieden door middel van zogeheten ‘SAS functies’. SAS functies beschrijven de relatie 
tussen de berging en afvoer van water in een stroomgebied op een schaal-onafhankelijke manier. 
Voor de drie stroomgebieden toonden de SAS functies aan dat er verhoudingsgewijs meer jong 
dan oud water wordt afgevoerd. Dit wordt veroorzaakt door de hoge drainagedichtheid in de 
gebieden waar veel sloten, greppels en ondergrondse drainagebuizen aanwezig zijn. De grote 
variatie in de tijd van de grondwater reistijdverdelingen ontstaat wanneer grondwaterstanden 
stijgen. Hogere grondwaterstanden zorgen namelijk voor de activatie van ondiepe stroombanen 
en de intensivering van fluxen door alle stroombanen. Onze resultaten tonen aan dat geologie en 
topografie belangrijk zijn voor de vorm van de SAS functies en samen met de drainagedichtheid 
bepalen in hoeverre nieuwe stroombanen kunnen worden geactiveerd in natte perioden. 
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De berekende dynamische grondwater reistijdverdelingen zijn in Hoofdstuk 4 gecombineerd 
met invoercurves van tritium, chloride en nitraat. Op deze manier zijn historische en huidige 
concentraties in het beekwater berekend voor een van de studiegebieden. Hiermee was 
het mogelijk om de korte termijn variatie van nitraat en chloride in de beek te verklaren. 
De resultaten laten namelijk zien dat dit wordt veroorzaakt door de variabele bijdrage van 
verschillende grondwater stroombanen. Dit is eigenlijk het seizoensgebonden krimpen en 
groeien van het stroomgebied in de ruimte en in de diepte. Het gebruikte grondwatermodel was 
gekalibreerd op grondwaterstanden en was waarschijnlijk om die reden niet direct in staat om 
de lange termijn patronen in de waterkwaliteit te verklaren. Vooral de timing van de doorbraak 
van de mestpiek uit 1985 kon niet goed worden gesimuleerd. Daarom hebben we het model 
conceptueel gebruikt om meer inzicht te krijgen in de vertraging van de doorbraak van nitraat 
in de tijd, wat wereldwijd in veel stroomgebieden geobserveerd is. Hiervoor varieerden we met 
parameters zoals de dikte van de onverzadigde zone, de gemiddelde grondwater reistijd, de 
invoer trends en de afstand tussen landbouwpercelen en de beek. Hieruit volgde dat al deze 
parameters kunnen zorgen voor een tijdsverschil tussen de maximale invoer van stoffen richting 
het grondwater en de maximale concentratie in de beek. Dankzij het gebruik van een ruimtelijk-
gedistribueerd model konden we de ruimtelijke variatie in het stroomgebied bestuderen. Hieruit 
bleek dat de afstand tussen landbouwpercelen en het drainagenetwerk van cruciaal belang is. 
Het type stroomgebieden waar onze studie heeft plaatsgevonden heeft doorgaans een dunne 
onverzadigde zone en een (bijna) exponentiele reistijdverdeling. In zulke stroomgebieden vindt 
vaak een directe daling van concentraties in het oppervlaktewater plaats wanneer de invoer 
van stoffen naar het grondwater daalt. Ons modelexperiment toont aan dat dit niet het geval 
is wanneer de daling erg langzaam is of de gemiddelde grondwater reistijd lang. Doordat we 
enkele tritium monsters uit het beekwater konden nemen en analyseren waren we in staat om te 
concluderen dat het model verbeterd zou moeten worden met betrekking tot de onverzadigde 
zone en dat de reistijdverdelingen zouden moeten worden aangepast. 

Kwel van grondwater in beken heeft een relatief stabiele temperatuur. In Hoofdstuk 5 
onderschrijven we het belang van grondwater voor de beektemperatuur door het lokaliseren 
van kwel in twee beeksystemen. Hiervoor is gebruik gemaakt van lange glasvezelkabels waarmee 
temperatuur kon worden gemeten. Daarnaast is het isotoop Radon-222 gemeten, wat fungeert 
als indicator van recente kwel. Met behulp van deze veldmetingen is een beektemperatuur model 
opgesteld waarmee de verschillende energiefluxen van en naar de beek konden worden bepaald. 
Dit liet zien dat in de zomer het koelende effect van grondwater varieert gedurende de dag en 
afhankelijk is van de kwelflux. Het bufferende effect van grondwater op de temperatuur van 
het beekwater varieert zowel dagelijks als met de seizoenen. Het modelleren van verschillende 
scenario’s toonde aan dat grondwater in grondwater-gevoede stroomgebieden mogelijk een 
belangrijke rol speelt in het mitigeren van het effect van klimaatsverandering, doordat het de 
extremen in de watertemperatuur kan verminderen.

Concluderend zorgt grondwater voor een spreiding van het effect van stressoren in de ruimte 
en in de tijd. Hierdoor kan bijvoorbeeld watervervuiling via het grondwater de waterkwaliteit 
in beeksystemen decennia later nog beïnvloeden. Echter is het transport van de effecten van 
stressoren door grondwater niet per definitie nadelig voor aquatische ecosystemen omdat 
grondwater ook positieve effecten heeft op bijvoorbeeld afvoer en temperatuur. Het bufferend 
vermogen van grondwater is belangrijk voor veel ecosystemen omdat het voor een relatief 
stabiele afvoer en goede waterkwaliteit zorgt en temperatuur extremen afzwakt. Zo’n bijdrage 
van grondwater is vooral belangrijk in bronbeken, welke vaak unieke aquatische leefmilieus 
bevatten en benedenstroomse gebieden voorzien van bijvoorbeeld paaigronden en nutriënten. 
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Chapter 1

Introduction

1.1 Motivation

Streams and rivers are important aquatic systems and offer a wide range of habitats due to their 
variable and heterogeneous character. However, biota in many surface waters are threatened by 
agricultural intensification, industrialisation and urbanisation. In Europe for example, flow is 
weakened in almost three-quarters of rivers and approximately the same amount of rivers has 
increased nutrient concentrations (Nõges et al., 2015). This deteriorated state of surface waters 
is due to various processes, including agricultural pollution, drainage and pumping of ground- 
and surface water, morphological alterations and climate change. Many surface waters suffer 
from a combination of several of these stressors, and are referred to as systems under multiple 
stress (Ormerod et al., 2010; Palmer and Poff, 1997; Poff et al., 1997; Townsend and Hildrew, 
1994; Ward, 1989). The combined impact of multiple stressors on ecosystems may be worse than 
the sum of their single effects (Nõges et al., 2015) making multiple stressors a challenge for river 
basin managers, who in Europe have to deal with the aim for a ‘good’ ecological status of all 
surface waters in 2027 (EC, 2000). In the last few years, the European-funded FP7 MARS project 
has addressed the effect of multiple-stressors on aquatic ecology and water resources (Hering et 
al., 2015) and the research reported in this thesis was part of this project.

Figure 1.1. Agriculture and intensive management lead to stress on aquatic environments

Many surface water systems gain part of their water from groundwater: either through local 
springs, diffuse seepage or drainage pipes in agricultural regions. In fact, in the intensively 
drained sandy lowland catchments of the Netherlands, the bulk of the discharge originates 
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1
from groundwater (Hendriks et al., 2014; van der Velde et al., 2011; Vries, 1994; Wriedt et al., 
2007). Groundwater and surface waters are basically one resource (Brunke and Gonser, 1997; 
Vries, 1995; Ward, 1989; Winter, 1999; Winter et al., 1998) and groundwater is known to affect 
stream discharge, water quality and temperature and has therefore been recognized as a key 
factor for a continuous flow of water of good quality and moderate temperature (e.g. Dahl et 
al., 2007; Sear et al., 1999; Wassen et al., 1990), especially during low flow conditions in dry 
seasons. What has so far however not been achieved is a good understanding of the importance 
of groundwater in multi-stressed surface waters, where it may have an important role in the 
propagation and buffering of stressors. Instead, stream and river restoration has been focussing 
primarily on providing physical heterogeneity within the rivers and streams. Palmer et al. (2010) 
concluded that “much more must be done to restore streams impacted by multiple stressors than 
simply re-configuring channels and enhancing structural complexity with meanders, boulders, 
wood, or other structures” and the importance of catchment-wide stream management -thus 
including the groundwater system- has been highlighted repeatedly (e.g. Allan and Johnson, 
1997; Verdonschot et al., 2013; Verdonschot and Nijboer, 2002). 

1.2. Earlier research

1.2.1. Groundwater in multi-stressed lowland streams
In lowland catchments especially, groundwater travels through a myriad of groundwater flow 
paths varying from very short flow paths towards artificial drains, to very long flow paths that pass 
deep through aquifers. Groundwater levels and fluxes are strongly determined by topography, 
hydrogeology and artificial and natural drainage systems, yielding large variations in the flow 
through the different flow paths. Seepage therefore consists of water from different sources and 
of varying quality, which may affect stream discharge, water quality and temperature in different 
ways.

Groundwater and discharge
Because it takes time for water to flow through aquifers, groundwater is a delayed form of 
discharge compared to overland flow and direct precipitation. As such, groundwater represents 
a relatively stable input throughout the year and provides a baseflow that might prevent ceasing 
of flow in streams during dry periods (Smakhtin, 2001). Contrary to this, the very short and 
shallow flow paths towards artificial drains or ditch systems can react quickly to precipitation 
and cause peak flows in the surface water. Due to differences in e.g. geology, topography and 
drainage, the contribution of groundwater differs between streams and rivers. Except for snow- 
and glacier-fed rivers and streams, discharge is known to diminish during dry summers in 
surface waters with a lower groundwater contribution, while discharge is sustained even in the 
driest periods of the year if there is a large supply of groundwater. Anthropogenic alterations 
affecting the groundwater system can reduce a stream’s baseflow (Hendriks et al., 2014), for 
instance by artificial drainage and the pumping of groundwater (Custodio, 2000; Zhou, 2009). 
Although conceptual models exist (e.g. Rozemeijer and Broers, 2007; van der Velde et al., 
2009), for many catchments a detailed understanding of the groundwater contribution through 
different flow paths is lacking, hampering the understanding of variations that are observed 
within and between catchments. 



15

1
Groundwater and water quality
Groundwater has a different chemical composition than surface water because of its flow over 
longer time scales, its passage of the soil layer and the occurrence of reactive processes in the 
subsurface. In many catchments the composition of stream water is influenced by the seepage of 
groundwater (e.g. Hinsby et al., 2012; Jarvie et al., 2005; Rozemeijer and Broers, 2007; van der 
Velde et al., 2010), especially in groundwater-fed and headwater streams in lowland catchments. 
For instance, the contribution of unpolluted deep groundwater can reduce the effect of polluted 
overland flow and shallow groundwater (Rozemeijer and Broers, 2007). However, due to its flow 
over long time scales (McDonnell et al., 2010; Morgenstern et al., 2010; Visser et al., 2013; Visser 
and Broers, 2009), groundwater can create a significant tail in the pollution towards streams 
(Fenton et al., 2011; Fovet et al., 2015; Hansen et al., 2011; Howden et al., 2011). Because of 
this, past land-use activities still affect present day aquatic communities (Harding et al., 1998). 
Depending on for instance the local geology, the effect of management practices such as the 
removal of agricultural fields can take multiple decennia to show in the stream itself, for instance 
if they are connected by a long groundwater flow path or have to pass deep unsaturated zones 
(Ascott et al., 2016c; Wang et al., 2016). This type of legacy poses a major challenge for policy 
makers to evaluate the efficiency of measures. Much is still unknown about the transport and 
time lags of stressors through the groundwater system, and the relative contributions of flow 
paths with short and long travel times. 

Groundwater and water temperature
The water temperature is a determining factor for the ecological functioning of streams (Bowes 
et al., 2016; Haidekker and Hering, 2008; Ormerod, 2009; Ward and Stanford, 1982). Water 
temperature influences (biogeo)chemical processes, the presence of species and the functioning 
of ecosystems. The water temperature of streams is influenced by processes both at the surface 
and in the subsurface. On the one hand, the air temperature and direct and diffuse radiation cause 
heating and cooling, whilst on the other hand water and heat exchange and seepage and with 
the stream bed result in a dampening of the variation in the water temperature. The temperature 
of groundwater is generally not far from the yearly average air temperature (about 10-11°C in 
the Netherlands) (Bense and Kooi, 2004; Vandenbohede et al., 2014), and its seepage is thus a 
cold input during summers and a warm input during winters. This way, groundwater seepage in 
streams can provide aquatic ecology with habitats that have an attenuated temperature and do 
not freeze during cold winters (e.g. Krause et al., 2012; Meisner et al., 1988; Power et al., 1999). 
Despite this, the importance of groundwater seepage for stream water temperatures under 
changing climate conditions has not been extensively researched, not even for catchments with 
high ecological value. 

A stream with a large groundwater input is potentially less prone to the effects of climate change, 
although climate change also affects the groundwater system. Increased weather extremes 
could for instance lead to an increase in peak flows, especially in well-drained catchments. 
Furthermore, groundwater temperatures are expected to increase in a warming climate, 
although the warming of water following deep flow paths could take multiple decades (Kurylyk 
et al., 2015a; Menberg et al., 2014; Taylor and Stefan, 2009). Groundwater flow, and thus seepage, 
may decrease if groundwater recharge decreases due to higher evapotranspiration in a warmer 
climate. However, much uncertainty exists on changing precipitation patterns and thus the effect 
of climate change on the recharge and flow of groundwater (Beck et al., 2013; Green et al., 2011; 
Waibel et al., 2013). 
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Thus overall, the contribution of groundwater to surface waters sustains baseflow in dry periods, 
provides buffered-temperature habitats and mixes water of different quality (Hayashi and 
Rosenberry, 2002) and because of this, groundwater may mitigate the harmful effect of stressors. 
For instance, Power et al. (1999) showed how the baseflow and attenuated temperatures from 
groundwater seepage are vital for the survival of fish during climate extremes in certain North 
American rivers. Groundwater also directly links stressors in a catchment and surface waters 
(Figure 1.2) and may thus negatively influence the ecological status of these surface water status. 
Given the lack of knowledge and concepts described above, work has to be done on understanding 
the exact role of groundwater for the sustainability of stream ecology in multi-stressed 
catchments. 

1.2.2. The dynamic groundwater contribution
Water infiltrates under a range of soil types and slopes in a catchment and follows a route towards 
the point of seepage, which could be a stream, a spring or a drainage ditch, or in alternative 
cases a groundwater supply well (Visser et al., 2009). The contribution of groundwater to surface 
waters is dynamic in time and space (e.g. Frei et al., 2009; Rozemeijer et al., 2016; van der Velde 
et al., 2012; Westhoff et al., 2011), which is seldomly considered in any detail. The groundwater 
contribution varies in time due to variable groundwater recharge through the seasons and varies 
in space due to heterogeneity in for instance slopes, local geology and the drainage system 
(Engdahl et al., 2016; Fleckenstein et al., 2006; Gardner et al., 2011; Rozemeijer and Broers, 
2007; van der Velde et al., 2009). Groundwater may be exfiltrating at some parts of a stream 
while stream water is infiltrating towards the groundwater in other parts. This heterogeneity has 
been clearly shown in studies where seepage, infiltration and age tracers were measured with 
high spatial resolution in the streambed (e.g. Anibas et al., 2011; Flewelling et al., 2012; Gilmore 
et al., 2016a; Kennedy et al., 2009). From this work it has become clear that the contribution of 
groundwater to streams is a mixture of different groundwater flow paths. 

Abstraction

Diffuse pollution

Point source 
pollution

Figure 1.2. Groundwater links a stream with stressors in its catchment
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It takes a certain time for water to travel along its flow path, which is the groundwater travel 
time. The fluxes through different groundwater flow paths are variable because groundwater 
levels are higher in wet than in dry periods of the year which leads to both increased piston-
flow and the activation of shallow flow paths (e.g. McGuire and McDonnell, 2010; Musolff 
et al., 2016; Rozemeijer and Broers, 2007). In the past decade, many studies have focused on 
groundwater flow paths and the corresponding groundwater travel times (e.g. Hrachowitz et al., 
2010; McDonnell et al., 2010; Morgenstern et al., 2010; Soulsby et al., 2009; van der Velde et al., 
2010) and their dynamics (e.g. Benettin et al., 2015; Harman, 2015; Heidbüchel et al., 2012; van 
der Velde et al., 2012). However, none of them used a detailed spatially-distributed groundwater 
model to quantify the groundwater contribution in a real catchment and its variability both in 
time and in space. Such a model can include spatial and temporal variations and can be based on 
actual processes, as opposed to the often-used reservoir catchment models (e.g. van der Velde 
et al., 2009). In addition, calculated travel times can potentially be used to calculate stream 
water quality in a way that requires less modelling-efforts than fully coupled groundwater solute 
models, while opening opportunities to evaluate spatially specific policy actions and measures 
aiming to reduce contaminant inputs or changing flow regimes.

Figure 1.3. The Springendalse Beek meanders through a forest.
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1.3. Thesis objective and research questions

Following the reasoning in Sections 1.1 and 1.2, the main objective of this research is to quantify 
the impact and importance of the groundwater contribution to streams. It aims to improve the 
understanding of how groundwater links stressors in catchments to streams and how this is 
affected by the dynamics of the groundwater. We formulated the following research questions:

• What is the role of groundwater in multiple-stressed river and stream systems in Europe?  
Can we describe this in a conceptual framework? (Chapter 2) 

• How dynamic is the contribution of groundwater to lowland streams in intensively-
drained catchments, both spatially and in time? What causes this dynamics? (Chapter 3) 

• Can we model dynamic groundwater travel time distributions using a 3D spatially-
distributed groundwater model? (Chapter 3)

• What are the groundwater travel times that contribute to streamflow in lowland catchments 
and how do those vary in time? (Chapter 3) 

• What is the effect of the dynamic contribution of flow paths on the variation of stream 
water quality in time and space in lowland catchments? (Chapter 4) 

• Can water quality and tritium be reconstructed using dynamic travel time distributions 
derived from forward particle tracking models? Can this be used to validate calculated 
groundwater travel time distributions? (Chapter 4)

• What are potential causes of time lags in the effect of stressors in a coupled groundwater-
surface water system? (Chapter 4) 

• How important is groundwater seepage for the temperature buffering of lowland streams? 
(Chapter 5) 

• What is the role of groundwater in the temperature regime of streams in a changing 
climate? (Chapter 5)

A combination of field measurements, data-analysis and modelling was used to answer these 
questions. Field techniques include temperature measurements using long fibre-optic cables 
over a long stretch of two streams (Chapter 5). Furthermore, samples were taken for Tritium 
(Chapter 4) and Radon-222 (Chapter 5) analysis. Focus of the research was on catchments of 
tributary streams of the Dinkel river in Twente in the east of the Netherlands. All fieldwork was 
conducted in the catchments of the Springendalse Beek and Elsbeek, which both flow from 
elevated ice-pushed ridges towards the Dinkel river. 
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1.4 Thesis outline

The Research Questions presented above will be discussed in the different thesis chapters. 

In Chapter 2, a conceptual comprehensive framework is proposed for the analysis of linked 
multiply-stressed GW-SW systems. This framework is then illustrated by applying it on four 
European catchments, which are: the Odense in Denmark, Regge and Dinkel in the Netherlands 
and the Thames in the UK. For these catchments, the framework is used to analyse the propagation 
and buffering of multi-stressors through groundwater to surface waters.

In Chapter 3 a high-resolution spatially-distributed groundwater flow model is used in a novel 
way to calculate dynamic Travel Time Distributions (TTDs) for three Dutch lowland catchments. 
These detailed distributions are then used to investigate how changes in contributions from 
different groundwater flow paths affect streamflow throughout the year. Furthermore, these 
travel times are used to describe water storage and mixing in the catchment. 

In Chapter 4 the calculated TTDs are combined with input curves for tritium, chloride and 
nitrate to reconstruct historical and present-day concentrations in the stream water and their 
variation in time. This way, we investigate if solute breakthrough curves can be used to validate 
our TTDs. Additionally, we use the model conceptually to advance our understanding of time 
lags in the breakthrough of agricultural nitrate. 

Chapter 5 reports on a study on the importance of groundwater for stream temperature. Seepage 
is located using Distributed Temperature Sensing (DTS) measurements with long fibre-optic 
cables, in combination with measurements of Radon-222 which is a tracer for groundwater. 
Using these field measurements, a stream temperature model is made to separate the different 
energy fluxes and to calculate the effect of different scenarios such as climate warming. 

Finally, Chapter 6 is the synthesis in which the results from the different chapters are summarized 
and the implications for science and management are discussed. 

     

Figure 1.4. View of the Springendalse Beek
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Chapter 2

A conceptual model for the analysis of multi-stressors in 

linked groundwater–surface water systems

Abstract

Groundwater and surface water are often closely coupled and are both under the influence of 
multiple stressors. Stressed groundwater systems may lead to a poor ecological status of surface 
waters but to date no conceptual framework to analyse linked multi-stressed groundwater – 
surface water systems has been developed. In this paper, a framework is proposed showing 
the effect of groundwater on surface waters in multiple stressed systems. This framework will 
be illustrated by applying it to four European catchments, the Odense, Denmark, the Regge 
and Dinkel, Netherlands, and the Thames, UK, and by assessing its utility in analysing the 
propagation or buffering of multi-stressors through groundwater to surface waters in these 
catchments. It is shown that groundwater affects surface water flow, nutrients and temperature, 
and can both propagate stressors towards surface waters and buffer the effect of stressors in space 
and time. The effect of groundwater on drivers and states depends on catchment characteristics, 
stressor combinations, scale and management practises. The proposed framework shows how 
groundwater in lowland catchments acts as a bridge between stressors and their effects within 
surface waters. It shows water managers how their management areas might be influenced by 
groundwater, and helps them to include this important, but often overlooked part of the water 
cycle in their basin management plans. The analysis of the study catchments also revealed a 
lack of data on the temperature of both groundwater and surface water, while it is an important 
parameter considering future climate warming.

This chapter is adapted from: Kaandorp, V.P., Molina-Navarro, E., Andersen, H.E., Bloomfield, J.P., 
Kuijper, M.J.M., and Louw, P.G.B., 2018. A conceptual model for the analysis of multi-stressors in 
linked groundwater-surface water systems. Science of the Total Environment, 627, 880– 895. 
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2.1 Introduction

Europe’s groundwaters and surface waters are affected by multiple anthropogenic stressors 
(Hering et al., 2014) which are having an impact on their status. For example, approximately 
20% of Europe’s groundwater bodies have a poor chemical status, while about 50% of the 
surface water bodies have failing ecological statuses (European Environmental Agency, 2012). 
Groundwater and surface water are not separate components of the hydrological system, rather 
they are linked and interact over a wide range of physiographic and catchment settings (Winter 
et al., 1998; Woessner, 2000; Sophocleous, 2002; Dahl et al., 2007). Consequently, the use and 
development of or contamination of one or other resource can have an effect on the other 
component of the system (Sophocleous, 2002). Many aquatic ecosystems in lowland streams 
are dependent on a supply of groundwater (Brunke and Gonser, 1997; Hatton and Evans, 
1998; Power et al., 1999; Wriedt et al., 2007) and together with specific terrestrial ecosystems 
are referred to as Groundwater Dependent Ecosystems (GDEs) (Hancock et al., 2005; Kløve 
et al., 2011). Because groundwater-surface water (GW-SW) systems are often so closely 
coupled, stressed groundwater systems may lead to a poor ecological status of surface waters 
(Kløve et al., 2011). Much research has already been undertaken on the effect of stressors on 
surface waters (e.g. Feld and Hering, 2007; Stendera et al., 2012; Nõges et al., 2015; Piggott et 
al., 2015a; Baattrup-Pedersen et al., 2016; Schülting et al., 2016). And although a significant 
body of research has been developed over the last 50 years or so related to a wide range of 
aspects of GW-SW interactions – in particular the implications for ecological functioning of 
the riparian zone (Fleckenstein et al., 2010), Sophocleous (2002) identified the following, still 
unresolved, research challenge: how to better understand the environmental impacts of multiple 
processes that affect both groundwater and surface water across multiple spatio-temporal scales. 
In the same paper, Sophocleous (2002) cited a conceptual model of Brunke and Gonser (1997) 
who diagramatically illustrated how human induced pressures from contamination, land-use 
practices and hydro-engineering impacted on one specific GW-SW interaction, colmation 
- the clogging of stream-bed sediments, and the ecological consequences. Despite this intial 
problem-specific example, to date no comprehensive conceptual framework has been developed 
to analyse linked stressed GW-SW systems. The objective of this paper is to address that issue by 
proposing a framework to help analyse the effect of groundwater on surface waters in multiply 
stressed systems. This will be illustrated by applying it to four European catchments, the Odense, 
Denmark, the Regge and Dinkel, Netherlands, and the Thames, UK, and by assessing its utility 
in analysing the propagation or buffering of multi-stressors through groundwater to surface 
waters in these catchments.

Here we hypothesise that groundwater affects surface water in a stressed system in two ways: it 
enables the propagation of stressors spatially and in time through catchments towards surface 
water, and in addition it acts as a buffer to stressors as they pass through the terrestrial water 
cycle to surface waters and adds time lags and attenuates stressor signals (in a manner similar, 
for example, to the attenuation and lagging of naturally occuring droughts in the terrestrial 
water cycle, Van Loon, 2015). Groundwater functions as a connection between a catchment 
and connected streams, for example by transmission of time varying heads or by advection 
and diffusive transport propagating a range of potential stressors towards surface waters. This 
way, a stressor located somewhere in a GW-SW connected catchment may have an impact on 
the surface water downstream, even without any direct connection via the surface. However, 
groundwater may also buffer the effect of stressors as it yields a ‘mean’ environmental flow and 
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buffers chemistry and temperature in time and space. Streamflow is a mixture of water from 
different flow routes: overland flow, flow through shallow groundwater including subsurface 
drains, and deep groundwater flow which have different travel times. The contribution of 
groundwater to streams and rivers is spatially and temporally heterogeneous, and changes from 
upstream to downstream (Modica et al., 1997; Gkemitzi et al., 2011). The buffering of stressors 
by groundwater could mean that groundwater fed surface waters are more resilient to stressors 
than surface water without a groundwater input.

In order to develop the conceptual framework we focus on three aspects of GW-SW systems, 
namely the role of groundwater in influencing: streamflow, nutrient chemistry and surface 
water temperature. Discharge from groundwater is delayed compared to discharge from direct 
precipitation and overland flow and therefore leads to a more stable streamflow (Smakhtin, 
2001). When precipitation infiltrates to groundwater, its temperature quickly equilibrates 
to around the annual mean when it reaches a depth of generally up to several meters. This is 
for instance a temperature of 10-11 °C for the Netherlands (Bense and Kooi, 2004) and circa 
9 °C for Denmark (Matheswaran et al., 2014). Therefore, as opposed to the seasonally and 
diurnally fluctuating temperature of surface waters, the direct discharge of groundwater into 
a stream is characterized by a relatively stable temperature. Seepage of groundwater influences 
stream temperature through a complex interplay of processes with strong spatial and temporal 
differences (Conant, 2004; Caissie, 2006). Surface water chemistry is a mixture of the chemistry 
of all the (groundwater) flow paths it sources from. As such, freshwaters are directly influenced by 
the quality of groundwater (Rozemeijer and Broers, 2007). Timescales of groundwater flow are 
important because groundwater with different travel times is characterized by different chemical 
compositions. The water chemistry is dependent on the flow path and travel time through the 
subsoil which determine the loading during recharge at source, the chemical interaction with 
sediments and the time available for chemical reactions.

Following a description of the conceptual framework, the four catchments are briefly described 
and then each in turn is analysed in the context of the conceptual framework. The framework 
is then used to compare the drivers, pressures and selected abiotic states between the four 
catchments. Stressor interactions, propagation and buffering in the groundwater compartment 
are discussed. Finally, the implications for ecosystem status, management options and needs for 
future monitoring are considered. 

2.2 Conceptual framework for multi-stressor analysis of GW-SW systems

We propose that the analysis of multi-stressors in linked GW-SW systems and implications 
for abiotic (and biotic) status of surface waters in lowland catchments can be facilitated by a 
variant of the Driver-Pressure-State-Impact-Response (DPSIR) model (OECD, 1993; Svarstad 
et al., 2008). The DPSIR scheme and variants thereof conceptualize and couple natural-social 
systems and are used for example in European environmental assessments and various large 
European funded projects (European Environmental Agency, 1999; Kristensen, 2004) as well as 
extensively in different fields related to: the terrestrial water cycle; marine (Patrício et al., 2016); 
coastal (Gari et al., 2015); and, onshore systems (Hering et al., 2014; Lange et al., 2017). The 
models describe a casual cascade of effects from drivers to pressures on the system, which lead 
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to system states, which have an impact which then precipitate a societal response. This response 
can be linked back to and affect the drivers, pressures, states or impacts. Multiple feedbacks and 
linkages can be added to the DPSIR scheme, depending on required detail and complexity and it 
can thus be used to describe for instance connections in a system under multiple-stress (Hering 
et al., 2014). 

For the purposes of the present analysis, and as a first step, we use the framework and focus on 
the DPS components, where we only consider the abiotic status of groundwater and surface 
water. The Groundwater DPS framework is presented in Figure 2.1 and covers key drivers, 
pressures and states, which relate groundwater to surface water. Here we take the abiotic states 
of surface water as proxies for the ecological status (as described in Grizzetti, et al., 2015). The 
groundwater system functions as a bridge between drivers and pressures on the one hand and 
the surface water state on the other hand, as will be demonstrated using examples later in this 
paper. The effect of groundwater state on surface water state is governed by the connectivity and 
residence time of the groundwater. The groundwater DPS framework can be applied to a wide 
range of scales varying from stream stretch to catchment scale. 

Important groundwater drivers of change in connected European GW-SW catchments 
include urban development, agricultural intensification, climate change and industrialisation 
of the landscape. For example, both urban development and agricultural intensification of the 
landscape can result in increased groundwater abstractions, while additionally agricultural 
intensification can cause modification to groundwater drainage and is a major source of diffuse 
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Figure 2.1. The Groundwater DPS shows how drivers are connected through groundwater with surface waters where 
they function as a pressure and affect abiotic state. Industry and point pressures will not be part of the analysis in this 
paper and are therefore marked grey. 
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pollution, including increased loading from nutrients such as nitrogen and phosphorous. It is 
postulated that these drivers propagate and interact through the groundwater system ultimately 
affecting surface water quality, quantity and temperature.

The groundwater abstraction, groundwater drainage and climate drivers of change lead to 
changes in storage and flow of the groundwater system, a pressure designated as geohydrological 
alteration. The abstraction of groundwater may change groundwater flow, recharge and discharge 
regimes to the surface water (Zhou 2009), and any water that is removed from a catchment’s 
water balance is no longer available for surface waters. Groundwater abstractions can reduce 
stream baseflow (Henriksen et al., 2008; SKM, 2012; Hendriks et al., 2014) and because of this, 
groundwater pumping is an important stressor on a stream’s ecosystem. While the abstraction 
of surface water has a clear immediate effect on stream discharge (Winter et al., 1998; SKM, 
2012), the effect of the abstraction of groundwater is delayed in time (Custodio, 2000). In many 
catchments, part of the groundwater discharge comes from subsurface drainage pipes or small 
ditches because agricultural and urban areas are often drained intensively. Studies in the USA 
show examples of catchments where between 41% and 81% of annual stream discharge comes 
from drainage pipes (Xue et al., 1998; King et al., 2014). Subsurface drainage can be a pressure as 
it has an effect on groundwater storage and therefore on a catchment’s flow regime. Depending on 
the local settings, subsurface drainage increases peak flows while reducing baseflow by providing 
a fast flow path to the surface water (Irwin and Whiteley, 1983; Carluer and De Marsily, 2004) 
or decreases peak flows and increases baseflow (Irwin and Whiteley, 1983; Schilling and Libra, 
2003; Blann et al., 2009; King et al., 2014). The groundwater flow system may also be influenced 
by climate change because different temperatures and precipitation patterns lead to changes in 
evaporation, groundwater recharge and groundwater levels (Gkemitzi et al., 2011; Green et al., 
2011; Taylor et al., 2013). Increasing evaporation and a decrease in precipitation may reduce 
groundwater recharge and lower groundwater levels (Singh and Kumar, 2010). If this is the case, 
the amount of groundwater available to surface waters is lowered and consequently the amount 
of baseflow provided by groundwater seepage. An additional pressure driven by climate change 
is a change in thermal regime, i.e. changes in groundwater temperatures. Geohydrological 
alteration can also be a driver for changes in the thermal regime of the groundwater, as changing 
flow can lead to a change in the temperature of groundwater. Groundwater temperature changes 
can ultimately affect surface water temperature by a shift in the temperature of seepage. 

Agriculture leads to diffuse pressure due to the application of nutrients while geohydrological 
alteration can affect nutrient concentrations through changing flow paths and speeds. 
Anthropogenic nutrient inputs have increased levels of N and P in surface waters by up to a 
10-fold (Vitousek et al., 1997). The most important anthropogenic sources of nutrients are 
direct into the surface water through waste water treatments plants and diffuse by input from 
agriculture. Nutrients from agriculture can directly enter the surface water through overland 
flow but also through subsurface drains and deeper groundwater. Of all groundwater bodies 
in Europe, about a third has been reported to exceed the guideline values for nitrate, which is 
acknowledge as a risk in causing nitrate pollution of surface waters (European Commission, 
2008). Subsurface drainage has been found to be the most important route for nitrate loss from 
agricultural fields (Rozemeijer et al., 2010; Blann et al., 2009) as it provides a short-cut towards the 
surface water and thus provides surface water with groundwater with a short travel time which 
has had little time for denitrification processes. Phosphorous is considered the most important 
factor in causing eutrophication because most surface waters are P-limited (Elser et al., 2007). P 



26

2

is easily bound to sediments and is therefore often retarded in the unsaturated zone (Hamilton, 
2012). However, phosphorus is transported by the groundwater when it is released within the 
groundwater or when groundwater levels rise up to and dissolve P-containing sediments (Dupas 
et al., 2015). 

Although point source pressures driven by industry or urban areas are present in many 
catchments, their effect and behaviour are very case specific and thus for chemical pressures our 
focus will be restricted to diffuse pollution and specifically nutrients. Future climate change is 
not part of the case study analyses, but will be included in the discussion. 

2.3 The study catchments

This study focuses on the catchments of 
the Odense in Denmark, the Regge and 
Dinkel in the Netherlands, and the 
Thames in the United Kingdom (Figure 
2.2 and Table 2.1). All four are permeable 
lowland agricultural catchments and as 
such there is interaction between 
groundwater and surface water over a 
range of spatial and temporal scales, 
even though the details of the geological 
and hydrogeological settings may differ. 
The catchments range in size from 340 
km2 for the Regge, to 9948 km2 for the 
Thames. In all four agriculture is the main land-use (Table 2.1), while they also include forest 
and urban areas. The catchments of the Odense, the Regge and the Dinkel include smaller cities 
such as the city of Odense, Hengelo and Enschede. The catchment of the Thames contains the 
Greater London area with a population of about 15 million as well as a number of other large 
urban areas. Table 2.1 shows that the mean climatology of the catchments is broadly similar, and 
Figure 2.3 shows that there is no pronounced seasonality to the precipitation in the four 
catchments, however there is a strong seasonality to evapotranspiration (ET) and to annual river 
flows.
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Figure 2.2. Location of the four study catchments. 

Table 2.1. Selected characteristics of the four study catchment: size, primary land use, average annual air 
temperature, precipitation and flow, Baseflow Index and geology. 
Catchment Size [km2] Land use T [°C] P [mm] Q [m3s-1] BFI Hydrogeology
1. Odense 1061 Agriculture (68%) 9.0 800 10.4 0.90* Clayey moraines

2. Regge 340 Agriculture (60%) 9.9 800-850 6.95 0.59 Sand and gravel
3. Dinkel 630 Agriculture (70%) 9.9 800-850 5.50 0.61 Sand, gravel and clayey 

moraines
4. Thames 9948 Agriculture (45%) 10.2 600-900 65.7 0.64 Limestones, low perme-

ability clays and gravels
*Outlet of the Odense main river 
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Figure 2.3. Monthly average air temperature, precipitation and discharge of the Odense, Regge and Thames 
catchments. Values for the Dinkel are very similar to those of the Regge.
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The Odense, Regge and Dinkel catchments are relatively flat, however, there is over 300 m of 
relief in the Thames Basin, and this, combined with differences in the underlying geology (Table 
2.1) and catchment location with respect to the coast (the Odense and the Thames both discharge 
to the sea), means that the depth of flow systems and travel times in each of the catchments 
varies in nature (Figure 2.3). The Odense is the least geologically complex catchment while the 
Thames has the most complex geology (Figure 2.4). The Odense catchment consists of clayey 
moraines and terminal moraines in the south (Smed, 1982). Sand and gravel deposits form local 
aquifers (Troldborg et al., 2010) and sandy-loam soils are present throughout the catchment. 
Groundwater flow systems are typically shallow and relatively rapid; the most extensive aquifer 
complex only has a thickness of about 10 m. The aquifers in the Odense catchment contain a 
substantial amount of organic matter, consequently contaminants are typically non-
conservatively. The Regge catchment contains mostly sedimentary aquifers up to a depth of 
about 150 m with multiple clay layers in between (Figure 2.4). Flow systems may be moderately 
deep. These aquifers wedge out towards the east, where they only reach a depth of 10 to 20 m 
below surface. The Dinkel is characterized by sandy deposits located between clayey ice-pushed 
ridges which have shallow aquifers and flow systems that feed several tributaries such as the 
Springendalse Beek and Elsbeek. The Thames catchment, being the largest catchment, contains 
the most variation in geology. The Basin is underlain by two major bedrock aquifers, the Chalk 
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Figure 2.4. Conceptual drawings of the geology and flow systems of the catchments. 

is easily bound to sediments and is therefore often retarded in the unsaturated zone (Hamilton, 
2012). However, phosphorus is transported by the groundwater when it is released within the 
groundwater or when groundwater levels rise up to and dissolve P-containing sediments (Dupas 
et al., 2015). 

Although point source pressures driven by industry or urban areas are present in many 
catchments, their effect and behaviour are very case specific and thus for chemical pressures our 
focus will be restricted to diffuse pollution and specifically nutrients. Future climate change is 
not part of the case study analyses, but will be included in the discussion. 

2.3 The study catchments

This study focuses on the catchments of 
the Odense in Denmark, the Regge and 
Dinkel in the Netherlands, and the 
Thames in the United Kingdom (Figure 
2.2 and Table 2.1). All four are permeable 
lowland agricultural catchments and as 
such there is interaction between 
groundwater and surface water over a 
range of spatial and temporal scales, 
even though the details of the geological 
and hydrogeological settings may differ. 
The catchments range in size from 340 
km2 for the Regge, to 9948 km2 for the 
Thames. In all four agriculture is the main land-use (Table 2.1), while they also include forest 
and urban areas. The catchments of the Odense, the Regge and the Dinkel include smaller cities 
such as the city of Odense, Hengelo and Enschede. The catchment of the Thames contains the 
Greater London area with a population of about 15 million as well as a number of other large 
urban areas. Table 2.1 shows that the mean climatology of the catchments is broadly similar, and 
Figure 2.3 shows that there is no pronounced seasonality to the precipitation in the four 
catchments, however there is a strong seasonality to evapotranspiration (ET) and to annual river 
flows.
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Figure 2.2. Location of the four study catchments. 

Table 2.1. Selected characteristics of the four study catchment: size, primary land use, average annual air 
temperature, precipitation and flow, Baseflow Index and geology. 
Catchment Size [km2] Land use T [°C] P [mm] Q [m3s-1] BFI Hydrogeology
1. Odense 1061 Agriculture (68%) 9.0 800 10.4 0.90* Clayey moraines

2. Regge 340 Agriculture (60%) 9.9 800-850 6.95 0.59 Sand and gravel
3. Dinkel 630 Agriculture (70%) 9.9 800-850 5.50 0.61 Sand, gravel and clayey 

moraines
4. Thames 9948 Agriculture (45%) 10.2 600-900 65.7 0.64 Limestones, low perme-

ability clays and gravels
*Outlet of the Odense main river 
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Figure 2.3. Monthly average air temperature, precipitation and discharge of the Odense, Regge and Thames 
catchments. Values for the Dinkel are very similar to those of the Regge.
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of the Chilterns, Berkshire Downs and North Downs, and the Oolitic Limestones of the 
Cotswolds in the west of the Basin with a wide range of shallow (fast) to deep (slow) flow systems 
(Figure 2.4). These are separated by a series of clay-dominated aquitards (Bloomfield et al., 
2009). There is no significant organic matter in the Chalk and Oolitic limestone, consequently 
contaminants typically act conservatively in these aquifers (Downing et al., 1993a). The bedrock 
aquifers are overlain by Palaeogene to Holocene gravels and sands along the course of the main 
drainage channels with relatively rapid, shallow flow systems (Bricker and Bloomfield, 2014). 

Based on a classification system of groundwater–surface water interaction developed by Dahl et 
al. (2007), the Odense Fjord catchment falls into the moraine landscape type, with a groundwater 
system comprising a complexly interbedded sequence of sand aquifers and confining layers of 
clayey till. The topography controlled water table is dominated by local flow systems; although 
regional and deep groundwater bodies are also present (Dahl et al., 2007). The Regge and 
Dinkel catchments also have multiple aquifers and confining layers, with local, regional and 
deep groundwater systems. On the local scale all riparian flow path types are present but 
discharge is mostly direct and through drainage systems. The Thames Basin likewise falls into 
the ‘landscape type’ category, a complexly interbedded sequence of aquifers and confining 
layers, where groundwater flow systems are principally influenced by factors related to regional 
geomorphology, hydrogeological setting and aquifer structure and heterogeneity rather than 
specific riparian zone processes (Bloomfield et al., 2009; 2011; Darling and Bowes, 2016). 

Baseflow Index (BFI) (Gustard et al., 1992) is often used as an indicator of the relative contribution 
of groundwater to stream flow. In all four catchments the long-term baseflow at the base of the 
catchments is of the order of 0.6 to 0.90 (Table 2.1) consistent with the mixed groundwater-
surface water nature of the catchments. However, all four catchments illustrate spatio-temporal 
variations in BFI consistent with spatio-temporal variations in groundwater-surface water 
interactions.

Because of the high level of agricultural land use as well as the degree of urbanization in the 
catchments, there are pressures on water resources in the study catchments. Agricultural land 
use was established in the Thames prior to the 20th century, with intensification of farming 
from the 1940s onwards. The major urban areas were also established before the start of the 
20th century in the Thames although peri-urban growth was a continuous process through this 
period. Many of the major modifications to the drainage structure in the catchment were also 
in place by the early 20th century. In contrast, in the Odense, Regge and Dinkel catchments 
most of the land use and stream alterations took place in the 20th century (Larsen et al., 2008; 
Hendriks et al., 2015a; Lu et al., 2015). All four catchments are now heavily modified with an 
altered stream network that is artificially regulated. Diffuse agricultural nutrient loss is one of 
the main threats to aquatic ecosystems in the catchments (Miljø- og Fødevareministeriet, 2016; 
Molina-Navarro et al., 2018), and agricultural activities are the main pollutant source of Danish 
groundwater (Blicher-Mathiesen et al., 2014). 

As a consequence of the pressures on the water environment, water bodies in the catchments 
are commonly at poor status. For example, many of the water bodies in the Odense catchment, 
including the estuary comprised by the Odense Fjord, do not meet European Water Framework 
Direct (WFD) criteria for good ecological status (Miljø- og Fødevareministeriet, 2016). Of the 
600 km of streams only 36% have a good or high ecological status, and for the 17 lakes larger 
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than 5 ha the corresponding number is 12% (Miljø- og Fødevareministeriet, 2016). Likewise, 
the Regge and Dinkel catchments are classified as heavily modified and most surface waters 
don’t have good chemical or ecological status. The groundwater body underlying the Regge 
and Dinkel catchments has an insufficient water quantity status, but a good chemical status, 
although the chemical status of some local groundwater bodies is unsatisfactory (Ministry 
of Infrastructure and the Environment, 2015). The Thames Basin contains 489 surface water 
bodies: 45% of the water bodies are affected by pollution from waste water, and 27% and 17% of 
water bodies are affected by pollution from rural sources, and from towns, cities and transport 
respectively. 47 of the water bodies are groundwater bodies, of which 22 have been assessed as 
having poor quantitative status and 18 have poor chemical status (Environment Agency, 2016a).

2.4 Analyses of stressor propagation and buffering through catchments

2.4.1 Odense catchment
An adequate functioning of the aquatic ecosystems in the Odense Fjord catchment including 
rivers, lakes and transitional waters, depends on keeping a sufficient and persistent flow level 
and water quality. Here groundwater might play a vital role; however, studies on this topic are 
scarce. Here we analyse the role of groundwater in the preservation of the aquatic ecosystems in 
the Odense catchment based on a comprehensive hydrological and nutrient transport modelling 
carried out with the Soil and Water Assessment Tool (SWAT, Molina-Navarro et al., 2018).

Water storage and flow
Hydrological modelling allows exploring the GW-SW interaction. Figure 2.5 shows the monthly 
streamflow subdivided into direct aquifer discharge and contributions via tile drains, surface 
flow and lateral flow simulated for the period 2001-2010. The average aquifer contribution to 
total streamflow was around 76%. Such a high aquifer contribution favours a delay in the 
hydrograph response to precipitation events (Figure 2.5). The BFI was calculated for each sub-
basin to explore the spatial variability of the baseflow contribution. Values varied between 0.63 
and 0.92 (Figure 2.6a), supporting the relevance of the aquifer contribution in ensuring the 
sustainability of aquatic ecosystems in the Odense Fjord catchment. 
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Figure 2.5. Observed precipitation (P) and simulated flow subdivided (stacked area) into surface flow (SQ), 
lateral flow (LQ), tile drain flow (TDQ) and direct aquifer discharge (AQ) in the Odense Fjord catchment at 
a monthly time step (period 2001-2010).



30

2

Another parameter that illustrates the GW-SW interaction is Q90, i.e. the flow below the 90th 
percentile of the flow duration curve divided by the median flow. A Q90 value close to 0 means 
a more extreme flow variation than if the Q90 is close to 1. Modelling results yielded Q90 values 
between 0.03 and 0.39 in the Odense Fjord catchment (Figure 2.6b), with an average of 0.17. This 
means that, despite the high aquifer contribution that would ensure a more stable flow regime, 
flow seasonality is highly pronounced in this catchment, partially due to a considerable tile 
drain flow contribution (discussed below). In the drier months, the streamflow is almost only 
supported by the direct contribution from the aquifers (Figure 2.5), becoming a key component 
of streamflow to provide sufficient water to the aquatic ecosystems in the catchment.

Hydrological alteration through groundwater abstraction and tile drainage is a major pressure 
for aquatic ecosystems in the Odense Fjord catchment. The catchment has undergone substantial 
hydrological and hydro-morphological modifications, including sub-surface tile draining of 
about half of the agricultural area (Thodsen et al., 2015). As a result, 19% of the total flow in 
the streams of the catchment comes from tile drains (Molina-Navarro et al., 2018). Simulation 
of land use changes in the catchment revealed that a decrease of the agricultural area by 21% 
would lead to a decrease in the drain water contribution to total stream flow from 19% to 14%, 
conversely increasing the direct aquifer contribution (Molina-Navarro et al., 2018). Tile drains 
respond quickly to precipitation during autumn and winter when soil in the root zone is close 
to saturation (Figure 2.5), altering the natural streamflow in the catchment. Additionally, they 
reduce aquifer recharge, thus ultimately diminishing water supply to the aquatic ecosystems 
during the critical summer months. 

Groundwater abstraction also plays a major role altering the hydrology of the Odense Fjord 
catchment. Based on comprehensive hydrological modelling, Henriksen et al. (2008) assessed 
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Figure 2.6. BFI (a) and Q90 (b) values in the sub-basins modelled in the Odense fjord catchment.
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“sustainable groundwater abstraction” on regional and national scale for Denmark focusing on 
avoiding significantly negative impacts on both surface water ecology and groundwater quality, 
in line with the underlying WFD principles. For the Funen Island, of which the Odense catchment 
is a major part, Henriksen et al. (2008) estimated a sustainable groundwater yield varying from 
10 to 29 mm year-1, although the lowest value was chosen for the assessment of sustainable 
abstraction. They also reported an actual abstraction of 12.8 mm year-1 (year 2000), which could 
mean slight over-exploitation. However, an additional evaluation at a sub-area level showed that 
the Odense Fjord catchment had the highest exploitation rate in the island, with current 
exploitation at more than two and a half times the sustainable yield, probably due to abstraction 
for the water supply of Odense city. One result of non-sustainable groundwater abstraction is 
streamflow depletion with adverse effects on aquatic ecosystems.

Nutrients
Nitrate is by far the largest N fraction being loaded into the Odense Fjord estuary (Molina-
Navarro et al., 2018), and thus crucial for the ecological status of the marine ecosystem, where it 
acts as a limiting nutrient (Conley et al., 2007). Moreover, modelling results suggested that direct 
aquifer discharge and tile drain flow are responsible of 65% and 30% of the total nitrate yield in 
the streams, respectively, while direct flow (surface and lateral) transport only 5% (Figure 2.7). 
Nitrate leached from the root zone can be reduced during transport via groundwater both by 
microbial denitrification and by pyrite oxidation denitrification (Blicher-Mathiesen et al., 2014). 
This attenuation of the nitrate concentration is strongly dependent on hydraulic residence time 
(Humborg et al., 2015) and the presence of pyrite in the aquifers. For 17 Danish catchments, 
Andersen et al. (2001) reported groundwater retention of N of 20-80%, with the higher rates in 
areas with higher residence times. Particularly, for the Odense Fjord catchment, Blicher-
Mathiesen et al. (2014) found that nitrate reduction in aquifers and surface waters varied between 
<40% and up to 70-80% of the root zone N leaching. However, the specific role of groundwater 
was not analysed. 

The SWAT model calculated that 52% of the nitrate that percolates past the base of the soil 
profile is reduced before reaching the stream as return flow (Ferreira et al., 2016), confirming 
the relevance of nitrate reduction in groundwater in the Odense catchment, which has been 
previously pointed out, but scarcely supported by data. Figure 2.7 illustrates this reduction, and 
in addition shows how the transport through the aquifer exerts a delay in the nitrate yield back 
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Figure 2.7. Simulation of nitrate percolated and transported via direct aquifer contribution, tile drain flow 
and direct (surface and lateral) flow in the Odense Fjord catchment at a monthly time step (period 2001-
2010).
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to the streamflow. Results also show how nitrate transport via tile drains is much faster (Figure 
2.7). 

On the other hand, phosphorus (P) acts as a limiting nutrient in streams and lakes, and high 
loads might also threaten the health of the aquatic ecosystems in the Odense Fjord catchment. 
Monitoring data revealed that dissolved phosphate represents slightly over half of the TP load in 
the catchment, and the modelling suggested that the main transport pathway for phosphate in 
the catchment is groundwater (Molina-Navarro et al., 2018). The source of P is partly agricultural 
by leaching to the upper groundwater and partly naturally occurring P in reduced groundwater 
(Kronvang et al., 2007). Figure 2.8 reveals how both the groundwater flow and phosphate follow 
a nearly-parallel trend. 

2.4.2 Regge and Dinkel catchments
Water storage and flow
The tributaries of the Dinkel show significant variation in their BFI (Table 2.2) reflecting both 
differences in underlying geology but also in drainage and land management practices. Using an 
existing groundwater model (Kuijper et al.,2012; Hendriks et al., 2014), groundwater discharge 
to the three Dinkel tributaries can be divided into different flow routes: overland flow, subsurface 
drainage pipes and direct discharge to streams/rivers. Discharge that occurs when the 
groundwater table rises above the land surface is modelled as overland flow and is highest in the 
Springendalse Beek due to the fact that many of the springs in the upstream part of this stream 
are created by local depressions where the groundwater table rises above the surface. The highest 
amount of discharge from subsurface drains occurs in the Elsbeek and Roelinksbeek (Table 2.2), 
which are the catchments with the highest agricultural activity and lowest BFI. Although these 
catchments also seems to have the highest amount of groundwater outflow though streams, this 
is mostly through ditches as they have the highest drainage density, while in the Springendalse 
Beek this water mainly seeps in the main stream course and has longer flowpaths. 

This artificial drainage and pumping of groundwater for irrigation are changes in the hydrology 
that resulted from agriculture, while pumping of groundwater for the production of drinking 
water also occurred. Hendriks et al. (2015a) showed that this caused lowering of groundwater 
levels in the Regge catchment until the 1980s. Figure 2.9 presents two time-series of groundwater 
heads of relatively deep wells in the Regge and Dinkel catchments (60 – 80 m below ground 
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Figure 2.8. Simulated baseflow and phosphate load in the Odense Fjord catchment at a monthly time step 
(period 2001-2010).

Table 2.2. Calculated Baseflow Indices and model flows for three Dinkel tributaries.
Modelled groundwater outflow routes

River / Stream BFI Streams incl. ditches Drainage Overland flow
Springendalse Beek 0.8 78% 2% 20%
Elsbeek 0.4 85% 7% 9%
Roelinksbeek 0.4 84% 4% 12%
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surface) and shows the decrease in groundwater heads between 1940 and 1980. Data at measuring 
location GW-80M shows that deep groundwater levels declined by >15 m between 1950 and 
2010. At measuring point GW-60M, groundwater heads have gone down by approximately 3 m 
between 1965 and 1980 as a result of a drinking water abstraction well. After the 1980s, the 
abstraction and drainage of groundwater remained at a stable level which led to a new equilibrium 
of the water balance of the systems. In this equilibrium, groundwater heads at measuring location 
GW-60m did not return to their 1940-1950 levels but remained at a reduced level. With these 
lowered groundwater tables, research by Hendriks et al. (2014) showed that the Q95 of streamflow 
has decreased by and 5-55% as a result of 
groundwater abstractions, and 16-30% as a 
result of artificial drainage. Kuijper et al. 
(2012) found a reduction of the 
groundwater input to surface waters of 20 
to 50% as a result of groundwater 
abstractions and subsurface drainage. 
Reduction of groundwater baseflow makes 
the Regge and Dinkel catchments more 
sensitive to droughts; during the 2003 
drought many streams in the Regge and 
Dinkel catchment fell dry (Kuijper et al., 
2012). One of the few exceptions was the 
Springendalse Beek, which kept flowing as 
a result of the high groundwater component 
of flow. 

Nutrients
Industrial and urban development has led to point and diffuse pollution in the Regge and 
Dinkel catchments, but the main driver of poor water quality is agriculture, because of the use 
of manure and pesticides. These nutrients are transported partly through the groundwater to the 
surface water. The effect of these pressures depends on the connectivity and residence time of 
the groundwater, as well as the capacity for degradation of nutrients in the subsurface. A good 
example of the pressure from nutrients can be seen in the Springendalse Beek where downstream 
nitrate concentrations have gone up until the 1990s as a result of agricultural loading (Figure 
2.10). In the late 1950’s, Maas (1959) reported the Springendalse Beek to be a nutrient poor 
stream and measurements from the 1970s indeed show stream nitrate levels between 0 and 2 
mg-N/L (Higler et al., 1981). Between the 1970s and 1990s nitrate concentrations increased 
significantly (Figure 2.10) following agricultural intensification in the catchment. Since the 
aquifer is low in organic matter the capacity for denitrification is limited. Following the Nitrate 
Directive, nitrogen use by farmers in the Regge and Dinkel catchments has decreased by about 
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Figure 2.9. NO3-N concentrations in the Regge, Dinkel 
and Springendalse Beek downstream (top), and NO3-N 
concentrations in the Springendalse Beek downstream, 
upstream and in the groundwater (GW) upstream. 

to the streamflow. Results also show how nitrate transport via tile drains is much faster (Figure 
2.7). 

On the other hand, phosphorus (P) acts as a limiting nutrient in streams and lakes, and high 
loads might also threaten the health of the aquatic ecosystems in the Odense Fjord catchment. 
Monitoring data revealed that dissolved phosphate represents slightly over half of the TP load in 
the catchment, and the modelling suggested that the main transport pathway for phosphate in 
the catchment is groundwater (Molina-Navarro et al., 2018). The source of P is partly agricultural 
by leaching to the upper groundwater and partly naturally occurring P in reduced groundwater 
(Kronvang et al., 2007). Figure 2.8 reveals how both the groundwater flow and phosphate follow 
a nearly-parallel trend. 

2.4.2 Regge and Dinkel catchments
Water storage and flow
The tributaries of the Dinkel show significant variation in their BFI (Table 2.2) reflecting both 
differences in underlying geology but also in drainage and land management practices. Using an 
existing groundwater model (Kuijper et al.,2012; Hendriks et al., 2014), groundwater discharge 
to the three Dinkel tributaries can be divided into different flow routes: overland flow, subsurface 
drainage pipes and direct discharge to streams/rivers. Discharge that occurs when the 
groundwater table rises above the land surface is modelled as overland flow and is highest in the 
Springendalse Beek due to the fact that many of the springs in the upstream part of this stream 
are created by local depressions where the groundwater table rises above the surface. The highest 
amount of discharge from subsurface drains occurs in the Elsbeek and Roelinksbeek (Table 2.2), 
which are the catchments with the highest agricultural activity and lowest BFI. Although these 
catchments also seems to have the highest amount of groundwater outflow though streams, this 
is mostly through ditches as they have the highest drainage density, while in the Springendalse 
Beek this water mainly seeps in the main stream course and has longer flowpaths. 

This artificial drainage and pumping of groundwater for irrigation are changes in the hydrology 
that resulted from agriculture, while pumping of groundwater for the production of drinking 
water also occurred. Hendriks et al. (2015a) showed that this caused lowering of groundwater 
levels in the Regge catchment until the 1980s. Figure 2.9 presents two time-series of groundwater 
heads of relatively deep wells in the Regge and Dinkel catchments (60 – 80 m below ground 
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Figure 2.8. Simulated baseflow and phosphate load in the Odense Fjord catchment at a monthly time step 
(period 2001-2010).

Table 2.2. Calculated Baseflow Indices and model flows for three Dinkel tributaries.
Modelled groundwater outflow routes

River / Stream BFI Streams incl. ditches Drainage Overland flow
Springendalse Beek 0.8 78% 2% 20%
Elsbeek 0.4 85% 7% 9%
Roelinksbeek 0.4 84% 4% 12%
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40% between 1994 and 2015 (Centraal Bureau voor de Statistiek [CBS], 2017), and in stream 
nitrate concentrations have consequently slowly decreased, although they are still higher than 
natural background levels. 

Contrary to this decreasing trend, nitrate levels in the upstream part of the Springendalse Beek 
have not yet reached their peak (Figure 2.10). As this stream stretch is directly fed by several 
springs, it is not surprising that the concentration of nitrate in the groundwater at this location 
is also elevated (Figure 2.10). This groundwater has flowpaths with long travel times and 
consequently historic nitrate inputs are still in the system. The groundwater functions as a slow 
connection between the agricultural fields and stream, and historic nutrient input causes long 
term pollution of the surface water. This is an important consideration for catchment 
management, since the effect of converting the surrounding agricultural fields to pasture with 
the consequent reduction in nitrate loading in the late 1990s (Nijboer et al., 2003) has not yet 
resulted in a response in nutrient concentrations in the stream. Despite the nutrient chemistry 
of the stream, due to the influence of groundwater on discharge and stream temperature, the 
upstream stream stretch actually is designated as having relatively high natural value and is a 
habitat of for instance the brook lamprey (Lampetra planeri) (Verdonschot et al., 2002).

The largest sources of phosphorous in the surface water of the Regge and Dinkel catchments are 
overland flow from agricultural fields and the outflow of waste water treatment plants. Most of 
the phosphorous used in agriculture is retained in the unsaturated zone and does not leach to the 
groundwater. As opposed to the long delivery times of nitrate in the Springendalse Beek (Figure 
2.10), the levels of phosphorous in the stream dropped directly following the abandonment 
of the agricultural fields upstream, although some phosphorous still seems to leach from the 
enriched soils (Nijboer et al., 2003). 
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Water Temperature
Figure 2.11 shows the daily average temperature 
of the Springendalse Beek and the Elsbeek during 
the summer of 2016 and shows that the 
Springendalse Beek compared to the Elsbeek has 
a more stable temperature regime with less 
temperature variation during the summer and 
lower temperature peaks, which is caused by its 
higher input of groundwater. Table 2.3 shows the 
average monthly temperature for August and 
November both upstream and downstream of a 
~500 m river stretch of the Springendalse Beek 
and Elsbeek. During summer, the difference in 
temperature between the up- and downstream parts of the Springendalse Beek is almost 2 °C 
while for the Elsbeek this difference is only 2/10th of a degree. On the contrary, the difference 
between up- and downstream is larger in the Springendalse Beek during a cold month. This is 
the result of the fact that the upstream part of the Springendalse Beek is highly influenced by 
groundwater and this groundwater has little temperature variation throughout the year. The 
difference in stream temperature between a warm and cold month is also a characteristic of the 
temperature regime and influenced by the buffering effect of groundwater. The average 
downstream temperatures between August and November differ about 5 degrees for the 
Springendalse Beek and 10 degrees for the Elsbeek, again showing the buffering temperature 
effect of groundwater in the Springendalse Beek. Scales are important here as well; the influence 
of groundwater on stream temperature is clearer in smaller streams such as the Springendalse 
Beek. Groundwater seepage mitigates summer temperature peaks in the Springendalse Beek 
and creates a thermal habitat where stenothermic species are able to reside (Verdonschot et al., 
2002).

2.4.3 Thames catchment
Water storage and flow
Variations in groundwater heads in the Thames Basin are dominated by seasonal variations in 
evapotranspiration and inter-annual variability in precipitation, the latter represented by the 
Standardised Precipitation Index (6 month accumulation) for the Thames Basin (Centre for 
Ecology and Hydrology, 2017) in Figure 2.12. This seasonal and inter-annual variability is also 
seen in the flow of the Thames at the tidal limit of the Basin at Kingston, London, Figure 2.12. 
Across the Basin episodes of high precipitation, groundwater level stand and flow have been 
associated with extensive groundwater flooding (Adams et al., 2010; Hughes et al., 2011; Upton 
and Jackson, 2011; Macdonald et al., 2012), for example in the winter of 2014 (Ascott et al., 
2016a; 2017). Similarly, major episodes of drought, for example in 1975-76, 1988-92 and most 
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Figure 2.11. Average daily temperatures of the 
downstream parts of the Springendalse Beek and 
Elsbeek during the summer of 2016.

Table 2.3. Average temperatures [°C] of two Dinkel tributaries in August and November 2016.
Stream Month Average Temperature [°C]

Upstream Downstream
Springendalse Beek August 12.45 14.41

November 9.86 9.69
Elsbeek August 16.59 16.81

November 6.90 6.86
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recently in 2011-12, have been associated with low groundwater levels, reduced flow, drying up 
of ephemeral streams in Chalk sub-catchments and lowered groundwater yields (Bloomfield 
and Marchant, 2013; Folland et al, 2015). Warming and changes in the intensity of storm events 
in the UK, including the Thames Basin, has occurred over the 20th century (Jenkins et al., 2009) 
consistent with anthropogenic climate change, but evidence of the effect of these changes on 
groundwater recharge and heads is illusive (Jackson et al., 2015; Watts et al., 2015).

There is a long history of abstraction from both groundwater and surface water sources in the 
Thames Basin. As with the rest of England, abstractions from the unconfined aquifer steadily 
increased from the 1940s reaching a peak in the late 1980s and early 1990s (Downing 1993b), 
while over a similar period groundwater abstraction from the confined Chalk of London 
significantly reduced leading to groundwater level rebound (Environment Agency, 2016b). The 
drought of 1988-1992 resulted in low groundwater levels across the unconfined Chalk of the 
Thames Basin, and the environmental regular at the time, the National Rivers Authority, 
identified five groundwater-dominated sub-catchments in the Chalk where over-abstraction 
had contributed to extreme low flows during this drought (National Rivers Authority, 1993). 
Low flow alleviation schemes were subsequently put in place (Clayton et al., 2008). Since 2000 
across the Basin total abstraction has fallen, Figure 2.13 (Environment Agency, 2015), mainly 
due to a reduction in abstraction from surface waters, although during the recent drought of 
2011-12 the relative proportion of groundwater abstraction was markedly increased (Figure 
2.13). There is some evidence that leakage from the aging water mains network may be modifying 
the surface water flow regime within the Thames Basin (Bloomfield et al., 2009) and that it may 
also affect surface water quality (Ascott et al., 2016b; Gooddy et al., 2017).
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Figure 2.12. Variation in groundwater levels in the Jurassic Oolitic Limestone and Chalk Aquifer; temporal 
changes in the average Standardised Precipitation Index (6 month accumulation) across the Thames Basin; and, 
flow in the Thames at the tidal limit at Kingston. 
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Nutrients
In an analysis of the nitrogen (N) budget of the Thames Basin from the late 19th century to 
the present, Worrall et al. (2015a) have shown that before extensive use of inorganic fertilizers 
the total N budget approximated to steady state, but following widespread use of fertilizers 
there was net accumulation of N. This resulted in the Basin becoming saturated with respect 
to nitrate between about 1945 and 1995 (Worrall et al., 2015b) and there was a commensurate 
increase in nitrate concentrations in the river Thames (Howden et al., 2010; Worrall et al., 
2015b). Modelling the fate of nitrate from intensive farming in the Basin has shown that there 
is still a significant legacy of nitrate in the soil and groundwater compartments within the Basin 
(Howden et al., 2011b), and that restoration of nitrate concentrations in surface waters to levels 
similar to pre-intensification of farming would require basin-wide changes in land use and 
management (Howden et al., 2011b). Due to the relatively low dissolved organic carbon (DOC) 
of the Chalk and Oolitic Limestone, once nitrate is in the aquifers the potential for significant 
denitrification is limited. Consequently, within the major aquifers of the Thames Basin nitrate is 
relatively mobile and considered broadly conservative in oxic groundwaters (Stuart et al., 2014). 
Based on a modelled nitrate input function and treating nitrate as a conservative pollutant, 
Wang et al. (2012; 2013) estimated the arrival of peak nitrate at the water table, and Ascott et al. 
(2016c) subsequently modelled the quantity of nitrate remaining in storage in the unsaturated 
zone. Ascott et al. (2016c) identified large areas of the Thames Basin, primarily over the Chalk 
aquifer of the Chilterns and Berkshire Downs, where substantial quantities of nitrate remain in 
the unsaturated zone. The peak arrival of that nitrate is estimate to not be due for at least another 
50 years (Wang et al., 2012; 2013). 

The loading of phosphorus (P) in the aquatic environment is typically considered to be primarily 
from agriculture (diffuse source) and sewage treatment work effluent (point source). However 

recently in 2011-12, have been associated with low groundwater levels, reduced flow, drying up 
of ephemeral streams in Chalk sub-catchments and lowered groundwater yields (Bloomfield 
and Marchant, 2013; Folland et al, 2015). Warming and changes in the intensity of storm events 
in the UK, including the Thames Basin, has occurred over the 20th century (Jenkins et al., 2009) 
consistent with anthropogenic climate change, but evidence of the effect of these changes on 
groundwater recharge and heads is illusive (Jackson et al., 2015; Watts et al., 2015).

There is a long history of abstraction from both groundwater and surface water sources in the 
Thames Basin. As with the rest of England, abstractions from the unconfined aquifer steadily 
increased from the 1940s reaching a peak in the late 1980s and early 1990s (Downing 1993b), 
while over a similar period groundwater abstraction from the confined Chalk of London 
significantly reduced leading to groundwater level rebound (Environment Agency, 2016b). The 
drought of 1988-1992 resulted in low groundwater levels across the unconfined Chalk of the 
Thames Basin, and the environmental regular at the time, the National Rivers Authority, 
identified five groundwater-dominated sub-catchments in the Chalk where over-abstraction 
had contributed to extreme low flows during this drought (National Rivers Authority, 1993). 
Low flow alleviation schemes were subsequently put in place (Clayton et al., 2008). Since 2000 
across the Basin total abstraction has fallen, Figure 2.13 (Environment Agency, 2015), mainly 
due to a reduction in abstraction from surface waters, although during the recent drought of 
2011-12 the relative proportion of groundwater abstraction was markedly increased (Figure 
2.13). There is some evidence that leakage from the aging water mains network may be modifying 
the surface water flow regime within the Thames Basin (Bloomfield et al., 2009) and that it may 
also affect surface water quality (Ascott et al., 2016b; Gooddy et al., 2017).
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Ascott et al. (2016b) and Gooddy et al. (2017) have shown that in urbanised areas of the Thames 
Basin up to 30% of the total flux of P may be from mains leakage (mains supply is dosed with 
phosphate), with the relative and absolute contribution from this source increasing substantially 
since 1993 (Gooddy et al. (2017). Like N, P is considered conservative in the Chalk and Gooddy 
et al. (2017) estimate that for typical shallow groundwater systems P recharged to groundwater 
20 years ago may currently be discharging into river networks. 

Water temperature
Jenkins et al. (2009) have described a change 
in average daily mean temperature across 
the Thames Basin of between 1.4 and 2.1 
°C between 1961 and 2006. However, there 
has been no systematic assessment of the 
temperature of groundwater in the Thames 
Basin, primarily due to the absence of 
suitable monitoring data, and so it is not 
possible to assess the impact changes in 
air temperature have had on groundwater 
temperature. Hannah and Garner (2015) 
noted that surface water temperatures 
across the UK, including the Thames 
Basin, have increased in the latter part 
of the 20th century, but that this could not simply be attributed to climatic warming since 
river temperature is a complex response to climate and hydrological drivers, basin properties 
including groundwater contributions and anthropogenic impacts. Watts et al. (2015) noted that 
although baseline groundwater temperatures are poorly understood, groundwater contributes 
much of the summer flow in some rivers, directly influencing water temperature. Using sub-
hourly air, river and groundwater temperature data for a site where River Terrace Gravels are 
in hydraulic connection with the Thames at Wallingford, Habib et al. (2017) showed a lag in 
temperature between groundwater in the gravel aquifer and the air and river temperature and a 
seasonal contrast between relatively warm winter groundwater and cooler summer groundwater 
compared with air and river temperatures (Figure 2.14). At a range of sites across the Basin the 
thermal effects of upwelling groundwater in Chalk sub-catchments has been recorded, however 
these effects are typically highly localised, e.g. House et al. (2015; 2016a; 2016b).

2.5 Discussion and Conclusions

2.5.1 Comparison of drivers, pressures and states of the catchments
The proposed DPS framework was used to describe and analyse the effect of stressors on a coupled 
GW-SW system. It was shown to be a useful basis for this analysis and helped harmonizing the 
description of the different multi-stressed catchments. In the following paragraphs the drivers, 
pressures and states of the catchments will be compared.

Water storage and flow
In all four catchments storage and flow from groundwater has been changed by anthropogenic 
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groundwater (GW) temperatures for a two year period 
from January 2012 for Wallingford, Oxfordshire.
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influences such as the installation of subsurface drainage and initiation of groundwater 
abstractions, which have had differing implications for groundwater levels and flow paths in the 
catchments. In the Odense catchment, flow is dominated by shallow groundwater systems and 
groundwater accounts for a major part of the streamflow, which is partly discharged through 
artificial drainage systems. Groundwater is especially important in sustaining streamflow in 
the driest seasons, but is threatened by unsustainable groundwater abstraction. In the Regge 
and Dinkel catchments, flow is likewise dominated by groundwater and heavily influenced by 
both groundwater and surface water abstractions and artificial drainage systems. These drainage 
systems have been shown to increase the fast outflow of groundwater and with that increase peak 
flows. In the Thames catchment, flow is dominated by seasonally varying evapotranspiration 
and recharge and by interannual variation in driving meteorology. Because of its scale, flow in 
the Thames catchment is spatially averaged and therefor stresses on the groundwater system 
can show marked variation between sub-catchments. For example, flow in small groundwater 
(Oolite and Chalk) dominated sub-catchments, particularly in the upper catchment, can be 
relatively sensitive to groundwater abstractions especially during drought years. 

Changes in flow regimes might not always be apparent from discharge measurements, but 
this does not mean that groundwater flow paths have not been changed. Changed flow paths 
could lead to discharge of water of different quality and temperature. For instance, discharge of 
groundwater from shallow subsurface drains is different from discharge from deep groundwater 
systems (Rozemeijer et al., 2010), so alterations in groundwater flow paths may also change in-
stream habitat conditions. 

Nutrients
In addition to causing geohydrological alterations, agricultural intensification can causes diffuse 
pressure from nutrients and pesticides, of which this paper focussed on nutrients. All four 
catchments suffer from high levels of historic nutrient loading, which contaminates surface 
waters both directly through overland flow and though the groundwater. Thick unsaturated 
zones in the Thames Basin prevent fast leaching of nitrate to the groundwater, and thick aquifers 
create additional lag time in the effect of this nitrate on surface waters. These lag times caused 
by the slow flow of groundwater are also documented for the Regge and Dinkel catchments, 
albeit shorter. Even with reductions in nitrate loading, surface water nitrate concentrations will 
remain high for the coming decades in the Thames, Regge and Dinkel catchments due to the 
historical inputs. Long lag times are relatively absent in the Odense catchment due to the shallow 
groundwater system. 

Denitrification can occur in the groundwater system in anoxic conditions in the presence of 
organic matter or pyrite. These conditions are met in the Odense catchment, but although 
denitrification has been identified as being active in the Odense, groundwater is still the main 
transport path for nitrate in the Odense. Denitrification occurs on local scale in the Regge and 
Dinkel catchments, but is effectively absent in the relatively pure calcium carbonate aquifers of 
the Thames Basin. 

Although in general the main source of phosphorous in the four catchments is effluent from 
waste water treatment plants, significant amounts of P can also be transported by groundwater. 
In fact, in the Odense catchment modelling suggested that the main source of mineral P was 
transport from agricultural fields by groundwater, and in urban areas in the Thames catchment 
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evidence indicates that phosphorous enters the groundwater from leaking water mains network 
and is subsequently transported to the surface water. 

Water temperature
Groundwater influences stream and river temperature by providing an input with a relative 
constant seasonal temperature. This way, it dampens summer temperature peaks of the 
surface water, as in the Springendalse Beek in the Dinkel catchment. In addition, at locations 
with significant groundwater discharge, specific temperature habitats are formed e.g. in the 
Chalk sub-catchments of the Thames. The effect of groundwater on stream temperature has 
only been shown for small scale headwaters. In downstream parts, climatic effects seem to be 
much stronger, highlighting the importance of riparian zones. However, a systematic lack of 
temperature observations exists both in groundwater and surface waters in the catchments 
described here. 

2.5.2 (Geo)hydrological controls on the DPS cascade
The differences in the effects of the drivers on states between the catchments (Table 2.4) are 
the result of differences in a range of factors, such as catchment size, geology, land-use and 
management practices. The depth of the groundwater system is directly related with the travel 
times of nutrients, as is shown in the Regge, Dinkel and Thames catchments. Thick unsaturated 
zones in the Thames catchment increase the time lag in the delivery of nutrients. In addition, 
relatively small drainage systems, such as in the Odense, Regge and Dinkel catchments, provide 
a short-cut for the outflow of groundwater, and decrease the travel times and thus lag time in 
nutrients. The potential for denitrification in aquifers is important in the attenuation of nitrate, 
and is greatest in the Odense, followed by the Dutch catchments. Groundwater abstractions are 
a stressor in all four catchments.

Table 2.4. Overview of how groundwater affects flow, nutrients and temperature in the four catchments.
Characteristic Odense Regge&Dinkel Thames

Fl
ow

GW dependency of flow ++ ++ +
Depth of GW system - + ++
Drainage systems ++ + -
GW abstractions ++ + ++
Spatially averaging due to scale - - ++

N
ut

rie
nt

s Nitrate concentrations ++ ++ ++
Unsaturated zone lag times - - ++
Saturated zone lag times + ++ ++
Buffering by denitrification ++ + -

Te
m

pe
ra

tu
re Temperature effect groundwater seepage ? + +

Temperature effect riparian zones ? + +
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2.5.3 Stressor interaction, propagation and buffering
Figure 2.15 illustrates how different drivers and pressures can interact within linked GW-SW 
systems. For example, if streamflow decreases, for a given loading of nutrients the concentration 
of nutrients will increase. Climate change affects all other stressor by changing temperature, 
precipitation and evapotranspiration patterns. It is expected that winter peak flows increase and 
summer baseflow decreases, while temperatures increase (Kuijper et al., 2012, Kløve et al. 2014). 
A decrease in groundwater discharge will decrease the temperature effect of groundwater, 
increasing stream temperature in summer and decreasing winter stream temperatures. This will 
result in a loss of thermal habitats, especially combined with higher air temperatures. On longer 
timescales the temperature of groundwater will also increase resulting in further shrinkage of 
summer thermal refugia (Meisner et al., 1988; Isaak et al., 2012). In addition, an increase in 
groundwater pumping for irrigation during droughts is already occurring in the Thames 
catchment, and these abstractions may increase with more regular drought periods, resulting in 
even more lowering of groundwater tables and consequently of baseflow. Conversely, a substantial 
groundwater contribution to streams could buffer the streamflow response to climate change, 
sustaining summer flows for elongated periods as opposed to a stream without groundwater 
input (Tague et al., 2008). Additionally, the presence of groundwater discharge could mitigate 
part of the effect of an increase in air temperature on streamflow temperature. 

This chapter started with the hypotheses that groundwater enables the propagation of stressors 
spatially and in time, and that groundwater acts as a buffer to stressors. Case specific examples 
have been given, demonstrating both these mechanisms. Groundwater provides baseflow, often 
good quality water with a stable temperature, and may buffer the temperature increase following 
climate warming. Groundwater has also been shown to transmit stressors to surface waters, for 
instance nitrate from agricultural fields to streams. Being a relatively slow system, these stressors 
are also lagged in time. Groundwater both propagates and buffers stressors, but its effects depend 
on the local geology, climate, land-use, stressor combinations and scale.
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Figure 2.15.  Modified DPS framework showing the interactions and feedbacks following from climate 
change. Decreased streamflow will lead to increased nutrient concentrations and groundwater abstractions.
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2.5.4 Implications for ecosystem status
Groundwater influences the status of ecosystems in the catchments by providing water, 
nutrients and energy to aquatic ecosystems (Bertrand et al., 2012) and that way creates refugia 
in the surface water to for instance fish (Power et al., 1999). Functioning of aquatic ecosystems 
is strongly dependent on flow (Arthington et al., 2006; Poff and Zimmerman, 2010), which 
is frequently influenced by groundwater. Aquatic species have adopted their life strategies to 
specific flow regimes (Bunn and Arthington, 2002; Lytle and Poff, 2004), but many of these 
regimes are transformed by human interference in catchments (Feld et al., 2011), including 
changes in the groundwater system. Changes in flow regime of groundwater dominated rivers 
lead to more generalist and tolerant species (Blann et al., 2009) because species that evolved in a 
more variable environment are less vulnerable to environmental changes than habitat specialists 
(Schlosser, 1990). Groundwater also propagates nutrients in the study catchments, which leads 
to changing food webs (Blann et al., 2009) and is potentially toxic to aquatic species (Camargo 
et al., 2005). High nutrients levels can cause eutrophication, leading to low oxygen levels. It was 
shown that groundwater upwelling can influence water temperature, and is therefore a crucial 
component in the formation of river habitats by providing thermal refugia for aquatic biota 
during warm or cold periods of the year (e.g. Power et al., 1999). Additionally, groundwater 
discharge may buffer the warming effects of climate change. 

Linking abiotic to biotic states is challenging. An attempt was made for the Odense catchment 
using a Danish national dataset comprising 263 variables and 131 observations to evaluate 
the relationship between different river ecosystem stressors and four ecological status indices 
for streams. These indices are Danish indices for ecological status assessment for fish fauna, 
macrophytes and macroinvertebrates, and the widely used Average Score per Taxon for 
macroinvertebrates (ASPT) (Ferreira et al., 2016). Q90 showed a positive correlation (better 
ecological status) with all the indices, and BFI also showed a positive correlation with the 
indices except that for macrophytes. These results corroborate the discussion above regarding 
the relevant role of groundwater in the preservation of the aquatic ecosystems in the Odense 
Fjord catchment, favouring a higher ecological status. The analysis also included water quality 
stressors. Total phosphorous (TP) was seen to be relevant in the estimation of ecological status 
through macroinvertebrate indices and, as expected, exerting a negative influence. Since the 
model suggested that groundwater was the main source of phosphate, for macroinvertebrates 
groundwater has mixed effects on the ecological status of the streams in the Odense Fjord 
catchment by providing a hydrological regime that favours a high status but on the contrary 
being an important source of dissolved phosphate. Although this empirical modelling shows 
groundwater-related indicators to be relevant for ecological status, the effect of groundwater is 
complex and non-linear and at this time there is not enough knowledge and data available to 
fully understand these linked systems. 

2.5.5 Implications for management
Surface water managers are giving increased attention to the importance of groundwater. 
For instance, in Australia water managers started integrating groundwater and surface water 
management in the last decade (Lamontagne et al., 2012). In the US groundwater needs of 
ecosystems are being taken into account in conservation plans (Brown et al., 2007) and in 
Europe groundwater is now included in the Water Framework Directive, Groundwater Directive, 
Habitats Directives and the CIS Working group on Groundwater (European Commission. 2000; 
2008).
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Important for management is that long groundwater residence times create a time lag in 
the contribution of historic pollution input which causes pollution even after management 
interference in a catchment (Nijboer et al., 2003; Hamilton, 2012). Groundwater fed surface 
waters often contain water with ages of several decades and older (Hamilton, 2012) which means 
that current pollution inputs will propagate through the groundwater system and form a future 
pressure on surface water ecosystems. This proposes a problem to water managers who have to 
deal with restoring such catchments as a good chemical and ecological status cannot be achieved 
with excessive nutrient levels. However, evidence from the upstream part of the Springendalse 
Beek suggests that the ecological value of such stream can be high even with high nutrient 
levels, encouraging water managers to not abandon these sites, even though good ecological 
status cannot be achieved on the short term. This is also the case in steams in the south of the 
Netherlands where data seems to indicate that nitrate levels actually show some correlation 
with a high ecological status (Waterboard Limburg, personal communication), possibly because 
nitrate in these catchments is an indicator for groundwater influence. 

As opposed to nitrate, phosphorous is generally related to surface runoff processes, but examples 
from the study catchment showed that groundwater should also be taken into account in 
managing catchments with phosphorous stress. Temperature is an often overlooked parameter, 
but has been shown to be important for the creating of specific habitats for e.g. stenothermic 
species (Power et al., 1999). A groundwater contribution to surface waters provides ecosystem 
services, by providing habitats for e.g. trout which are fished in the Thames chalk streams, by 
providing cool water important for some fish spawning, and by providing water and preventing 
ceasing of flow during droughts. 

Freshwater ecosystems are under multiple-stress and groundwater has a crucial effect on many of 
these ecosystems. Using examples from literature and from four different European catchments, 
it was shown how groundwater can influence surface waters in stressed systems. Groundwater 
has essential implications for river basin management and this study thus supports the call to 
water managers made in the FP7 REFORM project to take groundwater into account in river 
basin management (Hendriks et al., 2015b). Groundwater should be taken into account in 
ecological management as a possible component of the total environmental system, which can 
transport and buffer stressors and their effect. Groundwater may be a crucial component in 
mitigating the effect of climate change on river ecosystems (Tague et al., 2008; Palmer et al., 
2009), which strengthens the need for more integrative management of ground- and surface 
waters. 

A framework has been proposed which shows how groundwater in lowland catchments acts as 
a bridge between stressors and their effects within surface waters. This framework shows water 
managers how their management areas might be influenced by groundwater, and helps them to 
include this important, but often overlooked part of the water cycle in their basin management 
plans. 

2.5.6 Implications for future monitoring
It was noted that linking abiotic with biotic indices remains a challenge due to a lack of data 
and system understanding. An obstacle is that data on quantity, quality and ecology of both 
surface and groundwaters are measured by a myriad of agencies for various legislations. In the 
Netherlands for instance, surface water quality and ecology are measured by Waterboards and 
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Rijkswaterstaat (Ministry of Infrastructure and the Environment), often with different timing 
of sampling. Shallow groundwater is monitored by both Waterboards and the RIVM (National 
Institute for Public Health and the Environment) and deep groundwater by the provinces. To 
truly understand the connection between groundwater and surface water ecology it is needed 
to start combined monitoring in a synchronized and coordinated way. The analysis of the study 
catchments also revealed a lack of data on the temperature of both groundwater and surface 
water, while it is an important parameter considering future climate warming. 
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Chapter 3

Transient Groundwater Travel Time Distributions and Age-

Ranked Storage-Discharge Relationships of Three Lowland 

Catchments 

Abstract

The contribution of groundwater to streams is controlled by temporally and spatially variable 
groundwater flow paths with distinctive travel times. The aggregated average travel time 
Distribution (TTD) of all these flow paths functions as a catchment characteristic. Currently, 
research on TTDs is expanding towards dynamic TTDs and building on this, we present 
dynamic backward TTDs and residence time distributions using forward particle tracking on 
a high-resolution spatially distributed groundwater flow model (25*25 m). We show that the 
dynamic backward TTDs of three Dutch catchments are determined by the interplay between 
the activation of shallow short flow paths and the intensification of fluxes through all flow 
paths when groundwater levels rise. In addition, the preference for young water in our lowland 
catchments appears strongly controlled by drainage density. Variations in catchment mixing 
with time and between catchments were analyzed using dynamic StorAge Selection (SAS) 
functions. This showed the effect of differences in geology and topography on the shape of the 
SAS functions. Additionally, the variability of SAS functions in time was shown to depend on 
the extent to which new flow paths can be activated. Time-varying SAS functions are required 
for computation of dynamic TTDs, and this research showed realistic values for the variability 
in the SAS functions of lowland catchments. The step towards dynamic TTDs is crucial for 
understanding the temporal and spatial behaviour of streams, their chemical composition and 
their ecological value. 

This chapter is adapted from: Kaandorp, V.P., Louw, P.G.B., Velde, Y., and Broers, H.P., 2018. 
Transient Groundwater Travel Time Distributions and Age‐Ranked Storage‐Discharge Relationships 
of Three Lowland Catchments. Water Resources Research, 54, 4519– 4536.
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3.1 Introduction

Groundwater creates a delay in the precipitation-discharge response of a catchment, distributes 
water spatially, and influences stream water quality (Kaandorp et al., 2018b). In the sandy and 
intensively drained lowland catchments of the Netherlands, a lack of topography and hard 
rock promotes infiltration of precipitation into the soil. Therefore, the majority of streamflow 
originates from groundwater (De Vries, 1994; Wriedt et al., 2007; van der Velde et al., 2011; 
Hendriks et al., 2014). Consequently, the input of groundwater to lowland streams is a key element 
that influences stream ecological and chemical functioning. It is especially in these lowland 
catchments that the groundwater system is characterised by a wide range of groundwater flow 
paths and travel times (TTs), which control the timing and quality of water that discharges to the 
surface (Martin et al., 2004; van der Velde et al., 2010; Hamilton, 2012). The multiyear average 
distribution of these TTs is a complex catchment characteristic that includes information about 
storage, climate, and flow paths (McGuire and McDonnell, 2006; Visser et al., 2009; McDonnell 
et al., 2010; Gardner et al., 2011). 

While most catchment studies report whole-catchment TT Distributions (TTDs), in the 
current study we specifically focus on the TT of the groundwater contribution to streamflow. 
A disconnect seems to exist between catchment and groundwater TT communities. Whereas 
catchment studies using lumped models and stable isotopes often focus on short TTs of days 
and months (e.g. Dunn et al., 2010; Birkel et al., 2012; Peralta-Tapia et al., 2016) the TTs studied 
by the groundwater community using groundwater models and tracers such as dissolved gases 
and radioactive isotopes are generally in the order of years and decades (e.g. Basu et al., 2012; 
Eberts et al., 2012; Visser et al., 2009; Visser et al., 2013; Gilmore et al., 2016; Solder et al., 
2016; Stewart and Morgenstern, 2016). The coupling between groundwater TTDs and stream 
discharge is especially used in the assessment and prediction of stream discharge from (nitrate) 
polluted aquifers (e.g. Duffy and Lee, 1992; Böhlke et al., 1995; Zhang et al., 2013). The age 
of groundwater seepage was studied by Broers et al. (2004), who used a model to show that a 
higher drainage network density leads to larger spatially variability in groundwater ages (Broers 
et al., 2004). Gilmore et al. (2016) used a combination of noble and other dissolved gases to show 
that there is significant variation in the age of seepage within a stream profile, which was also 
found in an earlier study by Modica et al. (1998). In addition, they hypothesized that TTDs are 
affected by spatial variation in groundwater recharge and that young water mainly recharges at 
locations such as ditches and tributaries. Because of the variable recharge and heterogeneity in 
for example soils and slopes, the contributions of groundwater flow paths vary both in time and 
space (Rozemeijer and Broers, 2007; Visser et al., 2007; van der Velde et al., 2009; Gardner et al., 
2011; Engdahl et al., 2016). 

The time-variation in groundwater TTs can be represented by dynamic TTDs (Botter et al., 2010; 
van der Velde et al., 2010, 2012; Heidbuchel et al., 2012; Harman, 2015; Engdahl et al., 2016) 
and occurs due to external variability of the input (i.e. groundwater recharge) as well as internal 
variability where shallow flow paths become active as the groundwater table rises (Rozemeijer 
and Broers, 2007; Harman, 2016; Kim et al., 2016).  Additional information about flow paths 
combined with the contribution of different ages to streamflow allows direct correlation of, for 
instance, water chemistry with a specific flow path which can thus explain variations in water 
chemistry throughout the year (Benettin et al., 2013; 2017a; Hrachowitz et al., 2016). The effect of 
flow paths contributing to streams has already been included in some TTs studies using particle 



47

3

tracking approaches (Modica et al., 1997; Molénat et al., 2002; Visser et al., 2009; Basu et al., 
2012; de Rooij et al., 2013; Gusyev et al., 2014); however, these studies focused on stationary or 
summer/winter TTDs. To date, particle tracking approaches have not been used to characterise 
dynamic TTDs for real catchments.

The TTD of the discharge is related with the ages in the storage of a catchment. The distribution 
of ages in storage, referred to as the Residence Time Distribution (RTD), is variable in time like 
the TTD due to changes in recharge to and discharge from storage (Botter et al., 2011; Harman, 
2015). The relationship between the ages of discharge (TTDs) with the ages of water in the 
catchment storage (RTDs) can be described by StorAge Selection (SAS) functions (van der Velde 
et al., 2012; Benettin et al., 2015; Harman 2015; Rinaldo et al., 2015; Hrachowitz et al., 2016). 
SAS functions are spatially and volume integrated and not directly affected by precipitation 
and evapotranspiration fluxes and storage changes. Therefore SAS functions purely describe the 
mixing/selection of the outflows from storage, independent of weather conditions. Based on 
this, we expect SAS functions to correlate more strongly to landscape properties than TTDs and 
to be a useful metric to characterise storage-discharge behaviour of catchments. 

Our aim is to explore both the temporal and spatial groundwater contributions to stream 
discharge. We attempt to find the processes affecting variable TTs and study their behaviour, and 
try to link this behaviour with landscape characteristics. To this end, a high resolution spatially 
distributed groundwater flow model with forward particle tracking is used to characterise and 
compare three head water streams of the Dinkel lowland catchment in the Netherlands by their 
dynamic TTDs, RTDs, and SAS functions. Building on the stationary TTD approach outlined 
by Gusyev et al. (2014), for the first time we use a transient model approach to capture flow path 
variations throughout the year of multiple catchments. According to Hrachowitz et al. (2016) 
“there is growing evidence that mixing properties of the flow domain may be subject to temporal 
heterogeneity”, and as such we compare catchment mixing behaviour, using dynamic fractional 
SAS functions (van der Velde et al., 2012; Harman, 2015), in time and between catchments. 

3.2 Materials and Methods

3.2.1 Study Area
We selected three head water streams of the Dinkel river in the east of The Netherlands that 
have different land use, hydrological and morphological characteristics (Figure 3.1). The area 
has a temperate marine climate with a mean annual precipitation of 800 to 850 mm, an actual 
evaporation of 560 mm/year on average and a mean temperature of 9.6 °C. The Dutch part of 
the Dinkel catchment has substantial height differences, ranging from 80 m above sea level at 
the top of the moraines to about 18 m above sea level in the river valley. The geohydrology of the 
study area is characterised by shallow aquifers (1-20 m) located on top of clayey moraines. In 
addition, the lower parts of the area are also filled with sandy aquifers. 

The study area is characterised by an extensive system of watercourses (Kuijper et al., 2012). 
Land use is intensive and consists primarily of agriculture (60-70%) and partly of urban area and 
nature (forest and natural grasslands). The catchments are intensively drained and the ground 
and surface water is used for irrigation, industry and drinking water. Many streams have been 
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altered, mostly to aid agriculture for which weirs have been installed and streams have been 
straightened and deepened (Kuijper et al., 2012). During the last few decades, measures have 
been taken to re-naturalize the rivers and streams.

The selected catchments are the Springendalse Beek, Roelinksbeek and Elsbeek, with sizes of 
approximately 4, 12, and 11 km2, respectively. These streams were chosen based on the available 
data as well as their distinctive discharge characteristics. The Springendalse Beek has an average 
discharge of about 0.043 m3/s, the Roelinksbeek of 0.093 m3/s, and the Elsbeek of 0.104 m3/s. The 
variation of the discharge throughout the year also differs between the streams; the Roelinksbeek 
has the highest peaks while the Springendalse Beek has a fairly stable discharge and is the only 
stream that doesn’t run dry. Base Flow Index (Gustard et al., 1992) is 0.8 for the Springendalse 
Beek and 0.4 for the other two streams. Land use varies: the valley of the Springendalse Beek is 
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Figure 3.1. Location of the study catchments in the Dinkel river valley: 1) Springendalse Beek, 2) 
Roelinksbeek and 3) Elsbeek. Measured flow duration curves of the catchments are shown in the left 
bottom corner. The dashed lines in the map represent the cross-sections of the geohydrological model 
build-up of the three catchments, which are shown to the right. Note that the boundaries (1-3) in these 
figures are not the actual boundaries of the model, which is much larger and encompasses all three 
catchments.
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mostly forested upstream, while in the Roelinksbeek and Elsbeek catchments agriculture is the 
predominant land use. In these two catchments the drainage density is therefore around 32% 
while it is 9% in the Springendalse Beek catchment. Tile drains are located in only 2% of the area 
in the Springendalse Beek, and in respectively 8 and 13% of the catchments of Roelinksbeek and 
Elsbeek Geohydrology is also different: the Springendalse Beek is fed by springs and seepage 
lakes, while the Roelinksbeek and Elsbeek only have a few distinctive springs.

3.2.2 Groundwater Model of the Study Area
Using a finite-difference MODFLOW (McDonald and Harbaugh, 1988; Harbaugh, 2005) 
groundwater model created and calibrated by Kuijper et al. (2012) and described by Hendriks et 
al. (2014), we simulated groundwater flow on a daily time step in the Dutch part of the Dinkel 
catchment. The total modelled area was 58 by 45 km, divided into cells of 25*25 m, and contained 
the three study catchments. The top of the model followed the surface elevation. The vertical 
model discretisation was based on the Dutch Geohydrological Information System (REGIS 
II, 2005) and comprised seven layers of variable thickness. A spatially averaged lithological 
representation is shown in Figure 3.1 for the three studied subcatchments. Note that these cross-
sections represent only parts of the total groundwater flow model and as such the edges of the 
figures are not model boundaries. Transmissivity in the aquifers was approximately 40 m2/day 
for the Springendalse Beek, 23-30 for the Roelinksbeek and 10-40 for the Elsbeek. Resistivity of 
the aquitards in the Roelinksbeek and Elsbeek catchments was 24.000 and 5.200 days respectively. 
The ice pushed ridges had some anisotropy (Kuijper et al., 2012) and the porosity of the aquifers 
was assumed to be 0.3. The entire drainage system including springs, tile drains and ditches 
was modelled using the DRN and RIV MODFLOW packages. For more information on the 
functioning of these packages, readers are referred to Harbaugh (2005). The model included an 
unsaturated zone module, which calculated the groundwater recharge using the precipitation, 
evaporation, land use and information about the soil and vegetation (MetaSWAP, Van Walsum 
and Groenendijk, 2008; Van Walsum and Veldhuizen, 2011; De Lange et al., 2014). 

In order to calculate long groundwater flow paths a spin-up period was needed which was chosen 
to be approximately 300 years. Therefore, the modelled period was extended to 1700 – 2010 
using continuously repeated climate data from 1965 to 2011 (data from the Royal Netherlands 
Meteorological Institute KNMI). The model was calibrated on measured groundwater heads 
in 976 piezometers (Kuijper et al. 2012). A steady state calibration of the transmissivity and 
conductances was followed by a transient calibration of river conductance and storage coefficients. 
After calibration, the average difference between modelled and measured groundwater levels 
was 0.11, 0.06 and 0.15 m for model layers 1, 2 and 3 respectively. We validated the model for 
river discharge using the Nash-Sutcliffe Efficiency (NSE) coefficient (Nash and Sutcliffe, 1970) 
to evaluate its functioning. No further calibration and validation was done.

3.2.3 Travel and Residence Time Distributions
The water balance of the groundwater in a catchment is given by: 

  dS
dt

R ET QGW� � �        (3.1)

Where R is groundwater recharge, ETGW represents evapotranspiration and capillary flow 
directly from the groundwater, dS/dt is the change in groundwater storage and Q is groundwater 
discharge (streamflow). For these parameters we use the unit ‘mm/day’, which we calculated by 
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dividing over the catchment area. This way the different catchments and the values of infiltration 
and seepage are directly comparable. Apart from R, which has an age of 0 by definition, each 
component in Equation 3.1 has a specific TTD, as described mathematically by Botter et al. 
(2011), van der Velde et al. (2012) and Harman (2015). Note that with TTD we mean the 
backward TTD of the groundwater contribution to streamflow, which indicates the distribution 
of TTs in stream water, as was nicely described by Benettin et al. (2015). Although unsaturated 
zones can be important for total catchment TTDs (McCallum et al., 2016; Green et al., 2018) our 
goal was to understand functioning of the groundwater storage and groundwater discharge and 
therefore our focus was on groundwater TTs and time scales. In addition, unsaturated zones are 
generally thin in the study area (maximum a few meters, but mostly <1 m). 

We consider cumulative age distributions which are described by Equations 3.2-3.4:

 RTD of S: P T t
s T t
S tS ,

,� � � �� �
� �

�
       (3.2)

 TTD of Q: P T t
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� �

�
      (3.3)
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� �
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      (3.4)

Where s(τ <T, t) is the storage with TT τ smaller than T at time t, q(τ <T, t) is the discharge 
with TT τ smaller than T at time t, and etgw(τ <T, t) is the evapotranspiration flux from the 
groundwater with TT τ smaller than T at time t. ETGW is assumed to always sample the most 
recent rainfall still present in storage S (as in e.g. Heidbuchel et al., 2012).

TTDs and RTDs were constructed using a combination of particle tracking and volume “book 
keeping” of the evapotranspiration. The TTs and flow paths were calculated transiently using the 
flow velocities of the MODFLOW groundwater flow model and the particle tracking software 
MODPATH version 3 (Pollock, 1994). Particles released at the groundwater table at the centre 
of every model grid cell on the first day of every month and given a volume equal to the total 
groundwater recharge in that cell in the previous month. This was done for a period of 310 
years yielding a total of 3732 particle tracking runs, which depending on the catchment size had 
between 14 and 58 thousand particles. This monthly setup was chosen for practical reasons to 
significantly reduce calculation times at the cost that TTs shorter than a month become unreliable. 
Every month during the period 1990-2010 the particles that end up in the stream network are 
collected and used to derive the TTD, while the particles that reside in the subsurface are used 
to derive the RTD. Because a spatially-distributed model is used, it will be possible in further 
analysis to zoom in to sub-catchments and construct their TTDs and RTDs. 

The groundwater catchments were delineated using the extent of the starting locations of the 
particles that end up in the streams. In particle tracking using MODPATH, the handling of 
weak sinks has to be considered (Visser et al., 2009; Abrams et al., 2012) and in our calculations 
particles were stopped if the fraction of discharge to the sink was larger than 50% of the total 
inflow to the cell. For comparison, particle tracking was done with weak sink fractions of 0.3, 
0.5 and 0.7 which indicated that the overall TTD was not significantly influenced by this choice. 
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All particles were given a volume, based on the total monthly summed groundwater recharge at 
their location, which was calculated by the groundwater model. 

  V t Rpart i
t dt

t

i

i

0,� � � � �
� �

�

�
�

�

�       (3.5)

Where V tpart i0,� �  is the volume of a particle starting at time ti with TT 0, dt is a monthly time 
step, and R �� �  is the groundwater recharge at time τ. To ensure that the volume balance of 
the particles matches the water balance of the groundwater model water, capillary rise, and 
evaporation from groundwater need to be accounted for separately. Evapotranspiration fluxes 
rarely sum up to more than 50% of the storage of a grid cell and consequently particles will not 
be stopped due to evapotranspiration. Hence, particle volumes were corrected by subtracting 
the capillary rise flux (negative recharge) from the volume of the most recently started particles 
while ensuring that particles do not get a negative volume.

All particles have a residence time T, which is the time spent as groundwater, and a maximum 
TT TQ, which is the TT at the moment of discharge to the surface water:

  T t t ti� � � �         (3.6)

  
T t t tQ Q Q i� � � �

       (3.7)

Where T t� �  is the residence time of a particle at time t , ti  is the time of starting of the particle, 
and T tQ Q� �  is the TT at the time of discharge tQ �   of the particle.

After their release, these particles were tracked forward through the aquifers up to the point of 
discharge. The results of the separate particle tracking calculations were combined for which all 
particles contributing to the streamflow were summed for each month. 

  Q t V T
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This monthly discharge, determined in addition to the discharge which resulted from the water 
balance of the groundwater model (sum of RIV and DRN), was used as a check for the TTD 
model approach: volumes discharging from particle tracking should yield approximately the 
same discharge fluxes as calculated from the groundwater model. To construct the TTD, the 
particle volumes were used to weight the contribution of TTs to the discharge using Equation 
3.3. 

The RTD of storage was calculated by summing all groundwater particles that started but had 
not turned into surface water discharge yet. The sum of their volumes represented the total 
storage and the RTD was made by volume weighting the particle ages (Equation 3.2). The 300 
years spin up was required to fill up the storage with particles and derive a stable storage volume. 

3.2.4 Age Fractions, Median TT and MTTs
Because we calculated the full TTD, ranging from the youngest to the oldest water, the 
contribution of water with specific ages can easily be deduced. However, because of the small 
grid cells of 25*25 m we do not quantify part of the shortest flow paths. For the TTDs this 
implies that our results focus on the older and longer flow paths and that the contribution of 
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young water is likely underestimated. Therefore, the youngest discharge fraction we assumed 
was <1 year and we divided the discharge into three fractions: young (TT < 1 year), medium 
aged (TT 1-25 years) and old (TT >25 years). In addition to the age fractions, the median TT 
and Mean TTs (MTT) were calculated for each month. Although the MTT is used the most 
often in literature, the median TT is more descriptive, as it is less influenced by the long tail in 
TTs, and thus less affected by single particles with very long TTs. 

3.2.5 SAS functions
Cumulative SAS functions, Ω, describe which water from storage becomes discharge based on 
the cumulative TTD of discharge as function of the cumulative RTD of storage:

  � P T t t P T tS Q� ��� �� � � �� �, , � ,      (3.9)

The graphical shape of the SAS function is obtained by plotting P T tS � �� �,  (Equation 3.2) 
on the x-axis against the corresponding P T tQ � �� �,  (Equation 3.3) on the y-axis (Figure 3.2) 
(Hrachowitz et al., 2016). For any flux leaving a catchment SAS functions describe the preference 
for discharging younger water or older water from storage or no preference (uniformly-selected) 
(van der Velde, 2012, 2015; Hrachowitz et al., 2016) (Figure 3.2). 

To compare the different catchments and to link landscape characteristics with simple parameters, 
we described the SAS functions with a two parameter cumulative beta distribution function 
I a bx ,� �  which we then combined into a single parameter. Two parameter cumulative beta 
distribution functions allow a wide variety of shapes and range from 0 to 1 on both axes (van der 
Velde et al., 2012). The parameter “a” mostly describes the left side of the shape of the cumulative 
SAS function, which is the youngest water, while parameter “b” mostly influences the right part 
of the shape, which is the oldest water. To obtain a single parameter, the cumulative beta 
distribution “a” was divided by the different values of “b”. Like the cumulative beta distribution 
“a”, this a/b value indicates whether there is a preference for young or older water, where a/b < 1 
means a preference for younger water (median TT < median TT uniformly-selected catchment), 
a/b = 1 means no preference (uniformly-selected) and a/b > 1 means a preference for older water 
(median TT > median TT uniformly-selected catchment; Figure 3.2). More information on the 
meaning of a/b is given in supporting information S1.

The SAS functions were first described by cumulative beta distributions with a time-variable a 
<1 and a fixed “b” = 1, as was done in studies by van der Velde et al. (2012, 2015) and Danesh-
Yazdi et al. (2016). For the Elsbeek and Springendalse Beek this procedure did not lead to an 
acceptable fit. Therefore, the Springendalse Beek was described with a different fixed value for 
“b” (1.4) to better describe the contribution of old water (Supporting Information S1). Due to 
this, the a/b value of the Springendalse Beek is different than the value of “a”, contrary to that 
of the Roelinksbeek. For the Elsbeek, a single cumulative beta distribution was not sufficient. 
Therefore, based on our physical understanding of the catchment, we used a combination of 
two cumulative beta distributions to represent a shallow and deep aquifer. The shallow reservoir 
was described in the same way as the Roelinksbeek with a “b” of 1, and the deep reservoir 
was described as uniformly-selected. These reservoirs were combined using an exponential and 
time-variable mixing factor. For the Elsbeek catchment, we only compare the contribution of 
the shallow aquifer with the other catchments, as the combination of the two reservoirs is not 
directly comparable. A detailed overview of the parameters used in fitting the SAS functions of 

Figure 3.2. Construction of StorAge Selection functions from discharge travel times and storage Residence 
Times. The shape of the SAS function shows the preferential discharge of younger or older water from 
catchment storage and can be described using cumulative beta distribution I aQ bQx ,� � . This figure 
3.contains illustrative data only, not model results. RTD = residence time distribution; TTD = travel time 
distribution.
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the different catchments is given in supporting Information (S1).

In this study, the SAS function of ETGW was represented by a Step function (Equation 3.10), 
assuming that the youngest water is always used first:

  �ETGW S ET SP t P T P t H
GW

, � ( ,� � � � � � � �0     (3.10)

Where ΩETGW is the SAS function of the evapotranspiration from groundwater.

young water is likely underestimated. Therefore, the youngest discharge fraction we assumed 
was <1 year and we divided the discharge into three fractions: young (TT < 1 year), medium 
aged (TT 1-25 years) and old (TT >25 years). In addition to the age fractions, the median TT 
and Mean TTs (MTT) were calculated for each month. Although the MTT is used the most 
often in literature, the median TT is more descriptive, as it is less influenced by the long tail in 
TTs, and thus less affected by single particles with very long TTs. 

3.2.5 SAS functions
Cumulative SAS functions, Ω, describe which water from storage becomes discharge based on 
the cumulative TTD of discharge as function of the cumulative RTD of storage:
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(Hrachowitz et al., 2016). For any flux leaving a catchment SAS functions describe the preference 
for discharging younger water or older water from storage or no preference (uniformly-selected) 
(van der Velde, 2012, 2015; Hrachowitz et al., 2016) (Figure 3.2). 
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SAS function, which is the youngest water, while parameter “b” mostly influences the right part 
of the shape, which is the oldest water. To obtain a single parameter, the cumulative beta 
distribution “a” was divided by the different values of “b”. Like the cumulative beta distribution 
“a”, this a/b value indicates whether there is a preference for young or older water, where a/b < 1 
means a preference for younger water (median TT < median TT uniformly-selected catchment), 
a/b = 1 means no preference (uniformly-selected) and a/b > 1 means a preference for older water 
(median TT > median TT uniformly-selected catchment; Figure 3.2). More information on the 
meaning of a/b is given in supporting information S1.

The SAS functions were first described by cumulative beta distributions with a time-variable a 
<1 and a fixed “b” = 1, as was done in studies by van der Velde et al. (2012, 2015) and Danesh-
Yazdi et al. (2016). For the Elsbeek and Springendalse Beek this procedure did not lead to an 
acceptable fit. Therefore, the Springendalse Beek was described with a different fixed value for 
“b” (1.4) to better describe the contribution of old water (Supporting Information S1). Due to 
this, the a/b value of the Springendalse Beek is different than the value of “a”, contrary to that 
of the Roelinksbeek. For the Elsbeek, a single cumulative beta distribution was not sufficient. 
Therefore, based on our physical understanding of the catchment, we used a combination of 
two cumulative beta distributions to represent a shallow and deep aquifer. The shallow reservoir 
was described in the same way as the Roelinksbeek with a “b” of 1, and the deep reservoir 
was described as uniformly-selected. These reservoirs were combined using an exponential and 
time-variable mixing factor. For the Elsbeek catchment, we only compare the contribution of 
the shallow aquifer with the other catchments, as the combination of the two reservoirs is not 
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3.3 Results

3.3.1 Groundwater Flow
The model performance was evaluated by comparing the measured discharge with the computed 
discharge. With NSE coefficients between 0.50 and 0.92, the model provides a reasonable fit 
and grasps the variation in runoff characteristics between the catchments due to the differences 
in catchment shape, drainage network, topography and geology (Figures 3.3a-3.3c). We see a 
small overall underestimation of the discharge in the Springendalse Beek and in all catchments 
peak flows tend to be underestimated (Figures 3.3a-3.3c). This likely relates to surface runoff, 
macropores, and shallow preferential flow paths that are typically underrepresented by 
groundwater models (Beven and Germann, 1982). Overall, the model reproduces the dominant 
hydrological behaviour of the three catchments well, especially when taking into account that this 
model has been calibrated on groundwater heads only (Kuijper et al., 2012). Stream discharge 
calculated with the particle tracking approximately matched the discharge fluxes calculated by 
the groundwater model (see Supporting Information S2), although slight differences occurred 
due to difficulties in delineating the fluctuating groundwater catchments. 

3.3.2 Catchment TTDs, RTDs, Fractions, and MTTs
The Springendalse Beek and Roelinksbeek have TTDs with approximately the same shape, 
although the temporal variation in the TTD is larger in the Roelinksbeek (Figures 3.3d-3.3e). 
The majority of the water is younger than 5 years old and there is a large tail with older water. 
The TTD of the Springendalse Beek changes between seasons and shows that more young water 
is discharged in winter than in summer. In the Roelinksbeek it seems that flow in all flow paths 
increased in equal quantities, leading to a shape of the TTD that is not significantly different 
between summer and winter (Figure 3.3e). For the Elsbeek the shape of the TTD differs from the 
other catchments (Figure 3.3f). This is because it receives water from a shallow unconfined 
aquifer and from a deeper second aquifer (Figure 3.1), which provides relatively young and old 
water respectively. 

A major part of the fluctuation in the discharge volumes of the catchments is caused by the 
younger fractions, although variation also occurs in the oldest fraction of discharge (Figures 
3.4b, 3.4d and 3.4f). The Springendalse Beek mainly discharges medium aged water (TT 1 – 25 
years) and shows a seasonal pattern with older water in summer and younger water in winter 
(Figure 3.5). The young water fraction of discharge (<1 year old) increases in winter to about 
25% and decreases in summer to below 20% (Figure 3.5a), while the relative contribution of 
older water is about 5% higher in summer than in winter (Figure 3.5c). Discharge is high in 
winter and low in summer in these catchments and the contribution of the fractions therefore 
also varies with discharge (Figures 3.5d and 3.5f). The lowest 10% of discharge contains about 
15% young and 18% old water, while the upper 10% contains 30% young and 10% old water 
(Figure 3.5d and 5f). The Roelinksbeek has a spiky discharge and the stream often dries out 
during dry summers. The fact that the average TTD shape in summer approximates the average 
shape in winter (Figures 3.3d-3.3f) is also reflected in the TTD fractions which seem to follow 
the up and down going pattern of the discharge (Figures 3.4d and 3.5). The main difference 
between summer and winter discharge of the Roelinksbeek is that the variation in contributions 
is larger during low flows in summer (larger boxes) than during higher flows in winter (Figure 
3.5a and d). For the upper 60% of discharge the fractions seem to have a similar trend as the 
Springendalse Beek with more young and less old water with higher flows (Figures 3.5d and 

Figure 3.3. a-c: Measured (dots) versus calculated (lines) daily discharges and Nash-Sutcliffe Efficiency 
coefficients (NSE) calculated on daily (NSEd) and monthly (NSEm) mean data of shown model periods. 
d-f: Time-weighted averaged CDF of travel time distributions (similar to MHRFs in Heidbüchel et al., 
2012) of the catchments in summer (red) and winter (blue). The grey area indicates the variance of the 
TTDs. The average Median (MdTT) and Mean (MTT) travel times are indicated with a dashed and solid 
line respectively. g-i: Calculated (points) and fitted (line) average SAS functions for summer (red) and 
winter (blue) of the three catchments. The grey area indicates the minimal and maximal SAS functions.
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3.3 Results

3.3.1 Groundwater Flow
The model performance was evaluated by comparing the measured discharge with the computed 
discharge. With NSE coefficients between 0.50 and 0.92, the model provides a reasonable fit 
and grasps the variation in runoff characteristics between the catchments due to the differences 
in catchment shape, drainage network, topography and geology (Figures 3.3a-3.3c). We see a 
small overall underestimation of the discharge in the Springendalse Beek and in all catchments 
peak flows tend to be underestimated (Figures 3.3a-3.3c). This likely relates to surface runoff, 
macropores, and shallow preferential flow paths that are typically underrepresented by 
groundwater models (Beven and Germann, 1982). Overall, the model reproduces the dominant 
hydrological behaviour of the three catchments well, especially when taking into account that this 
model has been calibrated on groundwater heads only (Kuijper et al., 2012). Stream discharge 
calculated with the particle tracking approximately matched the discharge fluxes calculated by 
the groundwater model (see Supporting Information S2), although slight differences occurred 
due to difficulties in delineating the fluctuating groundwater catchments. 

3.3.2 Catchment TTDs, RTDs, Fractions, and MTTs
The Springendalse Beek and Roelinksbeek have TTDs with approximately the same shape, 
although the temporal variation in the TTD is larger in the Roelinksbeek (Figures 3.3d-3.3e). 
The majority of the water is younger than 5 years old and there is a large tail with older water. 
The TTD of the Springendalse Beek changes between seasons and shows that more young water 
is discharged in winter than in summer. In the Roelinksbeek it seems that flow in all flow paths 
increased in equal quantities, leading to a shape of the TTD that is not significantly different 
between summer and winter (Figure 3.3e). For the Elsbeek the shape of the TTD differs from the 
other catchments (Figure 3.3f). This is because it receives water from a shallow unconfined 
aquifer and from a deeper second aquifer (Figure 3.1), which provides relatively young and old 
water respectively. 

A major part of the fluctuation in the discharge volumes of the catchments is caused by the 
younger fractions, although variation also occurs in the oldest fraction of discharge (Figures 
3.4b, 3.4d and 3.4f). The Springendalse Beek mainly discharges medium aged water (TT 1 – 25 
years) and shows a seasonal pattern with older water in summer and younger water in winter 
(Figure 3.5). The young water fraction of discharge (<1 year old) increases in winter to about 
25% and decreases in summer to below 20% (Figure 3.5a), while the relative contribution of 
older water is about 5% higher in summer than in winter (Figure 3.5c). Discharge is high in 
winter and low in summer in these catchments and the contribution of the fractions therefore 
also varies with discharge (Figures 3.5d and 3.5f). The lowest 10% of discharge contains about 
15% young and 18% old water, while the upper 10% contains 30% young and 10% old water 
(Figure 3.5d and 5f). The Roelinksbeek has a spiky discharge and the stream often dries out 
during dry summers. The fact that the average TTD shape in summer approximates the average 
shape in winter (Figures 3.3d-3.3f) is also reflected in the TTD fractions which seem to follow 
the up and down going pattern of the discharge (Figures 3.4d and 3.5). The main difference 
between summer and winter discharge of the Roelinksbeek is that the variation in contributions 
is larger during low flows in summer (larger boxes) than during higher flows in winter (Figure 
3.5a and d). For the upper 60% of discharge the fractions seem to have a similar trend as the 
Springendalse Beek with more young and less old water with higher flows (Figures 3.5d and 

Figure 3.3. a-c: Measured (dots) versus calculated (lines) daily discharges and Nash-Sutcliffe Efficiency 
coefficients (NSE) calculated on daily (NSEd) and monthly (NSEm) mean data of shown model periods. 
d-f: Time-weighted averaged CDF of travel time distributions (similar to MHRFs in Heidbüchel et al., 
2012) of the catchments in summer (red) and winter (blue). The grey area indicates the variance of the 
TTDs. The average Median (MdTT) and Mean (MTT) travel times are indicated with a dashed and solid 
line respectively. g-i: Calculated (points) and fitted (line) average SAS functions for summer (red) and 
winter (blue) of the three catchments. The grey area indicates the minimal and maximal SAS functions.
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3.5f). The Elsbeek’s spiky discharge consists mainly of water younger than 1 and older than 25 
years: the medium aged water contributes a minor but stable fraction (Figure 3.5b) which follows 
from the specific shape of the TTD (Figure 3.3f). The discharge of young water (< 1 year old) is 
just above 20% in summer and increases to 40% in winter (Figure 3.5a) while the discharge of 
old water (>25 years old) fluctuates between 50% in summer and 35% in winter (Figure 3.5c). 

In all catchments the storage of the older water is less variable than the younger water, as both 
the seasonal and longer term trends are more profound in the young water fractions (Figures 
3.4a, 3.4c and 3.4e). The storage of the Springendalse Beek that contributes to discharge of the 
stream was determined at 2.5 m, with slightly higher storage in winter than in summer (Figure 
3.4a). The storage of the Roelinksbeek is approximately 2.3 m and looks similar to the RTD of 
the Springendalse Beek (Figure 3.4d). Although there is potentially tens of meters of saturated 
zone in the catchments (Figure 3.1), the particle tracking showed that the deeper flow routes 
discharge outside the catchment and do not contribute to storage. The Elsbeek catchment on the 
other hand has a calculated storage of 6.6 m on average, which is much higher than the other 
streams as a result of the contributing deeper aquifer (Figure 3.1) and consequently the storage 
consists for a large part of water older than 25 years (Figure 3.4e). It must be noted that calculation 
of the amount of water storage of catchments is generally difficult because of the uncertainty in 
the thickness of aquifers and the part of aquifers that contribute to discharge (Soulsby et al., 
2009; Ali et al., 2014), and to this point, the results presented here are approximations based on 
the particle tracking calculations. 

3.3.3 Dynamic SAS Functions
The calculated RTDs and TTDs were combined into dynamic SAS functions (Equation 3.9) and 
described using cumulative beta distributions as illustrated in Section 2. The fitted a/b values 
of the cumulative beta distributions were averaged per month using the 20 year time frame 
they were calculated for (Figure 3.6). Only the shallow aquifer of the Elsbeek (fitted with the 
cumulative beta distribution with b = 1) was included here, as it is more comparable with the 
other catchments than the combination of the shallow and deep aquifer. On average, the a/b 
values of the Springendalse Beek appear to be higher than those of the Roelinksbeek and Elsbeek 
(Figure 3.6), indicating a lower preference for younger water and a more uniform-selection. The 
Elsbeek and Springendalse Beek show a clear seasonal pattern with lower preference for young 
water in summer and higher preference in winter (Figures 3.6a and 3.6c); in other words, water 
in summer is more uniformly-selected than in winter. As discharge is lower in summer and 
higher in winter, this means that the preference for younger water in the Springendalse Beek and 
Elsbeek catchments increases with discharge (Figures 3.6d and 3.6f). This pattern is not clear in 
the Roelinksbeek, which shows a large variation in young water preference during the summer 
months (Figures 3.6b and 3.6e). Despite the large variation, there appears to be a decrease in 
the preference for older water in spring, followed by an increase in summer when flows are 
low (Figure 3.6b). Late summer to autumn again shows a higher preference for younger water. 
During low discharge conditions (dry) in the Roelinksbeek the preference for younger water 
is highest (Figure 3.6e), while in higher discharge conditions (wet) the preference is lower but 
seems to slightly increase with discharge. 

Because of the use of a spatially-distributed model, it was possible to explore the differences 
within catchments. We constructed separate SAS functions for the upstream and downstream 
parts of the Springendalse Beek and Roelinksbeek and composed the monthly time-averaged 
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Figure 3.5. Fluctuations of discharge fractions provided by young (TT<1 yr), medium (TT 1-25 yr), and 
old water (TT>25 yr) between months (a-c) and with discharge percentiles (d-f) in the catchments of the 
Elsbeek, Roelinksbeek and Springendalse Beek. Boxplots are the result of the grouping and averaging of 
the modelling results of 1990-2010 by month and discharge class.  TT = travel time.
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3.5f). The Elsbeek’s spiky discharge consists mainly of water younger than 1 and older than 25 
years: the medium aged water contributes a minor but stable fraction (Figure 3.5b) which follows 
from the specific shape of the TTD (Figure 3.3f). The discharge of young water (< 1 year old) is 
just above 20% in summer and increases to 40% in winter (Figure 3.5a) while the discharge of 
old water (>25 years old) fluctuates between 50% in summer and 35% in winter (Figure 3.5c). 

In all catchments the storage of the older water is less variable than the younger water, as both 
the seasonal and longer term trends are more profound in the young water fractions (Figures 
3.4a, 3.4c and 3.4e). The storage of the Springendalse Beek that contributes to discharge of the 
stream was determined at 2.5 m, with slightly higher storage in winter than in summer (Figure 
3.4a). The storage of the Roelinksbeek is approximately 2.3 m and looks similar to the RTD of 
the Springendalse Beek (Figure 3.4d). Although there is potentially tens of meters of saturated 
zone in the catchments (Figure 3.1), the particle tracking showed that the deeper flow routes 
discharge outside the catchment and do not contribute to storage. The Elsbeek catchment on the 
other hand has a calculated storage of 6.6 m on average, which is much higher than the other 
streams as a result of the contributing deeper aquifer (Figure 3.1) and consequently the storage 
consists for a large part of water older than 25 years (Figure 3.4e). It must be noted that calculation 
of the amount of water storage of catchments is generally difficult because of the uncertainty in 
the thickness of aquifers and the part of aquifers that contribute to discharge (Soulsby et al., 
2009; Ali et al., 2014), and to this point, the results presented here are approximations based on 
the particle tracking calculations. 

3.3.3 Dynamic SAS Functions
The calculated RTDs and TTDs were combined into dynamic SAS functions (Equation 3.9) and 
described using cumulative beta distributions as illustrated in Section 2. The fitted a/b values 
of the cumulative beta distributions were averaged per month using the 20 year time frame 
they were calculated for (Figure 3.6). Only the shallow aquifer of the Elsbeek (fitted with the 
cumulative beta distribution with b = 1) was included here, as it is more comparable with the 
other catchments than the combination of the shallow and deep aquifer. On average, the a/b 
values of the Springendalse Beek appear to be higher than those of the Roelinksbeek and Elsbeek 
(Figure 3.6), indicating a lower preference for younger water and a more uniform-selection. The 
Elsbeek and Springendalse Beek show a clear seasonal pattern with lower preference for young 
water in summer and higher preference in winter (Figures 3.6a and 3.6c); in other words, water 
in summer is more uniformly-selected than in winter. As discharge is lower in summer and 
higher in winter, this means that the preference for younger water in the Springendalse Beek and 
Elsbeek catchments increases with discharge (Figures 3.6d and 3.6f). This pattern is not clear in 
the Roelinksbeek, which shows a large variation in young water preference during the summer 
months (Figures 3.6b and 3.6e). Despite the large variation, there appears to be a decrease in 
the preference for older water in spring, followed by an increase in summer when flows are 
low (Figure 3.6b). Late summer to autumn again shows a higher preference for younger water. 
During low discharge conditions (dry) in the Roelinksbeek the preference for younger water 
is highest (Figure 3.6e), while in higher discharge conditions (wet) the preference is lower but 
seems to slightly increase with discharge. 

Because of the use of a spatially-distributed model, it was possible to explore the differences 
within catchments. We constructed separate SAS functions for the upstream and downstream 
parts of the Springendalse Beek and Roelinksbeek and composed the monthly time-averaged 
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Figure 3.4. Three age classes of the Residence Time Distributions and Travel Time Distributions of the 
Springendalse Beek (a, b), Roelinksbeek (c, d) and Elsbeek (e, f) catchments. 
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Figure 3.5. Fluctuations of discharge fractions provided by young (TT<1 yr), medium (TT 1-25 yr), and 
old water (TT>25 yr) between months (a-c) and with discharge percentiles (d-f) in the catchments of the 
Elsbeek, Roelinksbeek and Springendalse Beek. Boxplots are the result of the grouping and averaging of 
the modelling results of 1990-2010 by month and discharge class.  TT = travel time.
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a/b values, which are reported in supporting information S3. In the Springendalse Beek the 
upstream and downstream parts had the same seasonal pattern as the whole catchment, but the 
upstream part has a higher preference for older water while the downstream part has a lower 
preference. In the Roelinksbeek the upstream part seems to have the same seasonal patterns as 
the other catchments with a higher preference for older water in summer. The downstream part 
however seems to have no seasonal pattern. 

The preference for young or old water expressed by a/b was plotted against the modelled monthly 
mean depth of the groundwater level and against the fraction of the model cells that drain water 
in the specific month (Figure 3.7). As the groundwater levels and drainge networks differ greatly 
in the upstream and downstream parts of the Springendalse Beek, they were plotted seperatelly 
in Figure 3.7. While for the Elsbeek and downstream part of the Springendalse Beek there is an 
increase in the preference for older water with dropping groundwater levels, for the upstream 
part of the Springendalse beek this preferences seems to decrease (Figure 3.7a). Likewise the 
Elsbeek and downstream part of the Springendalse Beek show an increase in the preference for 
old water when there are fewer actively draining cells. The Roelinksbeek shows no clear relation 
with either the depth of the groundwater or the fraction of draining cells (Figure 3.7b). 

1 2 3 4 5 6 7 8 9 10 11 12

Month of year

0.1

0.2

0.3

0.4

0.5

0.6

0.7

"
a
/
b
"
 
|
 
P
r
e
f
e
r
e
n
c
e
 
f
o
r
 
o
l
d
e
r
 
w
a
t
e
r
 
 

a

Springendalsebeek

1 2 3 4 5 6 7 8 9 10 11 12

Month of year

b

Roelinksbeek

1 2 3 4 5 6 7 8 9 10 11 12

Month of year

c

Elsbeek

0

-

1

0

1

0

-

2

0

2

0

-

3

0

3

0

-

4

0

4

0

-

5

0

5

0

-

6

0

6

0

-

7

0

7

0

-

8

0

8

0

-

9

0

9

0

-

1

0

0

Percentile of Discharge

0.1

0.2

0.3

0.4

0.5

0.6

0.7

"
a
/
b
"
 
|
 
P
r
e
f
e
r
e
n
c
e
 
f
o
r
 
o
l
d
e
r
 
w
a
t
e
r
 
 

d

0

-

1

0

1

0

-

2

0

2

0

-

3

0

3

0

-

4

0

4

0

-

5

0

5

0

-

6

0

6

0

-

7

0

7

0

-

8

0

8

0

-

9

0

9

0

-

1

0

0

Percentile of Discharge

e

0

-

1

0

1

0

-

2

0

2

0

-

3

0

3

0

-

4

0

4

0

-

5

0

5

0

-

6

0

6

0

-

7

0

7

0

-

8

0

8

0

-

9

0

9

0

-

1

0

0

Percentile of Discharge

f

Figure 3.6. Variation in time (a-c) and with discharge (d-f) of the preference for the discharge of older 
water in the 3 catchments. Note that for the Elsbeek catchment (c, f) this only describes the shallower 
aquifers while the catchment also included a uniformly-selected deep aquifer delivering old water. 
Boxplots are the result of the grouping and averaging of the modelling results of 1990-2010 by month and 
discharge class. 
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3.4 Discussion

3.4.1 Travel and Residence Time Distributions
The catchment RTDs showed seasonal variation, particularly in the younger water fraction. 
Changes in storage only occur near the surface because changes in groundwater levels and the 
RTD of the storage are the result of (a) the addition of new water from groundwater recharge 
with a TT of 0, (b) the aging of water already in storage, and (c) the preferential discharge of 
water with a certain age from the storage.

The increased fraction of young water in the wet season found for both the Springendalse Beek 
and Elsbeek (Figure 3.5) is in agreement with earlier research (e.g. Morgenstern et al., 2010), 
where it was found that streamflow under baseflow conditions contains water with longer 
TTs than during high flows. This variation can be explained by changes in flow paths: high 
groundwater levels in winter lead to the discharge of more young water through shallow flow 
paths that are tapped by tile drains or shallow ditches. In addition, research has shown that fluxes 
of old groundwater are more stable throughout the year than those of young groundwater (e.g. 
Rinaldo et al., 2011; van der Velde et al., 2012, 2015). Our results from the Springendalse Beek 
and Elsbeek catchments show that the amount of younger water contributing to discharge indeed 
varies by a larger amount than the old water contribution (Figure 3.5). However, the Elsbeek has 
a more variable discharge than the Springendalse Beek, despite the fact that it contains a larger 
amount of old water. An explanation is that the groundwater levels in the Elsbeek are shallower 
and thus oscillate around the depth of the drainage network, leading to more variation in active 
stream network (Figures 3.7b and 3.8) and consequently into more variation in discharge.

3.4.2 Catchment SAS Functions
The dynamical SAS functions of our study catchments always show a/b values below 1. This 
means that these catchments have a preference for the discharge of young water (Figure 3.6), 
just like previous studies have shown for relatively flat catchments with thick aquifers (Van der 



60

3

Velde et al., 2012, Benettin et al., 2017b). The stronger preference for the discharge of young 
water in wet periods with high storage that was found for the Elsbeek and Springendalse Beek 
(Figure 3.6d, f) is called the “inverse storage effect”, and was also reported by Harman (2015), 
Benettin et al. (2017b) and Pangle et al. (2017). On the contrary we did not find this effect for 
the Roelinksbeek, where the variability of the SAS functions showed no clear correlation with 
seasons, storage or discharge (Figure 3.6). This behaviour will be further discussed in section 4.3. 
While the Springendalse Beek and Roelinksbeek were described directly by one SAS function, 
we needed a combination of two SAS functions to describe the Elsbeek, in a similar way as the 
multi-RS approach reported by Benettin et al. (2017b). 

3.4.3 Catchment Processes and Functioning
Conceptually, the difference in functioning between the catchments can be explained by 
considering two interacting mechanisms that activate flow paths as a result of rising groundwater 
levels and increasing catchment storage (Figure 3.8). In the first mechanism, rising groundwater 
levels activate shallow flow paths which only function seasonally (Rodhe et al., 1996; Rozemeijer 
and Broers, 2007; van der Velde et al., 2012; Hrachowitz et al., 2013; van der Velde et al., 2015). 
This way, the extent of the stream network increases with rising groundwater tables, as more 
shallow streams, ditches and drains start discharging water (de Vries, 1995; Rozemeijer and 
Broers, 2007). Groundwater age tends to increase with depth (Vogel, 1967; Broers and Van Geer, 
2005) and therefore the shallow flow paths that are activated lead to an increased young fraction 
as well as a change in the shape of the SAS function. In the second mechanism, rising groundwater 
levels intensify the fluxes through the full range of flow paths. This process pushes water down 
into the aquifer in infiltration areas and up to the surface from storage in exfiltration areas 
(Botter et al., 2010; Cartwright and Morgenstern, 2015; Duvert et al., 2016). As such, fluxes 
through all flow paths are intensified more or less equally and therefore the contributions of 
different flow paths to discharge are not changed and SAS functions remain the same. These two 
mechanisms can be classified as a kind of internal and external variability, as defined in Harman 
et al. (2016) and Kim et al. (2016). Internal variability includes changes of internal flow paths 
which affect SAS functions (e.g. activation of shallow flow paths) and external variability includes 
the effect of input/climate variability which does not change SAS functions (e.g. flux 
intensification). 

In the Springendalse Beek and Elsbeek 
catchments both mechanisms are clearly 
present: due to the activation of shallow 
flow paths the SAS functions vary with 
discharge and show the “inverse storage 
effect” (Figure 3.6), while due to flux 
intensification in the wet season both 
the amount of young and old water vary 
(Figure 3.4) but SAS functions are not 
affected. Another interesting finding is 
that the Roelinksbeek does not seem to 
show the “inverse storage effect” on the 
time scale we are considering. The fact 
that there is no systematic variation in the 
different TT fractions with discharge in the 

Springendalse Beek upstream 

Roelinksbeek 
Elsbeek 
Springendalse Beek downstream 

Figure 3.8. Conceptual drawings of the main 
mechanism acting in the study catchments. Rising 
groundwater levels control catchment travel times in 
two ways: they increase the speed of fluxes in the full 
range of flow paths (left) and they (re)activate shallow 
flow paths (right).
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Roelinksbeek catchment (Figures 3.4 and 3.5) suggests that variation in groundwater levels here 
does not activate new shallow flow paths. However, the extent of active drainage varies especially 
strong in this catchment, which suggests a dynamic drainage system (Figure 3.8). Comparing 
the upstream and downstream part of the Roelinksbeek revealed that the upstream part, which 
includes an aquifer on top of the moraine, functions similar to the other catchments and does 
show the “inverse storage effect” with a higher preference for younger water in the wet season 
(see supporting information S3). The unclear seasonal pattern shown in Figure 3.6b is thus the 
result of the downstream part of the Roelinksbeek catchment, where the preference for young 
water shows no seasonal pattern. An explanation can be found in the fact that the summer 
discharge in the Roelinksbeek catchment is very low and that streamflow regularly ceases during 
dry periods. During the transition from wet to dry, groundwater levels drop and the drainage 
network shrinks. However, part of the Roelinksbeek catchment only has a thin aquifer layer 
(Figure 3.1) where groundwater levels drop less deep and the formation of old water is not 
possible. At these locations, relatively young water will remain being discharged during the 
first part of the dry period and as a result the preference for younger water in the catchment 
actually increases. When groundwater levels drop further this preference for younger water 
ceases and only deep flow paths remain. As the catchment wets up following the dry period 
the reverse happens and a higher preference for younger water precedes the higher preference 
for older water in the wet period. These analyses show that both flow path activation and flux 
intensification may occur in a catchment even though stable SAS functions may suggest only the 
occurrence of flux intensification. 

3.4.4 Landscape Characteristics Controlling Catchment Functioning
Our study did not include enough catchments to systematically analyse relationships between 
landscape properties and SAS function, but we can link the shape of the obtained SAS functions 
and its variability to several dominant catchment characteristics.

For the activation of young flow paths to occur in a catchment, there needs to be a drainage 
network that falls dry during dry periods and is reactivated during wet periods. This way, stream 
geometry as well as artificial drainage control the shape of catchment TTDs and SAS functions. 
By activating shallow flow paths, artificial drainage shifts the complete TTD towards younger 
ages, decreasing the fluxes of old water and thus increasing the age of this old fraction (e.g. 
Danesh-Yazdi et al., 2016; Rozemeijer et al., 2016). As all three catchments showed at least some 
variation in the SAS functions (Figures 3.3g-3.3i), flow path activation must be taking place.

The upstream part of the Springendalse Beek catchment has a higher preference for the discharge 
of older water than the downstream part (see Supporting Information S3). These subcatchments 
have contrasting drainage network and aquifer thickness. While the upstream part has a relatively 
stable discharge due to the many springs draining the thick aquifer, the downstream part has a 
more spiky discharge with many agricultural drains and ditches, a shallower groundwater level 
and fewer slopes, leading a higher preference for the discharge of younger water. Despite this, 
the seasonal pattern in a/b (inverse storage effect) is similar. It is therefore surprising that the 
preference for younger water seems to decrease with higher groundwater levels (Figure 3.7a). 
We argue that this correlation is a spatial artefact, caused by the fact that at the start of the 
drying period groundwater levels on the stream valley flank remain high, while the first parts 
of the drainage network are already deactivated. The Elsbeek catchment also shows an increase 
in the preference for old water in the dry season when there are deeper groundwater levels and 
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fewer cells draining water. This supports the idea that these catchments function in similar ways 
(Figure 3.8) and are highly influenced by the drainage network. The Roelinksbeek, however, 
shows no clear relation with either the depth of the groundwater or the fraction of draining 
cells (Figure 3.7b), which results from the mixing of spatially contrasting storage-discharge 
behaviour (as described earlier). This is similar to the spatial effect of groundwater levels on a/b 
reported for the upstream part of the Springendalse Beek. 

The SAS functions of the Elsbeek, with a geology consisting of two aquifers, had a more complex 
shape which could not be described by a single cumulative beta distribution (Figure 3.3i). Instead, 
a mix of two cumulative beta distributions was used, representing a shallow reservoir with a 
preference for young water and a deep uniformly selected reservoir. This was also described by 
Gusyev et al. (2013) for one of their study catchments, where they showed how, depending on 
the hydrogeological conditions in the aquifers, a river contained a mixture of young water from 
a shallow layer and old water from a deep layer. Similar observations were made for groundwater 
wells, for instance by Eberts et al. (2012) who showed the importance of major hydrogeological 
features for the TTD of wells. This result shows that the specific subsurface configuration exerts 
a strong control over the shape of the SAS functions that cannot always be captured by a simple 
cumulative beta distribution. This leads us to conclude that while drainage processes seem to 
control the preference for young water as well as the variation in storage selection in time (Figure 
3.7), geological constraints control the overall shape of the SAS function.

In our study, evapotranspiration from groundwater was taken from the youngest water, and 
because of that, the average age of the groundwater increases when evapotranspiration 
increases. On the other hand, evapotranspiration can be considered to counteract piston-flow 
mobilisation of flow paths, as it reduces the pressure on the system and consequently the flows 
of older water. This is similar to Cartwright and Morgenstern (2015), who argued that higher 
evapotranspiration decreases the volume of discharge of older water. It can therefore be argued 
that evapotranspiration can both increase and decrease catchment TTDs and the SAS a/b. 

3.4.5 Time Variability of SAS Functions in Lumped Catchment Reservoir Approaches
SAS functions are applied in literature to describe the coupling between S and Q and to create 
TTDs for catchments for which not a detailed spatial distributed model is available. For this, 
a SAS-functional form is chosen or fitted, which is then combined with water balances to 
construct the TTDs (Figure 3.2). Our study catchments show a preference for the discharge of 
young water and the “inverse storage effect” where the preference for younger water increases 
during the wet season. This seasonality was already used by both van der Velde et al. (2015) and 
Harman (2015), who specified storage-dependent selection (SAS) functions. Recently Benettin 
et al. (2017b) showed TTDs that were also time-variable with catchment wetness (storage) and 
Danesh-Yazdi et al. (2016) included time-variable selection by choosing SAS functions based on 
seasons. Extending on these studies, our research shows variation in catchment SAS functions 
that were actually calculated from a transient groundwater model. The SAS functions of the 
Springendalse Beek and Elsbeek showed clear variation with wetness, supporting the practice of 
varying SAS functions with storage. However, the SAS function of the Roelinksbeek catchment 
did not have a clear correlation with storage, discharge or seasons.
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3.4.6 Limitations and Implications
This paper studied TTs of only the groundwater as it delivered most of the discharge in our study 
catchments due to the thin unsaturated zones and thick aquifers. For the full TTD of catchments 
with thick unsaturated zones and shallow aquifers it is of importance to take TTs through the 
unsaturated zones into account. Both the effect of unsaturated zone and preferential flow paths 
on catchment TTs are captured in tracer studies and it should be an aim to include these more 
in catchment modelling studies. In addition, for simplicity we used step functions to represent 
evapotranspiration (Equation 3.10). Although evapotranspiration may have been oversimplified 
in our study, we also did not take TTs and mixing in the unsaturated zone into account which is 
where most of the evapotranspiration processes take place. In this study we computed monthly 
varying TTDs and SAS functions, while shorter term variability is also important especially when 
TTDs are used to compare with grab-samples of water chemistry (e.g. Benettin et al., 2017b). 
This short time variability, however, was not the focus of our study as we aimed to understand 
the effects of geology and catchment structure on TTDs. Future research should focus on the 
effects of preferential flow paths and the resulting short time variability in catchment mixing/
selection. In addition, recent studies focussed on SAS functions of ET (e.g. Queloz et al., 2015), 
which can be combined with groundwater SAS functions.

The TTDs in this paper are the result of forward modelling and therefore provide conceptual 
understanding of the different catchment systems, given the underlying model. The advantages 
of calculating TTDs using a distributed groundwater model as opposed to lumped catchment 
reservoir models are that effects of heterogeneity are better captured and the possibility to model 
TTDs in a forward way instead of fitting them on measured concentration or discharge time 
series. This opens the opportunity to calculate the effect of measures and scenarios on catchment 
TTDs (e.g. Wilusz et al., 2017). A time series of 3H measurements or other young groundwater 
tracers such as CFC’s or SF6—preferably spanning a period of 5-10 years—would be beneficial 
for validation purposes (e.g. Modica et al., 1998; Kolbe et al., 2016), and if sampled with high 
enough frequency, could also reveal and confirm the dynamics of the TT distributions (as 
found by e.g. Morgenstern et al., 2010). Unfortunately these data were not available in our study 
area. Inversely, a more efficient sampling design and tracer interpretation could be achieved 
predicting the age tracer signals beforehand using our TTD model approach, which was outside 
the scope of this paper.

Because flow paths have different chemical characteristics, the TTs of groundwater can be used 
to predict or interpret the chemistry of the surface water that is fed by the groundwater. More in 
depth knowledge of the behaviour of time-variable SAS functions for different catchments helps 
research in which TTs are calculated from an assumed SAS function (see Section 4.5). The use of 
spatially distributed models opens more opportunities to unravel the landscape characteristics 
controlling time and spatially varying TTDs and SAS functions, but we must not forget the 
limitations of such models regarding preferential flow paths and subsurface heterogeneity.
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3.5 Conclusions

To explore the variation in the groundwater contribution to streams, an approach was presented 
to calculate dynamic monthly RTDs, TTDs and SAS functions which builds upon recent advances 
in TT research. With this method, the groundwater contribution to three Dutch streams was 
characterised. The TTD of the groundwater input to streams is highly variable as a result of the 
activation of different groundwater flow paths. Old flow paths are more stable than younger flow 
paths in time, but still vary due to the intensification of fluxes in wet periods. 

The dynamical SAS functions showed that our study catchments have a preference for the 
discharge of young water throughout the year, just like previous studies have shown for relatively 
flat catchments with thick aquifers (Van der Velde et al., 2012; Benettin et al., 2017b). In addition, 
for two of the study catchments the storage selection shifts towards a preference for older water 
in summer, as young flow paths cease. On the other hand, this “inverse storage effect” was not 
found for the Roelinksbeek catchment which is probably caused by spatial mixing within the 
catchment, which complicates interpretation of catchment SAS functions. It was shown that the 
dominant process that governs the shape of the SAS function relates to subsurface structure, 
while the overall preference for young water seems strongly controlled by drainage density and 
the variability in storage selection is controlled by the extent to which shallow-flow paths are 
activated when a catchment wets up. 

Time-varying SAS functions are required for realistic computation of dynamic TTDs with 
lumped catchment-scale reservoir approaches and this research showed realistic ranges for the 
variability in time and space in the SAS functions of lowland catchments. For some catchments 
SAS functions can be varied with storage or discharge, whereas in another catchment SAS 
functions did not clearly show this relation. In addition, catchments composed of multiple 
aquifer layers may require the mixing of multiple SAS functions. Further research is needed to 
gain more insight into the relation between the TTD and the chemistry of both ground- and 
surface water and to find the landscape characteristics controlling catchment functioning. 
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Chapter 4

Aged streams: Forward Groundwater Flow Tracking validated 

by tritium and nitrate time lags

Abstract

Surface waters are under pressure of diffuse pollution from agricultural activities and 
groundwater is known to be a connection between the agricultural fields and streams. We 
calculated in-stream concentrations by coupling input curves for tritium, chloride and nitrate 
with dynamic groundwater travel time distributions (TTDs) derived from a distributed, 
transient 3D groundwater flow model using forward particle tracking. We tested our approach 
in a lowland stream and found that the variable contribution of different groundwater flow 
paths to stream water quality reasonably explained the majority of long-term and seasonal 
variation in the measured stream nitrate concentrations. A sensitivity analysis was done to study 
the breakthrough of agricultural nitrate and it was found that an unsaturated zone, increased 
mean travel time and a longer distance between agricultural fields and stream cause a lag in the 
breakthrough of agricultural solutes. Similarly, the recovery of concentrations after measures 
that aim to reduce the solute inputs is determined by these parameters, with combinations of 
slow reduction rates and long MTT tending to result in considerable lag times after start of 
the reductions. We labeled the part of the catchment area where the seepage water infiltrated 
that contributes to stream discharge at a certain moment in time the ‘groundwater contributing 
area’. This groundwater contributing area was shown to increase and shrink based on wetness 
conditions within the catchment. Especially the location of agricultural fields in the groundwater 
contributing area in relation to the catchments’ drainage network was found to be an important 
factor that largely governs the travel times of the agricultural pollutants. We conclude that 
groundwater functions as a buffer on the effect of agricultural pollution, by distributing water in 
time and space and making it possible for different waters to mix.

This chapter is in preparation for submission: Kaandorp, V.P., Broers, H.P.  and de Louw, P.G.B. 
Aged streams: Forward Groundwater Flow Tracking validated by tritium and nitrate time lags



66

4

4.1 Introduction

Diffuse pollution with nutrients is one of the main pressures on Europe’s surface- and 
groundwaters (EEA, 2018). Intensive agricultural land-use and the accompanying use of manure 
and fertilizers have significantly increased the amount of nitrate in the hydrological system in 
the period after 1950 (Aquilina et al., 2012; Broers and van der Grift, 2004; Hansen et al., 2011; 
Worrall et al., 2015b). Nitrate leaches to the groundwater (Boumans et al., 2008; Wang et al., 
2012) from where it is transported towards surface waters though fast and slow flow paths, 
creating a stress on surface water quality (Howden et al., 2011b; Kaandorp et al., 2018b; van der 
Velde et al., 2010). 

Flow paths are the routes that water particles travel through the subsoil, crossing different 
geological formations and reaching certain depths, which takes a certain travel time from 
infiltration to exfiltration (Broers and van Geer, 2005; van der Velde et al., 2010). The nitrate 
concentration in groundwater and streams depends on these groundwater flow paths and travel 
times, as well as land-use. Both the route and travel time influence hydrochemical processes, as 
they determine which mediums are passed and the time that is allowed for (biogeo)chemical 
reactions. Nitrate concentrations may for instance decrease by denitrification when passing 
organic or pyrite-rich layers.

Land-use determines the nitrate input as well as the spatial distribution of the input (Boumans 
et al., 2008). Thus, all water particles may carry different nitrate concentrations depending on 
the source of infiltration, flow path and the travel time along the flow path. For example, the 
input of nutrients is higher on fertilized agricultural fields than in forested areas. In catchments, 
groundwater flow paths provide the hydrologic connection between infiltration areas and 
seepage zones in streams (e.g. Ali et al., 2014; Birkel et al., 2015; McGuire and McDonnell, 2010). 
Because groundwater flow paths are variable in time, the delivery of nitrate from groundwater 
to surface waters also varies in time (Rozemeijer and Broers, 2007). 

In a recent paper, Kaandorp et al. (2018a) presented dynamic travel time distributions (TTDs) 
for lowland catchments in the Netherlands. They showed how groundwater flow paths in these 
catchments vary in time and discussed differences in mixing processes between young and old 
groundwater in the streams with time. In this paper we combine these dynamic travel time 
distributions with input curves for tritium, chloride and nitrate to reconstruct and forecast the 
historical and present concentrations in a Dutch stream, while including the dynamic nature of 
catchments both in time and space. Our aim was to test whether the use of dynamic travel time 
distributions as derived from a distributed, transient 3D groundwater flow model adds value 
to the understanding of the breakthrough pattern of groundwater derived solutes in a lowland 
stream. This work extends on recent advances of the groundwater contribution to streams (e.g. 
Engdahl et al., 2016; McDonnell et al., 2010; Morgenstern et al., 2010; Solomon et al., 2015; van 
der Velde et al., 2012), by combining transient TTDs from a forward particle tracking model 
with historical records of tritium, chloride and nitrate inputs. 

Tritium and chloride were included as water tracers, where tritium is part of the actual water 
molecule and chloride was considered to be conservative while passing through the aquifer. 
Convolutions of the input curves with the modelled TTDs were compared with observed stream 
concentrations of tritium, chloride and nitrate, which opens the possibility of validation of the 
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model-derived TTDs. We used the model to assess whether the fluctuation in flow paths and 
contributing areas explain the variability of stream water quality, as has been found in other 
studies (Musolff et al., 2016; Rozemeijer and Broers, 2007), and ran a sensitivity analysis of 
the parameters that determine lag times between recharge of the solutes and discharge in the 
stream, such as unsaturated zone delay, the distance between fields and the stream and the mean 
travel time of the system. Lastly, we explored the effects of input scenarios on the breakthrough 
of agricultural nitrate. 

4.2. Methods

4.2.1. Study area
A lowland stream in the east of the Netherlands, the Springendalse Beek, was selected for this 
study because of its high nitrate concentrations and interesting differences between upstream 
and downstream parts of the catchment (Kaandorp et al., 2018b). The catchment has a 
temperate marine climate with a mean temperature of 9.6 °C and mean annual precipitation and 
evaporation of around 850 and 560 mm respectively. The size of the catchment is 4 km2 and the 
average discharge downstream is 0.043 m3/s with a baseflow index of 0.8 (Gustard et al., 1992). 

The catchment is located on the flank of an ice-pushed ridge that was formed during the Saalien 
glaciation and has a maximum elevation of 75 m above sea level. Recent hydrogeological 
inventories strongly suggest a very complex ice-pushed structure, composed of a series of tilted 
slabs of Tertiary clays (Formation of Breda and older) intercalated with Pleistocene moderately 
coarse, organic poor sands and some gravel that were deposited by a braided river (Formation 
of Appelscha). These slabs roughly have a N-S strike direction, perpendicular to the receiving 
Springendalse Beek stream (pers. comm. Harting and Bakker, TNO Geological Survey of 
the Netherlands) and can hardly be passed by groundwater flow, leading to relatively high 
groundwater tables compared to more sandy ice-pushed ridges in the Netherlands. In general, 
the average depth of the water table is around 0.5 m below the surface in the downstream part of 
the catchment and up to about 3.0 meter below the surface in the highest parts of the upstream 
of the catchment, presumably concentrated at outcrops of the Pleistocene sands. The streambed 
of the stream is sandy with some occasional gravel, which represents material from the tilted 
Appelscha Formation.  

The upstream part of the Springendalse Beek catchment has several spring areas and is mostly 
forested with some agricultural fields, while farmland is more abundant in the downstream part 
of the catchment. These farmlands are often artificially drained by a system of tile drains and 
ditches. Due to its constant flow and permanent springs, the stream is known to have a high 
ecological value (e.g. Nijboer et al., 2003; Verdonschot et al., 2002). 
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4.2.2. Collecting water quality measurements of ground- and surface water
Surface water quality measurements were collected from various sources. First, historical data of 
chloride and nitrate concentrations was obtained from earlier studies (Dam et al., 1993; Higler 
et al., 1981; Hoek, 1992; Nijboer et al., 2003; van der Aa et al., 1999; Verdonschot and Loeb, 2008; 
Visser, 2001). This dataset was complemented with a 1985-present time series of Cl and NO3 
that was collected by the monitoring program of the local Waterboard Vechtstromen. We further 
extended this dataset with field data of the period 2015-2018, determining NO3 using a DR1900 
HACH field spectrophotometer and laboratory analysis of NO3 and Cl. For this, samples were 
filtered (0.45 µm) and stored cool in glass tubes and ion analysis was done within 48 hours using 
a Dionex ICS-1500. For tritium, 10 samples were taken over the period 2016 to 2018. These 
were stored in 1L plastic containers and measured at the Bremen mass spectrometric facility 
by degassing followed by analysis of 3He with a Sectorfield mass-spectrometer (MAP 215-50) 
(Sültenfuß et al., 2009). 

4.2.3. Groundwater Model and TTDs
The dynamic TTDs for the Springendalse Beek catchment were calculated using forward particle 
tracking on a high-resolution spatially distributed groundwater flow model following the method 
described by Kaandorp et al. (2018a). A concise description of the method is given here and 
more details are found in Kaandorp et al. (2018a). Groundwater flow was calculated using an 
existing finite-difference groundwater flow model (MODFLOW, Harbaugh, 2005) created and 
calibrated on groundwater heads and validated with both groundwater heads and river discharge 
in earlier studies (Hendriks et al., 2014; Kuijper et al., 2012). Groundwater flow was simulated 
with a monthly time step on a regional scale (total modelled area 58 by 45 km) with cells of 
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25*25 m. The top of the model followed the surface elevation and the model consisted of seven 
layers of variable thickness, based on the Dutch Geohydrological Information System (REGIS II, 
2005). Figure 4.1 gives a 2D cross-section through the model’s hydrogeological schematization 
of the subsurface, which is a gross simplification typical in regional groundwater flow models. 
Mean aquifer thickness in the model was approximately 18 m, but varied between 0.5 and 30 
m. Transmissivity in the aquifers was approximately 40 m2/day, porosity was assumed to be 
0.3 and some anisotropy was added in the ice pushed ridges (Kuijper et al., 2012). The entire 
drainage system in the catchment was modelled using the DRN and RIV MODFLOW packages 
(Harbaugh, 2005). Flow through the unsaturated zone was modelled using the MetaSWAP 
model for a seasonal representation of the groundwater recharge based on land-use (De Lange 
et al., 2014; van Walsum and Groenendijk, 2008; van Walsum and Veldhuizen, 2011). To allow 
for the calculation of long groundwater flow paths the model was run for the period of 1700-
2017, repeating climate data from the period 1965-2017 (see Kaandorp et al., 2018a). 

Backward groundwater travel times (TTs), that represent the age of the water that contributes 
to streamflow (Benettin et al., 2015; Harman, 2015; van der Velde et al., 2012), were calculated 
using a combination of forward particle tracking and volume “book keeping” (Kaandorp et al., 
2018a). Using the flow velocities calculated by the groundwater flow model, particle tracking 
software MODPATH version 3 (Pollock, 1994) was used to calculate transient flow paths and 
TTs. Particles were released monthly at the water table at the center of each model cell and 
represented the volume equal to the total groundwater recharge of that month. Particles were 
released for the total model period spanning 317 years yielding a total of 3,804 particle tracking 
runs, which each had around 14 thousand particles. Particles were stopped at strong sinks or at 
weak sinks if the fraction of discharge to the sink was larger than 50% of the total inflow to the 
cell (Kaandorp et al., 2018a). To construct monthly TTDs, particles were collected on a monthly 
time scale at their end points in an area of interest (whole catchment or part of catchment). As 
we started the particles at the water table, we effectively neglected the travel time through the 
unsaturated zone (e.g. Green et al., 2018; Sprenger et al., 2016; Wang et al., 2012), but this layer 
was generally thin in the study area (mostly <1 m) and our focus was on the groundwater TTs 
and time scales. Leaching of nitrate through the unsaturated zone was included in constructing 
the input curves. 

4.2.4. Tritium input curve
Principally, a series of tritium measurements in streams can be used to derive (ground)water age 
distributions, assuming a certain lumped model (Broers and van Vliet, 2018a; Cartwright and 
Morgenstern, 2015; Duvert et al., 2016; Gusyev et al., 2014; Morgenstern et al., 2010; Solomon 
et al., 2015; Stewart et al., 2016). Here, we intend to use 3H in an opposite approach; validating 
our dynamic groundwater model TTDs using a short series of 3H measurements in the gaining 
stream. For the 3H input into our model, we combined the monthly measurements of tritium in 
precipitation of the closest measurement stations Groningen (1970-2010) and Emmerich (1978-
2016), taken from the GNIP Database of tritium activity in precipitation (IAEA/WMO, 2018). 
For months that both stations had measurements, we used the average concentration, as our study 
area is located approximately halfway between these two measurement stations. For months that 
measurements from both stations were not available, we adjusted the available data using a factor 
based on the average difference between the stations, following an approach similar to Meinardi 
(1994). Because the relation between the values measured at the two stations seemed to differ 
before and after 1997, we use two factors: before 1997, we used Emmerich = Groningen*1.49. 
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From 1997 onwards, we used Emmerich = Groningen * 1.03. For the period before 1970 we 
used adjusted measurements from Vienna and Ottawa, roughly following (Meinardi, 1994). 
Figure 4.2 shows the constructed input curve. Tritium in precipitation increased in the 1950s 
and 1960s following hydrogen bomb testing and has been returning to natural values since the 
1980s (Figure 4.2). The monthly 3H concentration in precipitation was fed directly into the 
modelled groundwater recharge, as tritium is part of the actual water molecule. 

4.2.5. Land-use and chemical input curve
Two types of land-use were distinguished: 
farmlands and natural vegetation, which 
includes forests and heather (Figure 4.1). 
Concentrations of solutes reaching the 
water table below natural areas were 
assumed to be constant in time: 15 mg/L 
for chloride and 5 mg/L for nitrate, which 
are conservative estimates based on Kros 
et al. (2004) and Van Beek et al. (1994). For 
agricultural fields, a chemical input curve 
was constructed on an annual basis. For 
the period 2000 to 2017, we used the data 
for the Dutch sandy areas of the Dutch 
Minerals Policy Monitoring Programme 
(LMM), which includes monitored 
concentrations in the uppermost first 
meter below the water table at agricultural fields since 1991 (see e.g. Boumans et al., 2005; 
Fraters et al., 2015). For the period 1950 to 2000, we used the N and Cl surplus that was derived 
from historical bookkeeping records of minerals applied to farmlands and corrected for crop 
uptake (Broers and van der Grift, 2004; van den Brink et al., 2008; Visser et al., 2007). We 
combined this data with the 2000-2017 LMM data by fitting the overlap between 1991-2000 by 
adjusting the older data to correspond to a groundwater recharge of 0.35 m/year and a nitrate 
transformation factor of 0.85 in the unsaturated zone, which corresponds with Dutch data for 
soils with average water tables around 1 m depth (Steenvoorden et al., 1997; van den Brink et al., 
2008). Chloride and nitrate increased from the 1950s until around 1985 due to intensification of 
agriculture (Figure 4.2). From 1985 concentrations from agricultural fields decreased as a result 
of national and European legislations (Dutch Manure Law, 1986; Nitrates Directive: EC, 1991), 
that contain rules for the reduction of N applications in farming. Figure 4.1 shows the areas 
where the constructed agricultural input curve was used as input for the model, the other parts 
of the catchments were given the constant concentration of natural vegetation. 

4.2.6. Water quality modeling
The dynamic TTD was combined with the input curves by assigning tritium, chloride and nitrate 
(Figure 4.2) to the particles based on their starting time and location (natural/agricultural). 
For each month the particles that contributed to stream discharge were combined, and their 
concentrations weighted based on their volumes to simulate the concentrations in the stream. 
Cl and NO3 were assumed constant over a specific year, whereas monthly 3H measurements 
were directly assigned to the particles in the start month. The model keeps trace of particles that 
are lost through evapotranspiration within the months after their initial start, thus effectively 
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removing water and 3H in periods of a precipitation deficit. For Cl and NO3 the solute input is 
constant over the year and based on concentrations in the uppermost groundwater, thus there is 
no need to further account for evaporation for these solutes.  

4.2.7. Sensitivity analysis  
The initial run of the water quality model was based on the groundwater flow model that was 
made for other purposes, related to the quantification of water levels and flow of water, not solutes. 
Therefore, it had not been calibrated for transport of solutes. We did not intend to calibrate this 
model for this new purpose, instead we carried out a sensitivity analysis in order to increase 
understanding of the transport, and effectively revealing the uncertainties that are involved and 
the parameters that determine the outcomes. In the sensitivity analysis, we explored the effect of 
the following processes: 1) unsaturated zone delay, 2) increased travel times, 3) different input 
curves, 4) spatial differences in the input, and 5) denitrification (Table 4.1). 

Table 4.1. Sensitivity analysis.
Set Parameter
- Base case. Variable input, no denitrification
1 Unsaturated zone delay Travel Time delay
2 Increased travel times Mean Travel Time
3 Differences in the input curve in time Input
4 Differences in the input curve in space Input
5 Denitrification Travel Time, depth

Base case:
The initial run of the model was based on land-use maps of the catchment of the year 2007 
(Figure 4.1) and the constructed input curves (Figure 4.2) were used for the agricultural fields, 
with no further changes to the model. The model therefore did not consider an unsaturated zone 
or reactive processes such as denitrification.  

Set 1, unsaturated zone: 
The initial model neglected transport time in the unsaturated zone, while it takes time for water 
to flow from the surface to the groundwater table. This creates a time delay in the order of months 
to multiple years (Green et al., 2018; Sprenger et al., 2016) and even decades (Wang et al., 2012), 
depending on the depth of the water table and soil characteristics. In our sensitivity analysis we 
applied a time delay of 5 years for all particles in our model, assuming that piston flow occurs 
through an unsaturated zone with an equal thickness everywhere in the catchment area. In 
reality, flow through the unsaturated zone is much more complicated due to e.g. macropores and 
chemical processes, but this was outside of the scope of the current study. 

Set 2, increased travel times: 
Next, we explored the effect of different travel times by applying a multiplication factor of 5 
on all the calculated travel times of all flow paths. Increasing the ages of groundwater implies 
an increase in mean travel time (MTT), which could result from a different aquifer thickness, 
porosity, groundwater recharge or a change in drainage density (Broers, 2004; Duffy and Lee, 
1992; Raats, 1978; van Ommen, 1986).
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Set 3, differences in the input curve in time:
The input curve for Cl and NO3 was created on a regional scale and has been successfully used 
at a local scale in earlier studies (van den Brink et al., 2008; Visser et al., 2007). However, we 
explored the effect of a more delayed input curve, which could for instance be caused by slightly 
different local farming practices compared to the regional input curves. In addition, we explored 
the effect of a sharp decrease in the input by removing all agricultural application of N after the 
year 1985. In both scenarios the peak of the agricultural input curve for chloride and nitrate 
was kept at 1985, as this timing of the peak has been found all over the Netherlands (e.g. van 
den Brink et al., 2008; Visser et al., 2007; Zhang et al., 2013) and results from the EU milk quota 
legislations in 1984 and EU and Dutch manure laws (Dutch Manure Law, 1986; EU Nitrates 
Directive, 1991). 

Set 4, differences in the input curve in space:
We explored the effect of different land-use configurations by moving the agricultural fields 
either away from the stream (towards longer travel times) or towards the stream (shorter travel 
times). A buffer zone of 200 m around the stream was used and two scenarios were tested. First 
the buffer zone was turned into an agricultural area, while all fields outside the buffer zone were 
turned into natural areas. Second, the reverse was done: the buffer zone was turned into natural 
areas with agricultural fields outside of the buffer zone. A ratio of 50% agriculture and 50% 
natural vegetation was used for the agricultural areas in these scenarios to prevent excessive 
nitrate concentrations and to keep the total input in the system approximately equal as based on 
the land-use maps. 

Set 5, denitrification:
In the Netherlands, denitrification is known to remove nitrate from the groundwater, partly by 
oxidation of organic C or pyrite:

    (4.1)

   (4.2)

Oxidation of pyrite has been found to be the main nitrate reducing process in several studies (e.g. 
Broers and van der Grift, 2004; Postma et al., 1991; Prommer and Stuyfzand, 2005; Tesoriero 
et al., 2000; Visser et al., 2007; Zhang et al., 2009). To see the possible effects of different 
conceptualizations, denitrification and nitrate time lags were modelled in different ways. First, 
it was simulated as a kinetic zero order reaction following:

 NO NO rate travel time
3 3
� � * �       (4.3)

We used 10 mg NO3/L/year as the rate of denitrification, which is in the range of values reported 
by Van Beek et al. (1994) for the Netherlands. Second, denitrification was based on the occurrence 
of a pyrite layer at a certain depth, similar to the model of Zhang et al. (2013). All nitrate passing 
through the denitrifying pyrite layers was instantaneously removed. 
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4.3. Results

4.3.1. TTD modelling result
The model indicated that about 20% of discharge in the Springendalse Beek is water with a travel 
time less than 1 year, while about 15% of discharge has a travel time of more than 25 years 
(Figure 4.3a and b). The discharge in the Springendalse Beek thus consists mainly of medium 
aged water (1 – 25 years) and the mean travel time is approximately 11 years and median travel 
time around 4 years. Part of the discharge in the catchment originates from agricultural fields 
and part from natural areas. Based on the land-use map (Figure 4.1) and the particle tracking, 
we found that in the upstream part of the catchment between 15 and 25% of discharge infiltrated 
under agricultural fields (Figure 4.3c and d). For the total catchment this increases to about 25 
to 35%, because a larger part of the downstream catchment is used for agriculture. 

The contribution from agricultural fields shows a seasonal pattern especially for the total 
catchment (Figure 4.3d), with higher agricultural contributions during the wet winter. A larger 
fraction of discharge is young in winter compared to summer, especially in the downstream 
part of the catchment (Figure 4.3b). During this period, the activation of flow to tile drains and 
towards adjacent ditches promotes the shallow flow paths resulting in a young water component 
(Rozemeijer and Broers, 2007; van der Velde et al., 2009).

4.3.2. Stream measurements and initial modelling results
We started sampling for 3H in 2016 because we anticipated that tritium could give an independent 
validation of our transient TTD model. Tritium concentrations were found to be around 5 TU 
(Figure 4.4a). Although the time series is relatively short, the model captures the variability 
of the actual 3H measurements well, though the modelled concentrations overestimate the 
measured concentrations by approximately 0.5 TU (Figure 4.4a). Based on experience in other 
catchments (Broers and van Vliet, 2018a; Morgenstern et al., 2010) this might be caused by the 
model underestimating the mean age of water in our catchment. 
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Figure 4.3. Three age classes of the travel time distributions of the discharge in the Springendalse Beek for 
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The chloride and nitrate measurements show a clear trend reversal (Figure 4.4c-f) that resembles 
the trend reversal in the input curves (Figure 4.2). Chloride concentrations in the upstream part 
of the catchment increase from about 20 mg/L in the 1970s to up to 30 mg/L between 1990 and 
1994 (Figure 4.4c), which is later than the peak in the input curve in 1985 (Figure 4.2). In the 
same period, the chloride concentrations measured at the outlet of the total catchment peak 
at a concentration up to about 42 mg/L (Figure 4.4d). After 1994, the chloride concentrations 
decrease both up- and downstream and have been approximately stable between 20 and 25 
mg/L since the year 2000, similar to the trend in the chloride concentrations in the uppermost 
groundwater. The initial model run was based on the land-use and input curves described in 
paragraph 2.5 and included no further processes or changes to the original flow model. The 
modelled chloride concentrations gave a reasonable fit (Figure 4.4c and d), although the 
modelled concentrations were too low for the period between 1990 and 1995 and the chloride 
peak was simulated around 1985 instead of 1990. 

The measured timing of nitrate at the outlet of the catchment (Figure 4.4f) is similar to chloride 
(figure 4.4d) with an increase up to 1994 when the maximum of 50 mg/L is reached. After 
that, nitrate concentrations have decreased but at a slower rate than chloride. While the 
measurements showed the nitrate peak around 1994 and 1997 for the total catchment and 
upstream respectively, the initial model run showed the nitrate peak around 1987 for both the 
total and upstream catchment. This may suggest that travel times were underestimated in the 
model, in correspondence with the results from 3H. 

What is especially noticeable is that for the upstream part of the catchment, the timing of 
the chloride and nitrate peaks in the measurements do not coincide. This could be caused by 
processes that only affect nitrate and not the more conservative chloride, such as denitrification. 
The difference could also indicate that the ratio between chloride and nitrate have changed in 
the fertilizers used or suggest point source pollution disturbing the agricultural signal. 

The measured chloride and nitrate measurements nicely reflect the seasonality in the contribution 
of water infiltrated below agricultural fields (Figure 4.3) by showing more variation in the 
downstream than in the upstream part of the catchment (Figure 4.4). Like the measurements, 
the initial model run showed higher chloride and nitrate concentrations in winter than in 
summer, and this seasonal variation was larger for the total catchment than the upstream 
catchment. This agrees with the measurements and conclusion of Kaandorp et al. (2018a) that 
the contribution of different flow paths differ between the two parts of the catchment. .
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Figure 4.4. Measurements and initial model results based on the TTDs from Kaandorp, et al. (2018) and the 
input curves in Figure 4.2. No further processes were added yet. Note that tritium samples were only available 
for the upstream part of the catchment (panel a). 
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4.3.3. Sensitivity analysis: Effects on the breakthrough of tritium, chloride and nitrate 
Overall, the simulated tritium, chloride and nitrate concentrations in the stream did not completely 
fit the measurements, both in concentration and in the arrival in time of the agricultural peak 
(Figure 4.4). Instead of attempting to further adapt and calibrate the groundwater flow model, 
we ran a sensitivity analysis, exploring the parameters that might determine the apparent 
mismatch with the measured concentrations; thereby increasing our understanding of the flow 
and transport system in catchments in general. 

Scenarios affecting the travel time distribution
Unsaturated zone
An unsaturated zone was added to the upstream catchment model with a travel time of 5 years, 
as a separate piston flow component superposed on the groundwater system that was modelled. 

This shifted the tritium peak in time and led to a decrease in the tritium concentrations because 
decay takes place while travelling through the unsaturated zone (Figure 4.5a). Because chloride 

The chloride and nitrate measurements show a clear trend reversal (Figure 4.4c-f) that resembles 
the trend reversal in the input curves (Figure 4.2). Chloride concentrations in the upstream part 
of the catchment increase from about 20 mg/L in the 1970s to up to 30 mg/L between 1990 and 
1994 (Figure 4.4c), which is later than the peak in the input curve in 1985 (Figure 4.2). In the 
same period, the chloride concentrations measured at the outlet of the total catchment peak 
at a concentration up to about 42 mg/L (Figure 4.4d). After 1994, the chloride concentrations 
decrease both up- and downstream and have been approximately stable between 20 and 25 
mg/L since the year 2000, similar to the trend in the chloride concentrations in the uppermost 
groundwater. The initial model run was based on the land-use and input curves described in 
paragraph 2.5 and included no further processes or changes to the original flow model. The 
modelled chloride concentrations gave a reasonable fit (Figure 4.4c and d), although the 
modelled concentrations were too low for the period between 1990 and 1995 and the chloride 
peak was simulated around 1985 instead of 1990. 

The measured timing of nitrate at the outlet of the catchment (Figure 4.4f) is similar to chloride 
(figure 4.4d) with an increase up to 1994 when the maximum of 50 mg/L is reached. After 
that, nitrate concentrations have decreased but at a slower rate than chloride. While the 
measurements showed the nitrate peak around 1994 and 1997 for the total catchment and 
upstream respectively, the initial model run showed the nitrate peak around 1987 for both the 
total and upstream catchment. This may suggest that travel times were underestimated in the 
model, in correspondence with the results from 3H. 

What is especially noticeable is that for the upstream part of the catchment, the timing of 
the chloride and nitrate peaks in the measurements do not coincide. This could be caused by 
processes that only affect nitrate and not the more conservative chloride, such as denitrification. 
The difference could also indicate that the ratio between chloride and nitrate have changed in 
the fertilizers used or suggest point source pollution disturbing the agricultural signal. 

The measured chloride and nitrate measurements nicely reflect the seasonality in the contribution 
of water infiltrated below agricultural fields (Figure 4.3) by showing more variation in the 
downstream than in the upstream part of the catchment (Figure 4.4). Like the measurements, 
the initial model run showed higher chloride and nitrate concentrations in winter than in 
summer, and this seasonal variation was larger for the total catchment than the upstream 
catchment. This agrees with the measurements and conclusion of Kaandorp et al. (2018a) that 
the contribution of different flow paths differ between the two parts of the catchment. .
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Figure 4.4. Measurements and initial model results based on the TTDs from Kaandorp, et al. (2018) and the 
input curves in Figure 4.2. No further processes were added yet. Note that tritium samples were only available 
for the upstream part of the catchment (panel a). 
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and nitrate were not reactive, the unsaturated zone merely added a certain amount of time to the 
whole travel time distribution, simply shifting the chloride and nitrate output curves in time 
(Figure 4.5b and c). 

Mean travel time
The application of a factor 5 on the mean travel times decreased the overall tritium concentrations 
due to the extra time for decay (Figure 4.5a). The input curves were distributed more in time 
and therefore lowered the chloride and nitrate peak and increased the tail of the peak (Figure 
4.5b and c). When travel times were increased a 5-fold the chloride and nitrate peaks shifted 
approximately 10 years. 

Scenarios affecting the input of solutes and the land-use specific TTD’s
Time
We modelled two alternative input curves of agricultural fields. First, we used an input curve 
that has a slower decrease of nitrate in time after the 1985 peak (Figure 4.6a). This slower decrease 
resulted in a longer increase in nitrate extending also into the period when the input is already 
decreasing, followed by a slower decrease after that (Figure 4.6b). Second, we removed all 
agriculture after the 1985 nitrate peak (Figure 4.6a). This instantly lowered the stream nitrate 
concentrations, as the stream consists of a large amount of young water and after removal of 
agriculture is only affected by nitrate from older flow paths that started before 1986 (Figure 
4.6b). 

Space
The effect of spatial changes of the input was modelled in two scenarios: one scenario where a 
zone of 200 m around the stream was used for agriculture, and one scenario where agriculture 
took place outside of the same 200 m zone. With the agricultural fields directly around the 
stream (Buffer scenario 1), the nitrate peak shifted to 1985 (Figure 4.6c), which is the year of 
maximum input (Figure 4.2). With a natural buffer strip and the agricultural fields in the more 
upstream parts of the catchment (Buffer scenario 2), the nitrate peak shifted towards later in 
time and became flatter with a much slower decrease over time (Figure 4.6d). This results from 
the fact that the fields further away are connected with the stream by longer flow paths with 
longer travel times. In addition, the shape of the curve was changed based on the location of the 
fields: when fields are further away, the agricultural input is distributed more over time resulting 
in a lower peak but a longer tail with higher concentrations. 
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Figure 4.5. The effect on tritium (a), chloride (b) and nitrate (c) of a scenario with a 5-year delay due to 
an unsaturated zone and a scenario where all travel times where increased by a factor 5.

Figure 4.6. Panel a and b show the effect of two scenarios with changes in the nitrate input curve. Note the 
difference in scale of the x-axis between the left and right panels. Panels c and d show the effect of spatial 
changes in land-use on both chloride (c) and nitrate (d): only agriculture inside of a 200 m strip around 
the stream (Buffer scenario 1), and only agriculture outside of the same buffer strip (Buffer scenario 2). In 
both scenarios agricultural parts have 50% agriculture and 50% nature, so that the total amount of fields is 
approximately equal to the that in the real catchment. 
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Scenarios affecting the transformation processes in the subsurface
Denitrification
Two denitrification scenarios were modelled, using different conceptualizations. Zero order 
denitrification with a rate of 10 mg/L per year resulted in continuously lower nitrate concentrations 
without a shift in time (Figure 4.7). In the other scenario, denitrification was modelled based 
on the depth that the particles flowed through, for which nitrate was removed from all particles 
travelling through deeper layers (> model layer 2, >0.5-15 m below surface). This also resulted 
in decreased nitrate concentrations, but with higher values in the concentration tail than in the 
zero order scenario (Figure 4.7). 

and nitrate were not reactive, the unsaturated zone merely added a certain amount of time to the 
whole travel time distribution, simply shifting the chloride and nitrate output curves in time 
(Figure 4.5b and c). 

Mean travel time
The application of a factor 5 on the mean travel times decreased the overall tritium concentrations 
due to the extra time for decay (Figure 4.5a). The input curves were distributed more in time 
and therefore lowered the chloride and nitrate peak and increased the tail of the peak (Figure 
4.5b and c). When travel times were increased a 5-fold the chloride and nitrate peaks shifted 
approximately 10 years. 

Scenarios affecting the input of solutes and the land-use specific TTD’s
Time
We modelled two alternative input curves of agricultural fields. First, we used an input curve 
that has a slower decrease of nitrate in time after the 1985 peak (Figure 4.6a). This slower decrease 
resulted in a longer increase in nitrate extending also into the period when the input is already 
decreasing, followed by a slower decrease after that (Figure 4.6b). Second, we removed all 
agriculture after the 1985 nitrate peak (Figure 4.6a). This instantly lowered the stream nitrate 
concentrations, as the stream consists of a large amount of young water and after removal of 
agriculture is only affected by nitrate from older flow paths that started before 1986 (Figure 
4.6b). 

Space
The effect of spatial changes of the input was modelled in two scenarios: one scenario where a 
zone of 200 m around the stream was used for agriculture, and one scenario where agriculture 
took place outside of the same 200 m zone. With the agricultural fields directly around the 
stream (Buffer scenario 1), the nitrate peak shifted to 1985 (Figure 4.6c), which is the year of 
maximum input (Figure 4.2). With a natural buffer strip and the agricultural fields in the more 
upstream parts of the catchment (Buffer scenario 2), the nitrate peak shifted towards later in 
time and became flatter with a much slower decrease over time (Figure 4.6d). This results from 
the fact that the fields further away are connected with the stream by longer flow paths with 
longer travel times. In addition, the shape of the curve was changed based on the location of the 
fields: when fields are further away, the agricultural input is distributed more over time resulting 
in a lower peak but a longer tail with higher concentrations. 
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Figure 4.5. The effect on tritium (a), chloride (b) and nitrate (c) of a scenario with a 5-year delay due to 
an unsaturated zone and a scenario where all travel times where increased by a factor 5.

Figure 4.6. Panel a and b show the effect of two scenarios with changes in the nitrate input curve. Note the 
difference in scale of the x-axis between the left and right panels. Panels c and d show the effect of spatial 
changes in land-use on both chloride (c) and nitrate (d): only agriculture inside of a 200 m strip around 
the stream (Buffer scenario 1), and only agriculture outside of the same buffer strip (Buffer scenario 2). In 
both scenarios agricultural parts have 50% agriculture and 50% nature, so that the total amount of fields is 
approximately equal to the that in the real catchment. 
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4.4. Discussion

4.4.1. The effect of processes on modelled breakthroughs
Unsaturated zones led to a shift in time of the breakthrough of the nitrate curve while not affecting 
the concentration of nitrate (Figure 4.5; Table 4.2). In catchments with thick unsaturated zones, 
the lag time due to unsaturated zones has been calculated to be up to decades such as for aquifers 
in the U.K. (Wang et al., 2012). Storage of N in an area with a thick unsaturated zone can thus 
be large, but in a larger area with variations in the water table the outflow of N is often diluted 
by shallow flow paths contributing young water in downstream areas with shallow water tables 
or artificial drainage. In such an area the part of the catchment with thick unsaturated zones will 
create a longer tail in the nitrate concentrations. 

Multiplication of the MTT lowered the nitrate peak because the larger age of the discharging 
groundwater results in a larger contribution of pre-1950 water, which has been less influenced by 
agricultural activities. Because the ages of the younger flow paths are increased, the agricultural 
peak from the 80s is distributed over a larger amount of time, resulting in a shift in arrival of the 

Table 4.2. Summarized results of the sensitivity analysis.
Peak concentration 
change [mg/L]

Time to peak 
change [years]

Conc. in 2016 
change [TU] 

Set Cl NO3 Cl NO3 Tritium
1 Unsaturated zone, 5 years 0 0 +5 +5 -0.29
2 Increased travel times, factor 5 -5 -20 +10 +10 -0.63
3 Differences in the input curve in time 1 0 +5 0 +5 0

Differences in the input curve in time 2 0 0 0 0 0
4 Differences in the input curve in space 1 +1 +5 -1 -1 0

Differences in the input curve in space 2 0 -1 +7 +4 0
5 Denitrification zero order 0 -15 0 0 0

Denitrification deep layers 0 -15 0 0 0
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peak and a slower decrease of concentrations after the maximum stream concentration has been 
reached (Figure 4.5; Table 4.2). The factor 5 we multiplied the MTT with in our results clearly 
shows the effect on the breakthrough but is a very extreme case, as it represents a system with an 
aquifer that is also 5 times as thick or has a porosity 5 times higher given the same groundwater 
recharge rate (van Ommen, 1986; Vogel, 1967). 

Changing the shape of the input curve led to a similar change in stream concentrations. In the 
case we presented, this was slower decrease after the concentration peak (Figure 4.6a). There 
was no shift of the peak because the peak in the input was kept at the same moment in time as 
we have strong indications that the peak in Dutch agriculture occurred during the same year 
in all of the Netherlands, due to the strict measures taken around 1985  (van den Brink et al., 
2008; Visser et al., 2007). It seems obvious that the input curve and its uncertainty have a large 
effect on the stream concentrations (Howden et al., 2011a). In a scenario where all agriculture 
was removed from the year 1986, an instant decrease of nitrate concentrations in the stream 
was found. This follows from the large amount of young water in our catchment. Van Ommen 
(1986) used a conceptual case to illustrate the same: in catchments with an exponential TTD 
(or in our case close to exponential TTD; Kaandorp et al., 2018a), a change in the input directly 
affects stream concentrations for all MTTs. The response differs with MTT when the reduction 
in inputs is more gradual. A delay of the arrival of the peak is possible when the MTT is rather 
long and the input decreases slowly or a combination of thsoe (Appendix A).

Zero order denitrification removed nitrate from the model and thus lowered nitrate concentrations 
while not changing the timing of the peak (Table 4.2). Zhang et al. (2013) showed that varying 
denitrification with depth has a major influence on nitrate delivered to streams via groundwater. 
Our scenarios were relatively simple with equal denitrification rates and depths throughout the 
catchment. It is however know that there is a large variability in the reactivity of for instance 
organic matters (e.g. Hartog et al., 2004; Middelburg, 1989; Postma et al., 1991), which could 
lead to spatial differences in denitrification and therefore a change in the nitrate breakthrough 
similar to the scenarios where the spatial input was changed. 

4.4.2. Contributing area of streams
Recently Barlow et al. (2018) restated the definition of the ‘contributing area’ as “the two-
dimensional areal extent of that portion of a capture zone that intersects the water table and 
surface-water features where water entering the groundwater-flow system is discharged”. They 
did this for groundwater wells, but streams also have a contributing area, which is not the same 
as the catchment. The catchment of a stream is the area in which all water finally ends up in the 
stream. 

It is also not to be confused by the ‘contributing area’ or ‘upslope area’ used in many distributed 
hydrologic modes by catchment scientists, which is the runoff-generating area, i.e. the parts of 
the catchment where seepage and overland flow occur (e.g. Ambroise, 2004; Beven and Wood, 
1983; Beven and Kirkby, 1979; Mcglynn and Seibert, 2003; Yang et al., 2018). To avoid further 
confusion, we introduce the terms ‘groundwater contributing area’ and ‘runoff contributing 
area’. The groundwater contributing area (GCA) is defined as the area where the water that 
is actively contributing to streamflow at a certain moment of time through active flow paths 
entered the coupled groundwater-surface water system as precipitation (recharge area). The 
runoff contributing area (RCA) is defined as the area where at a certain moment in time water 
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is discharged from the catchment storage as seepage or overland flow, and thus is the area where 
runoff is generated (Figure 4.8). Areas that are neither groundwater- or runoff contributing 
areas are inactive and do not actively influence streamflow at that specific moment in time. In 
our particle tracking method, the GCA is the starting point and the RCA is the ending point of 
a particle (Figure 4.9). 

As older flow paths generally originate from a larger distance from the stream (e.g. Modica et al., 
1998), there is a difference in the travel time of water from different parts of the groundwater 
contributing area. Because of this, the location of agricultural fields in the groundwater 
contributing area affects the breakthrough of tritium, chloride and nitrate. The buffer scenarios 
showed that the arrival of the nitrate peak shifts in time and changes shape if the fields are 
further away from the stream (Figure 4.6c and d), which is a result of the difference in flow paths 
from the fields around the stream (short) and the fields more upstream (long). 

Wet Dry
GCA GCA

RCARCA RCA

GCA

Figure 4.8. Contributing areas fluctuate with wetness conditions due to changing flow paths. GCA is 
the Groundwater Contributing Area which is where discharge was infiltrated and RCA is the Runoff 
Contributing Area which is where discharge is generated. Areas between the two different contributing 
areas are ‘inactive’ and do not actively influence stream discharge. 
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Figure 4.9. Contributing area in the model for a dry (top; summer 2006) and a wet (bottom; winter 
2006/2007) period. Colors represent the travel time towards the stream with blue TT >25 year 
and red TT < 1 year (similar to Figure 4.3). Notice the large increase in the runoff contributing 
area in the downstream part of the catchment during wet periods which results from the extensive 
agricultural drainage system. 
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Because flow paths change based on wetness conditions (e.g. Kaandorp et al., 2018a; Rozemeijer 
and Broers, 2007; Yang et al., 2018) the groundwater contributing area also shifts through the 
seasons. This includes the disappearance of flow through shallow flow paths towards e.g. drainage 
pipes and ditches in dry periods, which leads to the non-linear reaction in the dynamic TTD. In 
our results, the discharge originating from agricultural fields changes in time as a result of this 
variation in contributing area (Figure 4.3 and 9). Because of this, the seasonal variation in flow 
paths and thus the groundwater contributing area also leads to fluctuations in the concentrations 
of nitrate in the stream (e.g. Figure 4.4). Figure 4.8 illustrates how the groundwater contributing 
area may shift based on wetness conditions: in the wet period all flow paths are active while 
during the dry period only the older flow paths are active, and flow through shallow short flow 
paths has ceased. Therefore, in this example the groundwater contribution of the field close 
to the stream stops in the dry period and removing this field thus only affects stream nitrate 
concentrations during the wet period. This concept extents on the ideas presented by Rozemeijer 
and Broers (2007), by adding the spatial dimension and groundwater contributing area to their 
concept of variation in the contribution of flow paths with depth. 

The location of agricultural fields in relation to the catchments’ drainage network, and more 
precisely the location of high loading is thus an important factor that largely governs the travel 
times of the agricultural solutes. This means that in modelling not only the location of fields must 
be known but also more information of leaching towards the groundwater at every field, as there 
can be significant difference in the use of manure and fertilizers due to for instance differences 
in crops. However, for our catchment national and EU regulations put strong constraints on 
the application of nitrogen, thus levelling differences in inputs to farmlands (e.g. Oenema et al., 
1998; Schroder et al., 2007). Effectively, soil properties and groundwater levels determine the 
areas with strongest leaching towards the groundwater as those factors determine the potential 
for unsaturated zone denitrification. 

4.4.3. Understanding nitrate in the Springendalse Beek catchment
The increase in old water contribution during dry periods has been found in several studies and 
is called the ‘inverse storage effect’ (e.g. Benettin et al., 2017b; Harman, 2015). Seasonally, the 
upstream catchment shows less variation in discharge than the downstream catchment, as well 
as less variation in the contribution from agricultural fields and in the stream concentrations 
of chloride and nitrate (Figures 4.3 and 4.4). The fact that our groundwater-based model was 
able to simulate the seasonal variation in chloride and nitrate concentrations shows that this 
variation can largely be explained by variations in the contribution of different groundwater 
flow paths originating from different locations in the catchment, as was also concluded by e.g. 
Martin et al. (2004), Musolff et al. (2016), Rozemeijer and Broers (2007) and van der Velde et al. 
(2010a). High chloride and nitrate concentrations from agricultural activities are mostly present 
in the shallower layers (e.g. Bohlke and Denver, 1995; Broers and van der Grift, 2004; Rozemeijer 
and Broers, 2007; Zhang et al., 2013). Especially in the downstream part of the catchment, with 
its larger drainage density from the many (shallow) agricultural tile drains and ditches, these 
shallow flow paths have a larger contribution in the wet period with high groundwater tables 
than in the dry period (Kaandorp et al., 2018a). Similar to our model, van der Velde et al. (2010) 
and Wriedt et al. (2007) were able to model seasonality of in-stream nitrate concentrations 
using only groundwater dynamics, and concluded it to be an important process that is further 
superposed by denitrification and variability in loading. We conclude that the upstream part of 
the Springendalse Beek catchment with its relatively stable year-round discharge, provides the 
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lower limit of the NO3 concentrations in the catchment, while the drained downstream part of 
the catchment causes the yearly variation in stream concentrations. 

Tritium concentrations were overestimated by approximately 0.5 TU in the initial model run 
(Figure 4.4a). Because the tritium concentrations can only be lowered by increasing the TTD, 
both an unsaturated zone or an increase of MTT could improve the fit of tritium. We cannot 
derive from the tritium measurements whether the catchment should have an unsaturated zone 
time delay or increased MTT, because no earlier measurements of tritium are available for the 
Springendalse Beek. In our catchment, unsaturated zones are relatively thin in the downstream 
part of the catchment (maximum a few meters, but mostly <1 m) and slightly thicker in the 
upstream part (up to 3 meters), and thus only a maximum shift of a few years would be realistic. 
Due to the complex hydrogeology of the ice pushed ridge, especially in the upstream part of the 
catchment, there is quite some uncertainty in the exact depths and volumes of the aquifers that 
are present within the ice-pushed ridge. In the regional groundwater flow model, this complex 
geology was highly simplified based on the version of the hydrogeological schematization 
of REGIS (REGIS II, 2005) that was available when building the flow model. The complex 
geological structure of the ice-pushed ridge makes it difficult to exactly pinpoint the position 
of the tilted Pleistocene sand layers that probably form the main pathways to the stream, as the 
tilted slabs of Tertiary clays form hydraulic barriers for groundwater flow (pers. comm. Harting, 
TNO Geological Survey of the Netherlands). Given the approximate N-S strike direction of the 
sandy intercalations, this may have influence on the distinct farmlands that contribute to the 
nitrate concentrations in the stream, that may be positioned further away than the modelled 
schematization might allow in the regional groundwater flow model. It might also affect the 
mean travel times in the groundwater system as a larger aquifer volume would result in overall 
longer travel times (Vogel, 1967; van Ommen, 1986). Moreover, thicker than average unsaturated 
zones within the sandy outcrops may also delay the propagation of nitrate and chloride peaks 
towards the stream, following the conceptualization presented. 

Land-use changes have occurred in the study area over the past few decades. For instance, a large 
agricultural field in the upstream part of the catchment has been in use only since approximately 
1985 and an agricultural field of approximately 7.5 ha was converted to natural vegetation in 
1998. On top of this, more manure may have been imported from areas with a manure surplus 
towards the study area since 2000, which has been found to be the case for other catchments 
in the region (Roelsma et al., 2011). Obviously, this complexity in the input curves in time 
and space was too detailed for our model and beyond the scope of our analysis. However, the 
scenarios in which we shifted the location of agricultural fields and changed the input curves 
were an attempt to infer the effect of such land-use changes. 

Denitrification does not seem to occur substantially in the upstream part of the study area as the 
nitrate concentrations are generally already lower than the measurements. This is confirmed by 
the oxic nature of the sandy sediments that the groundwater discharges from (Kaandorp et al., 
under revision for publication in JoH), the presence of oxygen and lack of iron in the discharge 
water (data not shown). Although the upstream part of the catchment contains less agriculture 
than the downstream part (Figure 4.3), the nitrate concentrations in the stream are comparable. 
This may be an indication of denitrification in the downstream part of the catchment where 
water levels are close to the root zone, promoting shallow denitrification, which could be a 
reason for the overestimation of nitrate (Figure 4.4f).  
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4.4.4. Improving and use of the model
The groundwater flow model that we used was calibrated on groundwater heads and validated 
using stream discharge (Kaandorp et al., 2018a), which is common practise for groundwater 
models. By combining TTDs with input curves for solutes, we were able to further validate the 
model using water quality measurements. This way, the model is not only validated on celerities, 
but also on water velocities (Beven, 1981; McDonnell and Beven, 2014). Although our model 
performed well on celerities (groundwater heads and stream discharge), it showed considerable 
mismatch for water velocities (solutes). Instead of completely adapting the model, we chose to 
run a sensitivity analysis to understand the reasons for the apparent mismatch, thus elucidating 
important transport factors in our study catchment, that are of general use in transport modelling 
studies for non-point sources in catchments worldwide. 

To illustrate whether it is possible to match the model to the measured concentrations, we 
adapted some of the parameters that are most sensitive and somewhat most realistic. This is by 
no means a calibration effort, because that would require a significant change to the complete set 
up of both the hydrogeological part of the model, the unsaturated zone conceptualization and/
or the introduction of time changing position of agricultural fields. The result depicted in Figure 
4.10 is meant to show that a different parameterization is possible, adapting part of the uncertain 
parameters. 
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Figure 4.10. Best model fit using changed agricultural fields and an unsaturated zone of 3 years.
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For the improved model run, we mainly focussed on the upstream part of the catchment, as the 
concentrations there also influence the stream concentrations in the downstream part. Especially 
the late arrival of the nitrate peak in the upstream area is exceptional for the Netherlands. To 
improve the model, we needed to delay the arrival of the chloride and nitrate peaks and provoke 
a slower decrease after the arrival of the peaks. For this, the spatial layout of agricultural fields 
was changed by removing the (few) fields close to the stream and increasing the amount of 
agriculture outside of a 200 m buffer. Considering that land-use has changed in the past decades 
and that the geology on the ice-pushed ridge is known to be much more complicated than the 
conceptualization in the model, the change made to the spatial input for this model run was 
deemed realistic. Additionally, based on the mismatch with tritium, we added an unsaturated 
zone with a travel time of 3 years. Note that an unsaturated zone of 3 years is not realistic for 
most of the downstream area as that part of the catchment has shallow groundwater levels. 
However, it is currently not possible in our method to add an unsaturated zone in the upstream 
area and not in the downstream at the same time. These two changes together resulted in a better 
fit with the tritium, chloride and nitrate measurements (Figure 4.10), especially for nitrate in the 
upstream area. For the measurements made downstream between 1985 and 1990 a better fit was 
not possible with realistic model changes. 

Further calibration of the model, to use it for e.g. the calculation of the effects of certain 
management measures, would require much more changes to the model. It would be required 
to conceptually change the way the unsaturated zone is accounted for at this moment, it requires 
much more detail in the hydrogeology of especially the upstream part of the catchment on the 
ice-pushed ridge, and it requires knowledge of the location of all farmlands both in time and 
space. This was however outside of the scope of the current paper. The presented method has 
some further limitations: a large amount of computer power required for calculation of the 
dynamic TTDs, there is uncertainty in the short travel times due to the grid cell size in the 
groundwater model and processes such as overland flow and in-stream denitrification are not 
included.

4.4.5. Management implications
Removing the source of diffuse pollution led to an immediate decrease in concentrations 
in the studied stream (Figure 4.6b), due to the large fraction of younger water in the TTD. 
Thus, managing the input of agricultural pollutants is a good management option with direct 
benefits, except when decreases are very slow or the MTT is very large. Also, after an immediate 
decrease, the legacy from older flow paths leads to a slow further decrease in time. According 
to scenarios modelled by Tufford et al. (1998) the management of stream water quality is most 
effectively done at riparian and adjacent lands. Johnes and Heathwaite (1997) suggested to move 
agricultural fields to the locations with the highest potential for nutrient retention. We saw that 
the location of agricultural fields in a catchment is indeed an important factor in the effect of 
agricultural pollution. Not only does the location of the fields affect the time lag and shape of 
the breakthrough curve of stream concentrations, longer flow paths from the fields further away 
from the stream also have more time for processes such as denitrification. In fact, the scenario 
with the 200 m agricultural-free zone around the stream can be compared with a natural 
riparian zone, on which much research has been done (e.g. Anderson et al., 2014; Feld et al., 
2018; Hefting and Klein, 1998; Hill, 1996; Ranalli and Macalady, 2010). These studies show that 
riparian zones positively affect stream water quality because of their high rate of denitrification. 
Our results show that in addition to this, the longer length of the groundwater flow paths lags 
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the arrival of and dampens the nitrate peak. In fact, as denitrification rates are highly variable 
(e.g. Tesoriero and Puckett, 2011; Van Beek et al., 1994) and riparian zones can be by-passed by 
deeper groundwater flows (Bohlke and Denver, 1995; Flewelling et al., 2012; Hill, 1996; O’Toole 
et al., 2018; Ranalli and Macalady, 2010), the longer distance and thus distribution through 
time is at some locations and/or moments arguable the more important effect of riparian buffer 
zones. Although positively affecting water quality of the stream by decreasing concentrations, 
longer travel times also lead to a longer tail and thus invoke a longer lasting effect with lower 
concentrations of polluting stressors. 

4.5. Conclusions

Dynamic travel time distributions based on a high-resolution spatially distributed groundwater 
flow model were combined with input curves for tritium, chloride and nitrate to calculate 
their concentrations in a Dutch lowland stream. The groundwater dynamics were shown to 
largely cause the seasonal and long-term fluctuations in stream concentrations, indicating the 
importance of the dynamic contribution of different groundwater flow paths. The model was 
calibrated on celerities (pressure wave propagation) in earlier research and it was therefore not 
surprising that a mismatch existed for the results that we obtained for solutes, which depend on 
velocities. Instead of completely adapting the model, we ran a sensitivity analysis and scenarios 
to understand the reasons for the mismatch and clarifying the important transport factors. We 
found that the time of arrival of the nitrate peak shifted due to addition of an unsaturated zone, 
multiplication of the MTT and spatial changes of the input, as well as a slow decrease of the 
input combined with a relatively long MTT. The location of agricultural fields in relation to 
the catchments’ drainage network was found to be an important factor that largely governs the 
travel times of the agricultural leachate. It was also shown that the ‘groundwater contributing 
area’ of a stream, that is the catchment area where the discharging water infiltrated, increases 
and shrinks based on wetness conditions. 

The model for the presented case was improved by shifting the location of agricultural fields and 
adding the time delay of an unsaturated zone. Further improvements would require much more 
detail on the complex hydrogeology and historical land-use changes. A limited amount of stream 
tritium measurements proved to be a valuable indication of an unsaturated zone time delay and/
or higher MTT. The method presented in this paper can be used to validate calculated TTDs and 
provides an opportunity to validate groundwater models not only on celerities, but also on water 
velocities. Overall it was found that groundwater distributes water in time and space and makes 
it possible for water from different sources to mix and consequently groundwater functions as 
a buffer on the effect of (diffuse) pollution. The results of this study are interesting for water 
managers of catchments with diffuse pollution from agriculture, as it gives an insight into the 
possible parameters to steer on. For instance, in catchments with a (close to) exponential TTD 
and a limited unsaturated zone, a direct reaction of stream nitrate concentrations to reductions 
in the nitrogen inputs can often be expected when agricultural fields are close to the streams. 
Further research could be aimed on application of the same method in other catchments and 
focus on gathering further knowledge on dynamic contributing areas in other hydrogeochemical 
and topographical settings. 
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Chapter 5

Temperature buffering by groundwater in ecologically 

valuable lowland streams under current and future climate 

conditions 

Abstract

Groundwater seepage influences the temperature of streams and rivers by providing a relatively 
cool input in summer and warm input in winter. Because of this, groundwater seepage can be 
a determining factor in the provision of suitable water temperatures for aquatic biota. Climate 
warming affects stream and groundwater temperatures, and changes the thermal characteristics 
of streams leading to the potential disappearance of habitats. In this study the importance of 
groundwater for the temperature of two Dutch lowland streams and its possible role in mitigating 
the effects of climate change was determined by combining field measurements and a modelling 
experiment. Stream temperature measurements using fibre optic cables (FO-DTS) and sampling 
of 222Rn were done to map localized groundwater inflow. Several springs and seepage ‘hot-spots’ 
were located which buffered the water temperature in summer and winter. A stream temperature 
model was constructed and calibrated using the FO-DTS-measurements to quantify the energy 
fluxes acting on stream water. This way, the contribution to the stream thermal budget of direct 
solar radiation, air temperature and seepage were separated. The model was then used to simulate 
the effects of changes in shading, groundwater seepage and climate. Shading was shown to be 
an important control on summer temperature maxima. Groundwater seepage seemed to buffer 
the effect of climate warming, potentially making groundwater dominated streams more climate 
robust. Protecting groundwater resources in a changing climate is important for the survival 
of aquatic species in groundwater-fed systems, as groundwater seepage both sustains flow and 
buffers temperature extremes. 

This chapter is adapted from: Kaandorp, V.P. , Doornenbal, P.J., Kooi, H., Broers, H.P. and 
de Louw, P.G.B., 2019. Temperature buffering by groundwater in ecologically valuable lowland 
streams under current and future climate conditions. Journal of Hydrology X, 3.
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5.1 Introduction

Stream water temperature is an important factor influencing aquatic ecosystems as it affects 
species distribution, growth, metabolism and reproduction (Vannote and Sweeney, 1980), as 
well as oxygen concentrations, biological production and decomposition (Bowes et al., 2016; 
Haidekker and Hering, 2008; Hawkins et al., 1997; Ormerod, 2009; Rasmussen et al., 2011; Ward 
and Stanford, 1982; Ylla et al., 2014). Consequently, changes in stream temperature can act as a 
stressor on aquatic species (e.g. Piggott et al., 2015b; Poole and Berman, 2001; Schülting et al., 
2016). It is therefore not surprising that much research has been done on the effect of climate 
warming on stream temperature and aquatic species (e.g. Eaton and Scheller, 1996; Guse et al., 
2015; Isaak et al., 2018, 2015; Moss et al., 2003; Null et al., 2012). It is expected that in a warmer 
global climate the average and peak temperature of stream water will increase (Van Vliet et al., 
2013; Watts et al., 2015; Webb and Nobilis, 2007). 

Many studies on stream temperature have focused on the effect of air temperature, radiation 
and shading (e.g. Garner et al., 2017; Hannah et al., 2008; Macdonald et al., 2014; Westhoff et al., 
2011). Due to these studies, it is now widely recognized that riparian shade reduces maximum 
stream temperatures in summer by blocking part of the incoming solar radiation (Dugdale et 
al., 2018; Sweeney and Newbold, 2014; Thomas et al., 2015), and therefore, that management 
practices like planting vegetation along streams can potentially mitigate the effect of climate 
warming (Kristensen et al., 2015; Nash et al., 2018; Thomas et al., 2015). 

Groundwater temperature is influenced by the temperature of the infiltrating water and by the 
conduction of heat from the surface. The impact of diurnal to seasonal variations of surface 
temperature dampens with depth. Downward from the surface, groundwater temperature, 
therefore, tends to approach the yearly average ground surface temperature (e.g. Bense and Kooi, 
2004; de Louw et al., 2010; Vandenbohede et al., 2014). In areas with strong upward seepage, 
this moderate groundwater temperature is carried into streams. Therefore, groundwater seepage 
into streams is known to moderate summer and winter stream temperatures, and to create so 
called local thermal refugia (e.g. Hayashi and Rosenberry, 2002; Kaandorp et al., 2018b; Power 
et al., 1999) and climate refugia (e.g. Briggs et al., 2018b; Isaak et al., 2015; Meisner et al., 1988) 
for aquatic biota. Although the role of groundwater on stream temperatures is conceptually 
understood, its effect is often neglected or highly simplified in studies on stream temperature 
and almost never considered in stream temperature management. Therefore, the influence 
of groundwater on stream temperature and the subsequent response of aquatic ecology still 
requires more research. 

The objective of this study is to determine the influence of groundwater on the temperature 
of two Dutch lowland streams and to get insight into its possible role in mitigating the effects 
of climate change. For this, both field measurements and a modelling experiment are done. 
Research questions are: a) what is the spatial variability of groundwater seepage to the streams, 
b) what is the spatial and temporal effect of groundwater seepage on stream temperature, c) 
how does the effect of groundwater inflow on stream temperature compare to the effect of air 
temperature and radiation (including shading), and d) what is the effect of groundwater on 
stream temperature in a warming climate?
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We combine different field techniques such as Fibre Optic Distributed Temperature Sensing 
(FO-DTS) and measurements of the isotope 222Rn to detect diffuse and localized groundwater 
inputs to the two Dutch lowland streams. FO-DTS is used to make high resolution temperature 
measurements, both in time and space (Selker et al., 2006). Compared to surface water, the 
temperature of groundwater is relatively constant throughout the year and as such lateral 
changes in stream water temperature can be used to locate groundwater seepage zones in specific 
moments in time (Briggs et al., 2012; Krause et al., 2012; Matheswaran et al., 2014b; Poulsen et 
al., 2015; Rosenberry et al., 2016; Sebok et al., 2013; Vandenbohede et al., 2014; Westhoff et 
al., 2007). The presence of the isotope 222Rn in surface water also indicates recent seepage of 
groundwater, as it is rapidly removed in surface waters by radioactive decay and degassing. In 
addition to this field data, we construct a stream temperature model, which includes the effects 
of air temperature, radiation, shading and groundwater seepage. The model is used to analyze the 
behavior of the different processes affecting stream temperature. By applying different scenarios 
we derive the effect of climate change on stream thermal habitats and the mitigating effects of 
groundwater seepage. 

5.2. Study area and methods

5.2.1 Study area
Field measurements were done in two lowland streams in the east of the Netherlands: the 
Springendalse Beek and the Elsbeek (Figure 5.1). With catchments sizes of 4 km2 and 11 km2 
respectively, these streams discharge to the Dinkel river. The area has a temperate marine climate 
with a mean annual air temperature of 9.6 °C and mean annual precipitation and evaporation of 
850 and 560 mm per year respectively. The average discharge is 0.043 m3 s-1 for the Springendalse 
Beek and 0.104 m3 s-1 for the Elsbeek. The subsurface of the catchments consists of shallow 
aquifers (1-20 m thick) on top of clayey moraines. The streambed of the streams consists of sand 
with occasionally some gravel. Details on the study catchments were described by Kaandorp et 
al. (2018b). A concise description of the studied stream stretches is given here.

Legend
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Figure 5.1. Location of the fibre optic cables and temperature sensors in the Springendalse Beek (a) and 
Elsbeek (b). The numbered arrows 1 to 5 in panel a indicate inflow from a spring (1), tributary (2), small 
and large groundwater-fed ponds (3 and 4) and tributaries swamp (5). 
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The upstream catchment of the Springendalse Beek contains a few distinct spring areas and 
consists mainly of forest with some agricultural fields. The studied stream stretch extends 1500 
m downstream from the stream origin (Figure 5.1a). The upstream part has a relatively stable 
discharge, a stream width between 0.5 and 1.0 m and a water depth of a few centimetres. A small 
spring, a tributary, two seepage ponds and tributaries from a swamp discharge into the stream 
(Figure 5.1a). The downstream part has a width of 1.0-1.5 m and a water depth of around 10 cm. 

The Elsbeek predominantly consists of agricultural areas. The measured stream stretch extends 
from approximately 5000 to 6500 m downstream from the stream origin (Figure 5.1b). The 
most upstream 200 m of the study stretch is straightened, flows through an agricultural area and 
has a width of about 1 m and a water depth of around 5 cm. Here the outflow of an agricultural 
ditch, which dries up during summer, joins the stream. This is followed by a stream stretch 
with a riparian forest and a pool-riffle sequence with pools up to 1 m deep and a width varying 
between 0.5 and 1.5 m. A stretch with a length of 150 m in the central part is again straightened 
and flows through an agricultural area with a width of around 1 m and a water depth of about 30 
cm. After this an agricultural ditch joins the stream. The most downstream part of the studied 
stream stretch flows again through a forest, is shallow (~3-10 cm) and has a width varying 
between 0.5 and 2.0 m. This part of the stream is deeply incised (1.0-1.5 m) into the landscape. 

5.2.2 FO-DTS set-up
Stream temperatures were measured using an Oryx DTS (Sensornet USA) unit and CTC LSZH 
fibre-optic cables (TKF Connectivity Solutions, Netherlands). A cable with a length of 1300 m 
was positioned in the study stretch of the Springendalse Beek, from 200 m downstream from 
the stream origin (x=200) to the end of the studied stream stretch (x=1500) (Figure 5.1). At 
x=305 and x=435, the cable was looped back and forth through a small spring directly next 
to the stream (x=305), and in a side branch of the stream (x=435), respectively (Figure 5.1a). 
Approximately 1500 m of fibre optic cable was installed in the Elsbeek, covering the two forested 
stream stretches and two open areas (Figure 5.1b). In both streams, the cable was installed on 
the streambed, and fixed using U shaped metal pegs. A double ended configuration was used 
with two calibration baths next to the Oxyx unit and a splice at the end of the fibre optic cable. By 
using the double ended setup corrections for splices and light attenuation in the fibre optic cable 
can be made (Hausner et al., 2011; Van De Giesen et al., 2012). For calibration, a coil of cable was 
placed in each isolated calibration bath which was equipped with a PT-100 temperature sensor 
and connected with the Oryx unit. Measurements were done for the whole months of August 
2016 and January 2017 to capture both summer and winter temperature patterns. Each DTS 
measurement was done with a spatial resolution of 1.0 m and consisted of sequential measuring 
of 5 minutes through 2 channels, which were repeated either every half an hour (summer) or 
every hour (winter). 

Because the DTS cable was placed on the streambed the measurements represent the temperature 
at the bottom of the stream, unless it was buried by sediments. Sediment was removed from the 
DTS cable several times, but it could not be prevented that during part of the measurement period 
some parts of the cable were buried by sediment. In the streambed the temperature variation 
present in the stream is attenuated with depth, and as such sedimentation leads to a temperature 
signal comparable to that of groundwater seepage, such as a decrease in the standard deviation 
(SD) of the temperature (Sebok et al., 2015). 
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The DTS temperature measurements were calibrated using dispersion, slope and offset 
corrections which followed from the calibration baths. Further corrections for offsets were 
applied using Onset 12-Bit temperature smart sensors (S-TMB-M006) with HOBO data loggers 
(H21-001) which were installed just above the stream bed at 5 locations in the Springendalse 
Beek and 3 locations in the Elsbeek (Figure 5.1). Comparison of the separate temperature 
sensors and the corrected DTS temperature measurements showed that stream temperatures 
could be measured with an accuracy of 0.19 °C on average. Temperatures were logged every 15 
minutes and some of the loggers were supplied with an extra sensor to measure air temperature. 
Additional weather data was collected from nearby meteorological station Twenthe of the Royal 
Netherlands Meteorological Institute (KNMI). 

 5.2.3 Radon measurements
222Rn, an isotope released to the groundwater from aquifer material, was used as a tracer for 
groundwater in along-stream profiling (Cartwright et al., 2014; Cook et al., 2006; Genereux and 
Hemond, 1990). Samples were taken and measured immediately in the field using an Electronic 
Radon Detector (RAD7, Durridge). High radon values in streams were expected to be found 
only near locations with groundwater seepage because it rapidly decays (half-life of 3.8 days) 
and is released to the atmosphere due to degassing. 

5.2.4 Stream temperature model
A stream temperature model (STM-GW) was built in Python using the xarray-simlab model 
framework (Bovy and McBain, 2017). The model is largely based on the model descriptions of 
Boyd and Kasper (2003) and Westhoff et al. (2007) and additionally simulates the interaction 
with groundwater in more detail (Figure 5.2). In the model, all water fluxes (Q) are considered 
constant in time and only increase in the downstream direction due to groundwater and lateral 
inflow. The stream stretch is discretized into a 1D cell-centred grid and to prevent numerical 
diffusion a Courant number of 1 is used. For this, the size of the stream cells fluctuates spatially 
with the flow velocity, which depends on the discharge, depth and stream width:

         (5.1)

  v Q
Ai
i

i

=
�
        (5.2)

          (5.3)

Where C is the Courant number [-], vi is the flow velocity in cell i [m s-1], ∆t the time step [s] 
and ∆xi the cell size [m]. Qi is the discharge at the downstream end of the cell [m s-1] and Ai is 
the cross-sectional area [m2] of the stream. The temperature in each cell is then calculated using: 

    (5.4)

Where Ti
j+1 is the water temperature in the stream [°C] at grid cell i at the new time level j+1, j 

denotes the old time level and i-1 the grid cell upstream from cell i. The first term is the mixing 
term, the second term is the advection term and the third term is the temperature change due to 
the source/sink term. In a stream with no advection or energy source/sink but with only mixing 
from inflows (Figure 5.2), the temperature is given by only by the mixing term:
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     (5.5)

Where Ti
j  is the temperature [°C] and Vi  the volume [m3] of cell i at time j. VGW , Vagri  and Vpond  

are the volumes [m3] of inflow per time step from groundwater, tributaries and seepage ponds 
respectively, and �TGW

j , Tagri
j  and �Tpond

j  are their temperatures at time j. With only advection, the 
stream temperature is given by the advection term (Equation 5.4):

      (5.6)

Where  is the average cell size between grid cell i and upstream cell i-1 [m], which 
is needed because of the increase in cell size in the downstream direction. For simplicity 
dispersion is assumed to be negligible (e.g. Irvine et al., 2017; Rau et al., 2012). The temperature 
development of a stagnant body of water without inflow is determined by the source/sink term 
R (Equation 5.4), which includes all the energy fluxes that act on the water body:

         (5.7)

          (5.8)

Where Bi is the stream width [m] of cell i, cw and ρw are the specific heat and density of the water 
and φtotal is the sum of all the energy fluxes per unit horizontal area [W m-2]. 

φtotal is calculated for each cell for every time step and includes the various energy fluxes that 
influence stream temperature: solar radiation (φsolar), longwave radiation (φlongwave), latent heat 
flow (φevaporation), sensible heat flow (φsensible_heat) and streambed conduction (φbed) (Figure 5.2):

 � � � � � �total solar longwave evaporation sensible heat bed� � � � �_     (5.9)

Solar radiation (φsolar) [W m-2] consists of both direct radiation and diffuse radiation which is 
described by fraction Ddiffuse of the incoming radiation (φinRad). A fraction Df of the solar radiation 
penetrates the water and heats the streambed instead. Surface reflection coefficient RSS corrects 
for reflection of solar radiation on the water surface and is based on the solar angle for direct 
radiation and is equal to 0.09 for diffuse radiation (Boyd and Kasper, 2003). Direct radiation is 
additionally corrected for shadow effects by shading factor CS (Westhoff et al., 2007). 

 � � �solar f direct diffuseD� �� � �� �1       (5.10)

 � �direct s diffuse SS inRadC D R� �� � �� �1 1       (5.11)

 � �diffuse diffuse SS inRadD R� �� �1        (5.12)

Longwave radiation (φlongwave) [W m-2] is the sum of the longwave radiation from clouds 
(atmospheric), back radiation from the water column and radiation emitted by the land cover 
(e.g. vegetation) (Boyd and Kasper, 2003):

 � � � �longwave atmospheric back radiation land cover� � ��
_ _      (5.13)
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 � � � �atmospheric atm VTS sb airT� �� �0 96 273 2
4

. � .      (5.14)

Where εatm is the emissivity of the atmosphere [-], θVTS is the ‘view to the sky’ coefficient [-] and 
σsb is Stefan-Boltzmann constant [Wm-2°C-1]. 
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Where CL is the cloudiness [-] and ea is the actual vapour pressure [kPa]. 

 e H ea s=
100          (5.16)

Where H is the relative humidity [%] and es is the saturation vapour pressure [kPa]. 
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      (5.18)

 � � �land cover VTS sb airT_
. . .� �� � �� �0 96 1 0 96 273 2
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    (5.19)

Latent heat flow (φevaporation) [W m-2] is calculated following the Penman equation for open water 
(Monteith, 1981):

 � �evaporation w eL E� �         (5.20)

Where Le is the latent heat of evaporation [J kg-1] and E is the Penman open water evaporation 
[m s-1]. 
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Where s is the slope of the saturated vapour pressure curve at a given air temperature [kPa °C-1], φr 
is the net radiation [W m-2], γ is the psychrometric constant [kPa°C-1] and ra is the aerodynamic 
resistance [s m-1]. 

 � � �r longwave solar� �         (5.23)
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Where vwind is the wind velocity [m s-1]. 
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The equation for sensible heat flow (φsensible_heat) [W m-2] is given by Boyd and Kasper (2003):

 � �sensible heat r evaporationB_ �        (5.26)
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Where Br is the Bowen ratio [-] given by: 
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Where PA is the adiabatic atmospheric pressure [kPa], es
w  and ea

w  are the saturated and actual 
vapour pressure using the stream temperature [kPa]. 
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Where z is the elevation [m] at which humidity and air temperature were measured. 

Heat Exchange between the streambed and the stream φbed [W m-2] is computed by combining 
each stream cell with a vertical 1D streambed model (Boyd and Kasper, 2003):

       (5.31)

Where k is the thermal conductivity of the combined water and soil matrix [J m-1s-1°C-1], T is the 
water temperature in the stream [°C], Tstreambed is the temperature of the upper streambed 
cell of the streambed model [°C] and ∆z is the thickness of the topmost cell [m]. Temperatures 
in the vertical 1D streambed model are solved using the advection-diffusion heat equation, with 
an upwind and a central difference solution for advection and diffusion respectively and a fixed 
cell size:

       (5.32)

Where Tiz
j+1  is the groundwater temperature [°C] at grid cell iz at the new time level j+1, j 

denotes the old time level and iz-1 the grid cell above cell i, vz is the vertical groundwater flux 
(specific discharge) [m s-1], c and ρ are the specific heat and density of the combined water 
and soil matrix, and Rbed is a source/sink term which only applies to the top model layer which 
represents the streambed. This layer exchanges energy with the stream water and is heated by 
the fraction Df of the solar radiation (φsolar) reaching the streambed. The source/sink term Rbed 
is given by:

      (5.33)

The lower boundary of the model has a fixed temperature to represent a stable aquifer temperature 
at depth and the upper cell of the streambed model represents the stream and has a temperature 
that is updated every time step. Heat from streambed friction is considered to be negligible. 
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Figure 5.2. Conceptualization of the STM-GW model. A stream cell can receive water from an upstream 
cell and from lateral inflow such as from tile drainage or seepage ponds. Each cell exchanges energy with 
the atmosphere by solar and longwave radiation, and latent and sensible heat flow. Each stream cell is 
connected to cells that represent the streambed to represent groundwater inflow and conductive heat 
exchange with the streambed.
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5.2.5 Model parameterization
The model was set-up for a length of 1500 m divided into 45 cells based on the flow velocity 
(Equation 5.3), and with characteristics similar to the Springendalse Beek such as springs, 
tributaries and groundwater-fed ponds. The model was run with a time step of 90 seconds for 
a total of three months: June and July 2016 to spin-up the model to get rid of artificial features 
inherited from the simple initial condition, and August 2016 for analysis. The vertical streambed 
models consisted of cells of 0.05 m and had a constant temperature boundary equal to the mean 
annual air temperature at a depth of 5 m. This depth could potentially be too shallow to have 
no seasonal temperature variations and we therefore ran a model test with the boundary at 
a depth of 10 m, but this did not result in a significant difference in stream temperature. The 
first cell was fed by seepage and an extra discharge component with the same temperature as 
the seepage in that cell, so that this discharge could be calibrated without getting unrealistic 
seepage rates through the small streambed area in the model cell. Air temperature, humidity, 
cloud cover and solar radiation were measured at nearby meteorological station Twenthe by 
the Dutch Meteorological Institute. The values that were used for thermal physical properties 
of the sediments were reported by Anibas et al. (2011) for another lowland stream with a sandy 
streambed and a wind velocity of 0.1 m s-1 was taken from Westhoff et al. (2007), representing 
the wind-sheltered location of the stream in a dense forest with abundant plants growing in and 
around the stream. 

5.2.6 Scenario modelling
Different scenarios were run with the calibrated model (Table 5.3). The effect of climate 
warming was tested by raising the air temperature by two degrees in scenario 1a, while keeping 
the temperature of the deeper groundwater the same. Because the increase in air temperature is 
expected to also increase the temperature of the groundwater (e.g. Menberg et al., 2014; Taylor 
and Stefan, 2009), in scenario 1b both the air and groundwater temperature were increased by 2 
°C. The importance of groundwater was tested by running the model with 50% more and 50% 
less groundwater seepage in the stream (scenarios 2 and 3). The effect of shading was evaluated 
by removing shading from a small part of the modelled stream (scenario 4) and by removing 
shading from the whole catchment (scenario 5). 

Where Br is the Bowen ratio [-] given by: 
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Where PA is the adiabatic atmospheric pressure [kPa], es
w  and ea

w  are the saturated and actual 
vapour pressure using the stream temperature [kPa]. 
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Where z is the elevation [m] at which humidity and air temperature were measured. 

Heat Exchange between the streambed and the stream φbed [W m-2] is computed by combining 
each stream cell with a vertical 1D streambed model (Boyd and Kasper, 2003):

       (5.31)

Where k is the thermal conductivity of the combined water and soil matrix [J m-1s-1°C-1], T is the 
water temperature in the stream [°C], Tstreambed is the temperature of the upper streambed 
cell of the streambed model [°C] and ∆z is the thickness of the topmost cell [m]. Temperatures 
in the vertical 1D streambed model are solved using the advection-diffusion heat equation, with 
an upwind and a central difference solution for advection and diffusion respectively and a fixed 
cell size:

       (5.32)

Where Tiz
j+1  is the groundwater temperature [°C] at grid cell iz at the new time level j+1, j 

denotes the old time level and iz-1 the grid cell above cell i, vz is the vertical groundwater flux 
(specific discharge) [m s-1], c and ρ are the specific heat and density of the combined water 
and soil matrix, and Rbed is a source/sink term which only applies to the top model layer which 
represents the streambed. This layer exchanges energy with the stream water and is heated by 
the fraction Df of the solar radiation (φsolar) reaching the streambed. The source/sink term Rbed 
is given by:

      (5.33)

The lower boundary of the model has a fixed temperature to represent a stable aquifer temperature 
at depth and the upper cell of the streambed model represents the stream and has a temperature 
that is updated every time step. Heat from streambed friction is considered to be negligible. 
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Figure 5.2. Conceptualization of the STM-GW model. A stream cell can receive water from an upstream 
cell and from lateral inflow such as from tile drainage or seepage ponds. Each cell exchanges energy with 
the atmosphere by solar and longwave radiation, and latent and sensible heat flow. Each stream cell is 
connected to cells that represent the streambed to represent groundwater inflow and conductive heat 
exchange with the streambed.
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5.3. Results

5.3.1 FO-DTS temperature measurements 
Springendalse Beek
Figure 5.3 displays results of temperature measurements in the Springendalse Beek in summer 
and winter. In summer, the absolute temperature slightly increases in the downstream direction 
(Figure 5.3b) and the daily temperature amplitude tends to go up when there are no lateral 
inflows. Low temperatures between 10.3 and 15.0 °C close to the spring area (x=200) indicate a 
strong influence of groundwater inflow. Downstream of the spring, the inflow of groundwater is 
less, and stream temperature is more influenced by atmospheric processes; measured 
temperatures vary between 12.3 and 18.8 °C at x=1450 (Figure 5.3b). In winter, the effect of 
groundwater seepage also is clearly visible in the DTS measurements. Upstream the stream 
water has a relatively high temperature in winter (5.0-9.6 °C), while temperatures decrease 
downstream (2.1-6.6 °C) (Figure 5.3e-g). The mean and average daily standard deviation (SD) 
were also derived from the DTS data in order to locate groundwater seepage zones, using the 
fact that groundwater has less temperature variation and thus the SD is lowered at locations with 
seepage (e.g. Hare et al., 2015; Lowry et al., 2007; Matheswaran et al., 2014a; Rosenberry et al., 
2016). See for instance at x=630 and Table 5.1, which summarizes the data for some specific 
locations. Upstream in the Springendalse Beek the SD is around 0.5 °C both in summer and 
winter, and in the downstream direction increases in summer to around 1 °C and remains 
approximately stable at 0.5 °C in winter. 

Table 5.1 lists characteristics of thermal anomalies associated with specific hydrological features 
such as tributaries and springs. At location 1 (Figure 5.3) the cable was looped through the 
outflow of a small spring which had a lower summer and higher winter temperature than the 
water in the stream (Table 5.1) as a result of the stable temperature of groundwater seepage. 
The outflow of a small groundwater-fed pond at location 3 had this same thermal groundwater 
characteristics of lower summer and higher winter temperatures than the stream water. In 
addition, the stream temperature at x=350, 650, 1100 and 1400 m had similar characteristics as 
the spring (1) and the small groundwater-fed pond (3): the up- to downstream summer warming 
and winter cooling was dampened and SD values were lower than expected (Figure 5.3). This

Table 5.1. Features in the Springendalse Beek with distinct thermal characteristics. 
Location Location along 

cable [m]
Feature Summer Winter Observations

Mean SD Mean SD
Upstream 200 - 12.6 0.75 6.3 1.02
1 305 Spring 12.1 0.47 7.5 0.53 Sand volcanoes, loose 

sediment
2 435 Tributary 13.5 0.53 3.9 0.82
3 630 Small GW-fed 

pond
12.8 0.43 4.9 0.36 Year-round discharge

4 1120 Large GW-fed 
pond

19.2 0.88 4.3 0.29 Year-round discharge

5 1300 Tributaries 
swamp

15.9 0.69 2.5 0.21

Downstream 1430 - 15.0 0.88 3.9 0.94
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winter week (panels e-g). Note that the legend colours are different between panels a and e. Streamflow is 
from left to right and the air temperature at a nearby meteorological station is given in panels d and h for 
the summer and winter period respectively. Maximum, average daily mean and minimum temperatures 
during the shown periods are given in panels b and f, and the average daily standard deviation in panels 
c and g. Thermal anomalies appear as warmer or colder vertical bands in panels a and e, of which 
locations 1-5 are indicated and listed in Table 5.1. Locations where the cable was known to be exposed to 
the air are filtered out and appear as white vertical lines. 



98

5

suggests that significant seepage occurs at these locations. The outflow of a larger groundwater-
fed pond at 4 had high summer temperatures and a high SD (Table 5.1), which is different 
from the small groundwater-fed pond and suggests a smaller groundwater influence on the 
temperature. This is potentially due to a longer residence time in the larger pond: although fed 
by groundwater, the larger volume of the pond results in a larger residence time of the water 
which slowly loses the groundwater thermal signal. Contrary to the groundwater indicative 
thermal signals, a tributary stream at location 2 (Figure 5.3) had relatively high summer and low 
winter temperatures (Table 5.1), and the same holds for the outflow of a swamp through two 
small tributaries at location 5. The discharge of both these inflows is fed by an agricultural area, 
where it derives from drains (shallow groundwater) and is influenced by atmospheric processes 
while flowing towards the Springendalse Beek. 

Besides effects from groundwater seepage, effects of air temperature and rainfall are also visible 
in the DTS-measurements. For instance, a sharp increase in stream temperature occurred 
between August 1st and 2nd (Figure 5.3a) and is the result of input from precipitation during 
a rainstorm. In addition, monitoring artefacts are shown, for instance around x=1280 where a 
temperature increase is seen from August 4th as a result of the cable becoming exposed to air 
due to lowering of the water level. 

Elsbeek
The measured stream stretch in the Elsbeek is located further downstream from the stream 
origin than the measured stretch in the Springendalse Beek (approximately 5000 vs 200 m). 
The measured temperature of the Elsbeek slightly decreases in the downstream direction before 
increasing between x=750 and 900 and finally decreasing again towards the most downstream 
measured point (Figure 5.4a, b). This pattern is also clearly visible in the SD (Figure 5.4c), 
which is lower at locations with a lower temperature. The parts of the stream with decreasing 
temperatures coincide with the locations of (riparian) forests while the stretches with increasing 
temperatures are located in agricultural fields. The temperature measurements show several 
negative spikes in maximum temperature and SD (Figure 5.4). While this appears similar to 
the characteristics of seepage, these locations have a minimum temperature significantly above 
the average groundwater temperature of around 11 °C. Instead of seepage, visual inspections 
showed that at these locations the DTS cable is either located on the bottom of (stagnant) pools 
or buried by sediment.
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Figure 5.4. Temperatures in the Elsbeek measured in a summer week (panel a). Streamflow is from left to 
right and the air temperature at a nearby meteorological station is given in panel d. Maximum, average 
daily mean and minimum temperatures during the shown period are given in panel b and the average 
daily standard deviation in panel c. Thermal anomalies appear as warmer or colder vertical bands in 
panel a. 

5.3.2 222Rn measurements 
The 222Rn concentration in groundwater was measured both at piezometers within our 
catchment which showed concentrations between 3210 and 5800 Bq m-3 and at the spring which 
showed concentrations of 733 and 3730 Bq m-3 (Figure 5.5). The low spring concentration of 
733 Bq m-3 might be influenced by recent precipitation or by some decay in the spring area, as 
the other radon concentrations of 3000 Bq m-3 and higher are in line with the concentrations 
found for groundwater in other studies in the Netherlands, including well fields in the region 
of our catchment (Kwakman and Versteegh, 2016; Yu et al., 2019). The 222Rn activity in the 
stream water in the most upstream part of the Springendalse Beek catchment is between 104 
and 1240 Bq m-3 while more downstream 222Rn concentrations are below 500 Bq m-3 (Figure 
5.5), showing a decrease in groundwater influence in the downstream direction. The small 
groundwater-fed pond has a mean Radon level of 1388 Bq/m-3 (n=4) indicating a large relative 
influence of recent groundwater seepage. The concentrations in the large pond have an average 
of 177 Bq m-3 (n=3; Figure 5.5) indicating only a small influence of recent seepage.
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5.3.3 Model calibration
The manual calibration was done step-wise and an overview of the model parameters is shown 
in Table 5.2. The model is most sensitive to the parameters θVTS, DDiffuse, upstream starting Q 
and the width of the stream, and therefore focus was on these parameters during calibration. 
Discharge from groundwater seepage and lateral inflow, stream width and depth and shading 
varied along the stream length and were estimated using our knowledge of the field sites and 
were then further calibrated (Figure 5.6). The initial temperature of the stream and the streambed 
were set to 10 and 11 °C respectively. Calibration of Df and Ddiffuse resulted in values of 0.5 and 
0.0 respectively. Lateral inflow from an agricultural stream was added to the model at x=435. 
The temperature of this inflow represented discharge from a tile drained area (seepage from 1 m 
depth). The two seepage ponds in the Springendalse Beek were located at locations x=650 and 
1150 m in the model. The pond sizes, depths, shading and seepage rates were also calibrated 
with the DTS measurements. Their depths were 1.5 and 1.0 m and their surface areas 900 and 
3000 m2 respectively. The pond at 650 m had a calibrated seepage rate of 1000 mm per day and 
was 90% shaded. The pond at 1150 m had a calibrated seepage rate of 350 mm per day and was 
not shaded with a shading factor of only 10%.
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Table 5.2. Calibrated model parameters
Parameter Description Value Reference
H [%] Humidity 2016-2017 23 - 100 KNMI, Twenthe station
Tair [°C] Air temperature 2016-2017 -10.1 – 34.1 KNMI, Twenthe station
Solar radiation 
[W m-2]

Solar radiation 2016-2017 0.0 – 952.8 KNMI, Twenthe station

Δt [s] Time step 90 Chosen
Δx [m] Length of stream reservoir Variable along x-axis Based on Courant 

number = 1
Δz [m] Length of soil reservoir 0.05 Chosen
B [m] Stream width 0.60 – 1.50 Estimated
Z [m] Stream depth 0.03 – 0.07 Estimated
Q [m2s-1] Stream discharge 0.05 – 0.34 Estimated
vz [mm d-1] Groundwater flux 0.05-1.20 Estimated
TdeepGW [°C] Temperature of lower z boundary 11.0 Estimated
Ddiffuse [-] Fraction of diffuse solar radiation 0.0 Estimated
Df [-] Fraction of solar radiation 

reaching the streambed
0.5 Estimated

RSS [-] Surface reflection Based on solar angle Boyd and Kasper (2003)
Cs [%] Shading factor 5 – 20 Estimated
CL [-] Cloudiness 0 - 1 KNMI, Twenthe station
θVTS [-] View to the sky coefficient 0.6 Estimated
σsb [Wm-2 °C-1] Stefan-Boltzmann constant 5.67 * 10-8 -
vwind [m s-1] Wind velocity 0.1 Westhoff et al. (2007)
γ[kPa°C-1] Psychrometric constant 0.66 Westhoff et al. (2007)
ρa [kg m-3] Density of air 1.2 -
ρw [kg m-3] Density of water 1000 -
ρsed [kg m-3] Density of the saturated sediment 1965 Anibas et al., 2011; 

Dujardin et al., 2014
cair [J kg-1 °C-1] Specific heat capacity of air 1004 -
cw [J kg-1 °C-1] Specific heat capacity of water 4182 -
csed [J kg-1 °C-1] Specific heat capacity of the 

saturated sediment
1365 Anibas et al., 2011; 

Dujardin et al., 2014
kw Thermal conductivity of water 0.6 -
ksed Thermal conductivity of the 

saturated sediment
1.833 Anibas et al., 2011; 

Dujardin et al., 2014
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5.3.4 Modelled temperature distribution along the stream
The calibrated STM-GW model, using the parameters listed in Table 5.2, shows a reasonable fit 
with the observed DTS data from the Springendalse Beek (Figure 5.7), especially considering 
that the model does not include local heterogeneity in e.g. water depth and air temperature. Both 
the diurnal temperature variation in the up-and downstream temperature are represented well 
by the model, although the simulated temperature upstream is slightly underestimated (Figure 
5.7b). Figure 5.7c shows the modelled result for two night and two days (2 AM and 2 PM), for a 
warmer day (Day 1) and colder day (Day 2). The temperature pattern from up- to downstream 
on these days is simulated adequately by the model including the modelled features such as the 
spring and tributary spring. Especially the temperature step resulting from the tributary stream 
at x=450 and the inflow of water from the seepage ponds (x=700 and x=1200) lead to clear 
temperature steps in the model, that were also observed in the DTS measurements (Figure 5.7c). 

Using the model, we were able to investigate the theoretical importance of the different processes 
affecting the stream temperature. For comparison with the other energy fluxes, the heat energy 
provided by seepage [W m-2] was calculated using:

        (5.34)

Where ∆T is the temperature difference between the stream and seeping groundwater, 
which means that Equation 5.34 gives the energy flux compared to the current stream water 
temperature and is thus an apparent rather than an absolute heat flux, as explained by Kurylyk 
et al. (2016). Figure 5.8 shows the modelled energy fluxes to and from the stream on August 6, 
2016. The energy flux from seepage is mostly negative because seepage of groundwater often 
leads to cooling on summer days. The higher seepage rates given to the upstream part of the 
model are also shown in the energy fluxes (Figure 5.8a and c): higher seepage rates lead to 
more cooling of the stream both through the advective flux and through increased streambed 
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conduction. The negative energy fluxes from both bed conduction and seepage increase during 
the day, because stream water is heated and the temperature difference between seepage and 
stream water increases. The flux from solar radiation naturally has a day-night fluctuation and 
is lower at locations with shading. Sensible heat flow is dependent on the difference between 
stream water and air temperature (Equation 5.27) and therefore shows a day-night pattern as 
well. It decreases in the downstream direction, as the difference between stream water and air 
temperature decreases due to the heating or cooling of the stream water in the downstream 
direction by atmospheric processes. 
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Figure 5.8. 
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5.3.5 Scenario modelling
From the base run (Figure 5.7), several model parameters were changed to simulate different 
scenarios to get a better understanding of the possible future changes resulting from climate 
change and the role of groundwater in this. Table 5.3 shows the upstream (x=200) and 
downstream (x=1450) average, minimum and maximum stream temperature for the calibrated 
base run and five different scenarios. 

Table 5.3. Results of the scenario modelling: statistics for the month August 2016.
Scenario Upstream temperature 

[°C]
Downstream temperature 
[°C]

Average Min Max Average Min Max
0 Base run 12.0 10.9 14.3 14.6 12.2 18.7

Temperature change from base run [°C]:
1a T + 2 °C, GWlower_boundary + 0 °C 0.3 0.0 0.5 0.8 0.2 1.0
1b T + 2 °C, GWlower_boundary + 2 °C 1.9 2.0 1.8 2.0 2.0 1.9
2 50% more GW in stream -0.1 0.0 -0.3 -0.1 -0.1 -0.2
3 50% less GW in stream -0.1 0.0 0.8 0.4 0.0 0.7
4 No shading between x=450-500 0.0 0.0 0.0 0.1 0.0 0.2
5 No shading 1.2 0.0 5.0 1.1 0.0 4.3

An increase in air temperature in scenarios 1a and 1b resulted in an increase in water temperature 
(Figure 5.9a). In scenario 1a a stable groundwater temperature buffers the increase in water 
temperature compared to scenario 1b, where the stream temperature increased by approximately 
the same amount as the air and groundwater temperature (Table 5.3, Figure 5.9a). The upstream 
temperature is hardly affected by an increase in air temperature because it is located close to the 
upstream stream spring. Especially the night temperature both up- and downstream seems to 
be almost fully determined by the groundwater temperature, as the 2°C increase of the lower 
boundary in scenario 1b leads to a similar increase of the minimum temperature both upstream 
and downstream. Scenarios 2 and 3 show the effect of an increase or decrease of groundwater 
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seepage in the stream: an increase of seepage resulted in lower maximum temperatures while 
a decrease resulted in higher maximum temperatures (Table 5.3). The removal of shading 
between x=450 and 500 had a local effect on this new non-shaded part where temperature 
increased by 0.4 °C (figure 5.9b), and had only a slight effect on the maximum temperature 
downstream (+0.1 °C). In scenario 5, where shading was removed from the whole stream, 
daytime temperatures strongly increased, approximately the same or more as in scenario 1b. 
However, night temperatures stayed the same since the effect of shading is depleted when there 
is no solar radiation (Figure 5.9). 
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5.4. Discussion

5.4.1 Mapping local and diffuse groundwater seepage
Springendalse Beek
The stream temperature and 222Rn measurement in the Springendalse Beek reflected the stream 
to be highly influenced by groundwater, as was expected from the fact that several springs exist in 
this particular catchment (van der Aa et al., 1999). The stream had both local and diffuse seepage 
locations. Two local seepage spots were identified from the temperature measurements: a spring 
and groundwater-fed pond (locations 1 and 3; Table 5.1). The 222Rn measurements and other 
field observations such as sand volcanoes, loose sediments, abundant presence of macrofauna 
and year-round discharge confirmed the presence of seepage at these features (Figure 5.5). Small 
hotspots of diffuse seepage (maximum length a few meters) were located at 4 locations (around 
x= 350, 650, 1100 and 1400), indicated by lower SD values and a dampening of the warming in 
summer and cooling in winter in the downstream direction. However, the hotspots were not 
clearly visible in the 222Rn measurements, probably because their flux was too small compared 
to river discharge to influence 222Rn downstream. The observed increase in discharge in the 
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downstream direction indicates that low rates of diffuse seepage are occurring in the catchment, 
but this could not be shown in the measurements, as small fluxes cannot be located adequately 
using DTS (e.g. Krause et al. 2012) or 222Rn measurements. Substantial variations in time were 
found between the 222Rn measurements, which could be related to changes in exchange with 
the atmosphere due to wind and turbulence (e.g. Cartwright et al., 2014; Cook, 2013; Genereux 
and Hemond, 1992; Wallin et al., 2011) or to changing flow velocities and discharge leading to 
a change in decay time. 

The outflow of the small pond and the measured groundwater (spring and piezometers) have 
a clear groundwater 222Rn signal which is much higher than the 222Rn values measured in 
the outflow of the large groundwater-fed pond (Figure 5.5). It was expected that both ponds 
would show a clear groundwater signal because both have a year-round discharge but no 
inflow of surface water and therefore must have a significant input of groundwater. The 222Rn 
concentration at the large pond is the lowest measured in the catchment and was at some 
occasions difficult to detect (Figure 5.5). The difference in 222Rn between the ponds suggests 
that the residence time of water in the large pond is much larger than in the small pond, allowing 
for more decay of Radon and a change in the thermal signature. With a half-life time of 3.8 days 
and ignoring degassing for simplicity, seeping groundwater with a 222Rn concentration of 3500 
Bq m-3 (as measured in the piezometers and spring) would take approximately 5 days to reach 
the average level of 1400 Bq m-3 found in the small pond but 19 days to reach the average level of 
117 Bq m-3 found in the large pond. Relating the residence time with the volume and discharge 
in the pond is done using:

  T V
N

= �         (5.35)

Where T is the characteristic time [days], V is the volume [L] and N is the (groundwater) 
recharge [L s-1] (e.g. van Ommen, 1986). The outflow of the pond can be assumed to equal the 
groundwater discharge towards the ponds and was measured at 4 vs 3 L s-1 for the large and small 
pond respectively. With estimated volumes of 5000 and 1300 m3 respectively, the characteristic 
residence time is estimated to be 15 and 5 days, and thus close to the estimations of 19 and 5 days 
using 222Rn. The slight deviation found for the large pond could result from an underestimation 
of pond volume, but also from ignoring the atmospheric exchange of radon, which would also 
lead to a decrease in the estimated residence time. However, we assume atmospheric exchange 
to be a much slower process than radioactive decay in the ponds, especially because they contain 
stagnant water, are located in a forest and thus sheltered from wind and contain abundant water 
plants that prohibit the presence of waves or turbulence that would promote the atmospheric 
exchange. As atmospheric exchange would then be governed by diffusion from deeper water to 
the pond surface, this effect was assumed to be negligible relative to the effect of the radioactive 
decay with a half-life time of 3.8 days (e.g. Dimova et al., 2013; Dulaiova and Burnett, 2006; 
Emerson and Broecker, 1973; Zappa et al., 2003). The longer residence time in the large pond 
than in the small pond results in more warming in summer (Table 5.1), especially since the large 
pond is barely shaded. 

Elsbeek
It was not possible to locate groundwater seepage in the Elsbeek using the FO-DTS measurements. 
An increase in streamflow and the presence of iron oxide precipitation along banks show that 
diffuse seepage does occur in the catchment but apparently these fluxes are not large enough 
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to create a distinguishable temperature signal. Patterns in the measured temperature were 
attributed to morphological and riparian differences. Several thermal anomalies were found but 
were caused by the burial of sediment and presence of pools. In addition, the temperature and 
SD along the stream seem to have a good correlation with the sequence of open-shaded-open-
shaded stream stretches (Figure 5.4). 

5.4.2 DTS-measurements in a heterogeneous stream system
Similar to the conclusions of Matheswaran et al. (2014a), the standard deviation of diurnal 
temperatures was found to be best suitable for locating groundwater seepage in summer, while 
the mean temperature appeared useful for winter measurements. Several difficulties appeared 
in analysis of the DTS measurements. First, the DTS cable and streambed may be warmed up by 
direct solar radiation (Neilson et al., 2010), although we did not find evidence for this. Second, 
sedimentation of the DTS cable led to a similar signal as seepage, which was also found by 
e.g. Karan et al. (2017). Sediment functions as insolation of the cable which therefore shows 
a buffered temperature signal. To separate the temperature effect of sedimentation, Sebok et 
al. (2015) used parallel DTS cables which allowed them to detect sedimentation and scouring. 
Hilgersom et al. (2016) were able to distinguish sedimentation by applying a 3D DTS devise, 
although this seems only practical for lab or small field areas. Third, we aimed to place the cable 
in the centre of the stream but because of that may have missed seepage occurring only on certain 
sides of the stream, as recent studies have shown the large heterogeneity in shallow subsurface 
temperatures, groundwater flow paths and seepage (e.g. Gilmore et al., 2016; Kennedy et al., 
2009; Rosenberry et al., 2016). 

Lastly, measurements from the Elsbeek suggested that stratification of water temperatures 
(Neilson et al., 2010) is occurring in pools (Figure 5.4), also leading to a temperature signal 
similar to that of seepage. These pools in the Elsbeek are deep (~1 m) compared to the low 
streamflow in summer (can go to zero in dry periods). Because the fibre-optic cable is placed on 
the streambed, the temperature of the water at the bottom of a pool is measured. Because more 
energy is needed to heat the water mass in a pool, the temperature reacts more slowly on changes 
and thus pools present a buffered temperature signal, similar to the effect of groundwater seepage. 
The temperature at the pool bottom can significantly differ from the temperature of the surface 
as thermal layering can occur in deeper pools, where solar radiation does not heat the entire 
water column (Sebok et al., 2013). Pools do not necessary greatly influence the temperature of 
streams, as this stratification can only occur if the water flowing into the pool stays at the surface 
and continues to flow in the downward direction, with limited mixing with the water in the 
pool. Sedimentation of the cable at the bottom of the pool may also occur, further buffering the 
measured temperature signal.

5.4.3 The buffering capacity of shading and stream morphology
Compared to other studies (e.g. Harrington et al., 2017), the effect of direct solar radiation 
on the temperature of our study stream is relatively low and the other fluxes relatively high 
(Figure 5.8). Direct solar radiation does not affect stream temperatures as much as the other 
atmospheric energy fluxes because of the high shading of the Springendalse Beek. In addition, 
the other energy fluxes are relatively high because the temperature difference between the 
stream water and air is large, increasing e.g. longwave radiation (Equation 5.19). As expected, 
shading reduced maximum stream temperatures (Table 5.3, Figure 5.9). However, shading has 
a large impact on the temperature of the stream: without shading, the water temperature would 
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increase in summer by ~4 °C (scenario 5). Removing shading from a small stream stretch (50 
m) affected the maximum temperature even 1 km downstream (scenario 4; Figure 5.9b). Garner 
et al. (2014) argued that while shading seems to cause cooling of stream water, the discrepancy 
between the water temperature in open and shaded stretches is caused by the fact that in shaded 
parts water is less heated and daytime heating therefore lags behind compared to non-shaded 
parts. This could also explain the observed temperature variation between open and shaded 
parts in the Elsbeek, where temperatures increase in the non-shaded parts and decrease in the 
shaded parts (Figure 5.4). 

In addition to shading, the stream temperature is also influenced by the water depth. A shallow 
stream warms up faster, but also has a higher flow velocity than locations with pools allowing 
less time for warming of the water. The temperature measured in the Elsbeek showed that the 
temperature at the bottom of deeper pools was buffered and had less extreme temperature peaks 
than the surrounding stream sections because the larger body of water at these locations was 
able to adsorb more heat than shallow stream sections. 

5.4.4 Temperature buffering by groundwater
Our temperature measurements showed that groundwater provides relatively cool water in 
summer and warm water in winter (Figures 5.4 and 5.5), which was especially clear in springs 
(Table 5.1). Separating the energy fluxes of seepage from the other processes using the model 
(Figure 5.8) showed that the importance of groundwater for stream temperature depends on 
the temperature difference between the surface- and groundwater. For instance, the buffering 
capacity of seepage increases during a summer day as the stream gets heated and the temperature 
difference increases (Figure 5.8). The scenarios showed that the increase in stream temperature 
resulting from decreased seepage (scenario 3) is larger than the decrease in temperature 
following from increased seepage (scenario 2). This is not only due to the change in the amount 
of groundwater versus the volume of stream water, but also follows from the fact that with higher 
groundwater fluxes the temperature of seepage is more similar to the deeper groundwater than 
with low seepage rates, because less time is available for downward conduction of heat. Higher 
seepage fluxes thus increase the temperature gradient in the streambed, and therefore increase 
the buffering capacity of groundwater both through the advective flux and through increased 
streambed conduction (Caissie and Luce, 2017). 

Recent studies showed the importance of ‘source depth’ of seepage for the temperature signal that 
is transported by groundwater to surface waters (Briggs et al., 2018a, 2018b; Kurylyk et al., 2015). 
The temperature of shallow groundwater is influenced by the seasonality at the surface, and as 
such the buffering capacity of this groundwater is lower than that of deeper groundwater. Thus, 
groundwater seepage may hold a (lagged and attenuated) seasonal temperature signal, resulting 
from either the groundwater flow path and transferred from infiltration zones (Briggs et al., 
2018b, 2018a; Kurylyk et al., 2015) or from heat conduction from the streambed at the seepage 
zone (Caissie and Luce, 2017). Our study did include the second process of heat conduction 
at seepage zones (Equation 5.32), which is especially important if seepage velocities are slower 
and deep flow paths are dominant. However, with the methods in our study we were not able 
to consider the first process of source depth, which is especially important when groundwater 
velocities are high and/or travel times short, which is known to be the case for at least part of the 
seepage in these catchments (Kaandorp et al., 2018a). 
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We found that the spring and two groundwater-fed ponds discharge groundwater towards 
the stream, but with different residence times from the moment of seepage till the moment of 
discharge to the stream. This leads to a clear difference in the temperature effect on the stream, 
which is listed in Table 5.4. Because the water discharging through the spring only takes little 
time to join the stream, its temperature in winter is always higher than the stream water (Figure 
5.3). As residence time increases, the water is more influenced by atmospheric processes such 
as sensible heat flow and it changes temperature compared to the stream water. For instance, 
the large groundwater-fed pond has an estimated residence time between 15 and 19 days and in 
winter discharges water towards the stream which is both colder on average and during the day 
(maximum) than the water in the stream. 

Table 5.4. Comparison of features with point groundwater seepage.
Spring Small GW-

fed pond
Large GW-
fed pond

Location 1 3 4
Location along cable 305 m 630 m 1120 m
Residence time / time since seepage 0-1 days 5 days 15-19 days

Temperature in winter relative 
to stream temperature

Minimum ↑ ↑ ↑
Average ↑ ↑ ↓
Maximum ↑ ↓ ↓

5.4.5 Climate warming 
Scenarios 1a and 1b, in which air temperatures where increased in both scenarios and groundwater 
temperatures only in scenario 1b, showed how the buffering capacity of groundwater highly 
depends on the temperature increase of groundwater in a changing climate. Much is still 
unknown about the exact response of the temperature of groundwater to climate change (e.g. 
Menberg et al., 2014; Watts et al., 2015). Kurylyk et al. (2015) simulated the temperature of 
shallow groundwater during several climate change scenarios. They showed for instance a case 
where 50 years after an instantaneous increase in the air temperature of 2.0 °C the temperature 
of groundwater at a recharge location in a sandy aquifer had increased by 1.9 °C at a depth of 5 
m and by 1.6 °C at a depth of 20 m. Because it is expected that the increase in the groundwater 
temperature will always lag behind on the increase of the air temperature (e.g. Kurylyk et al., 
2013), the temperature difference between the two increases in a warming climate, depending 
on the depth where groundwater is flowing. This would lead to a relative increase in the buffering 
capacity of groundwater compared to the current climate and thus partly buffers the effect of 
climate warming in groundwater dominated streams. 

Climate change might not lead to a consistent year-round increase in temperatures, but instead 
lead to a different temperature increase in summer than in winter, which will also affect 
the buffering capacity of groundwater on stream temperature. In our study area, part of the 
streamflow is derived from deeper groundwater (Kaandorp et al., 2018a) and the temperature of 
this deeper groundwater depends on the average temperature increase, not seasonality as seasonal 
signals are dampened with depth. Therefore, if summer temperatures increase more than winter 
temperatures (e.g. by 3 °C and 1 °C respectively) and the groundwater temperature increases by 
the average (e.g. 2 °C), the temperature difference between the stream and groundwater changes. 
In this example the thermal buffering by groundwater is increased both in summer and winter 
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compared to in the current climate. However, if the reverse happens and winter temperatures 
increase more than summer temperatures, the buffering capacity of groundwater decreases. 
Furthermore, climate change also leads to changes in cloudiness and humidity, affecting direct 
solar radiation and latent heat flow and thus both stream and groundwater temperatures (Taylor 
and Stefan, 2009). We conclude that the effect of climate warming on groundwater temperatures 
is extremely complex and can have large spatial heterogeneity due to differences in e.g. recharge 
rates (Kurylyk et al., 2014) and geohydrological settings. 

5.4.6 Implications for groundwater-dependent streams and ecology
The temperature of groundwater is likely to be lower than maximum air temperatures in summer 
and thus in most climate warming scenarios seepage buffers temperature peaks. In addition, 
groundwater dominated streams have a lower risk of drying up than other streams and rivers, 
and are therefore able to support the survival of species during drought. Springs especially, can 
deliver a thermal signal most related to groundwater towards the stream due to their local high 
flow velocities, which does not allow much time for downward heat conduction. Groundwater-
fed streams are less vulnerable to climate change thanks to these less intense temperature and 
discharge extremes. 

However, the thermal refugia created by groundwater seepage are still threatened by climate 
warming, as many species living at these locations are more susceptible to changes in temperatures 
than species that are already adapted to more variable water temperatures (e.g. Hazelwood 
and Hazelwood, 1985; van den Hoek and Verdonschot, 2001). If future temperatures rise, the 
input flux of groundwater might not be high enough to ensure the required low temperature 
certain species need to survive (e.g. Kurylyk et al., 2014). The high groundwater input into the 
Springendalse Beek allows for the presence of spring and spring stream species (Verdonschot, 
1990) and a high amount of rare species (van Walsum et al., 2002). This, together with the high 
amount of shading makes this stream a special case especially for the Netherlands and worth 
protecting. 

5.5. Conclusions

Several measurement techniques were combined with a stream temperature model in order 
to study the importance of groundwater on the temperature of lowland streams. Using DTS 
measurements, localized seepage was mapped in two Dutch streams, which was confirmed by 
sampling of 222Rn. We have seen that groundwater seepage is able to buffer the temperature of 
stream and provide thermal and climate refugia by lowering maximum temperatures. Seasonality 
in seepage temperatures can be caused by shallow and fast flow paths from infiltration areas 
or by heat conduction in seepage zones with slow groundwater velocities. Our measurements 
suggest that while air temperature and shading generally have a large influence on stream 
temperature, the presence of significant seepage can be crucial in the occurrence of thermal 
refugia. The effect of groundwater may be even more important in a warming climate, although 
this depends on the exact change in air temperature and its seasonality. We conclude that 
groundwater dominated streams are potentially more climate resilient than streams without a 
significant contribution from seepage. It seems possible to make use of groundwater in reducing 
summer temperature maximums, as an alternative or additionally to the creation of (riparian) 
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shading. For instance, reducing the pumping of groundwater can increase groundwater levels 
and seepage. More research effort is needed on the exact consequence of climate change on the 
temperature of groundwater and therefore of seepage, as this is still mostly unclear and depends 
on many (local) factors. We conclude with the statement that groundwater seepage is a crucial 
factor to include the study and management of lowland stream temperatures and ecology.
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Chapter 6

Synthesis and discussion

6.1 Introduction

This thesis showed that groundwater-stream interaction plays a major role in the hydrological, 
hydrochemical and thermal functioning of stream systems. In this chapter the answers to the 
research questions will be summarized in Section 6.2. From these conclusions, the overall 
implications of the research in this thesis will be discussed in Section 6.3 after which Section 
6.4 will finish with listing the remaining questions and provide suggestions for further research. 

6.2. Questions and answers

Chapter 2 
Research questions:
• What is the role of groundwater in multiple-stressed river and stream systems in Europe? 

Can we describe this in a conceptual framework? 

In Chapter 2, a framework based on the Driver-Pressure-State-Impact-Response (DPSIR) 
model (OECD, 1993; Svarstad et al., 2008) was presented for a coupled groundwater-surface 
water system. It was applied to four catchments in three European countries for which stressors, 
propagation and buffering in the groundwater compartment were discussed. It was shown that 
in all catchments the river discharge, water quality -especially nutrients-, and temperature were 
affected by stressors through the groundwater system. We discussed how the importance of 
groundwater differed between the four catchments based on contrasts in geology, climate, land-
use, stressor combinations and scale. Overall, it was shown that groundwater can act as a medium 
for the propagation of stressor effects to surface waters therefore connecting a catchment with 
its stream(s), for instance by transporting nitrate and other solutes and/or withdrawing water 
from a catchment by (over)pumping. In contrast, due to its flow over potentially long distances 
and over longer time scales, groundwater can buffer the effect of stressors to streams over spatio-
temporal scales by adding time lags and attenuating stressor signals, which is however strongly 
dependent on the shape and dynamics of travel time distributions and the hydrogeological 
factors determining those (see Chapters 3 and 4). In general, groundwater affects the discharge, 
temperature and water quality regimes of streams and rivers differently in catchments with 
contrasting geology, climate, land-use, scale and stressor combinations.
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Chapter 3 
Research questions:
•  How dynamic is the contribution of groundwater to lowland streams in intensively-

drained catchments, both spatially and in time? What causes this dynamics?

•  Can we model dynamic groundwater travel time distributions using a 3D spatially-
distributed groundwater model?

•  What are the groundwater travel times that contribute to streamflow in lowland catchments 
and how do those vary in time?

Chapter 3 presented dynamic Travel Time Distributions for three Dutch lowland catchments that 
were calculated based on forward particle tracking in a high-resolution 3D spatially-distributed 
groundwater model. The model indicated that most of the discharge in two of the catchments 
was derived from groundwater with a travel time of less than 5 years, with the youngest water 
discharging mainly in winters, and older water in summers. The calculated mean travel time 
(MTT) for these two catchments was around 10 years, while the other catchment had a MTT 
of around 35 years due to the contribution of a deep groundwater reservoir in the model. The 
dynamic TTD was related with the groundwater storage using StorAge Selection functions 
that describe their relation in a scale-independent way and revealed a high preference for the 
discharge of younger water from the groundwater storage. We suggest that this preference is 
controlled by the drainage density of the catchments. It was shown that the TTDs and SAS 
functions are highly variable in time due to the interplay between the activation of shallow short 
flow paths contributing young water towards for instance shallow drains and the intensification 
of fluxes through all flow paths when groundwater levels rise. Our results suggest that geology 
and topography largely determine the shape of the SAS functions and together with the drainage 
density determine the extent to which new flow paths can be activated when groundwater levels 
rise. 

Chapter 4 
Research questions:
• What is the effect of the dynamic contribution of flow paths on the variation of stream 

water quality in time and space in lowland catchments?

• Can water quality and tritium be reconstructed using dynamic travel time distributions 
derived from forward particle tracking models? Can this be used to validate calculated 
groundwater travel time distributions? 

• What are potential causes of time lags in the effect of stressors in a coupled groundwater-
surface water system? 

In Chapter 4 the dynamic TTDs presented in Chapter 3 were used to convolute input curves of 
tritium, chloride and nitrate into solute breakthrough patterns for one of the study catchments, 
reconstructing historical and present-day concentrations. We found that the variable contribution 
of different groundwater flow paths was able to explain the short-term variability of the nitrate 
and chloride concentrations. This variability is related to variations in flow paths and the time-
variable fraction of the catchment that is contributing to streamflow during different wetness 
conditions. However, the model that was calibrated for celerities (groundwater heads; pressure 
wave propagation) failed to reproduce the long-term breakthrough of chloride and nitrate, 
especially in the timing of the breakthrough of the 1985 peak in manure applications. We then 
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used the model to run a sensitivity analysis to conceptually understand the model parameters 
that govern the long-term breakthrough patterns. We varied parameters such as the unsaturated 
zone thickness, the mean travel time of the system, trends of the input, and the distance between 
fields and the stream. This showed that these parameters determine time lags between peak 
inputs and maximum concentrations in the stream. Especially the distance between agricultural 
fields and the drainage network was found to be an important factor. In our type of catchments, 
with a limited unsaturated zone and a (close to) exponential TTD promoting the discharge of 
young water, a direct response of stream nitrate concentrations should be expected following 
decreases in the input of solutes, except when decreases are very slow or the MTT is very large. A 
limited number of stream tritium measurements in our study catchment proved to be a valuable 
indication of the transport response in the catchment, suggesting that the model needs further 
calibration of unsaturated zone time delays and travel time distributions. We concluded that 
the effect of agricultural pollution is buffered by the groundwater system because groundwater 
distributes water in time and space and makes it possible for water with different travel times to 
mix in the stream. The method we presented gives the possibility to validate calculated TTDs, but 
also the possibility of improving groundwater flow models using knowledge of water velocities, 
rather than only celerities. 

Chapter 5 
Research questions:
• How important is groundwater seepage for the temperature buffering of lowland streams? 

• What is the role of groundwater in the temperature regime of streams in a changing 
climate? 

In Chapter 5 we studied the importance of groundwater for stream temperature by using fibre-
optic cables (Distributed Temperature Sensing, DTS) to continuously monitor the temperature 
of two of the study streams over a length of more than 1 km during a summer and winter period. 
To locate seepage, the DTS results were combined with Radon-222 measurements, which is 
a tracer that indicates the presence of recently seeped groundwater. Groundwater was shown 
to be especially important for the temperature of the smaller Springendalse Beek, which is a 
lower order stream than the Elsbeek. Subsequently, a stream temperature model was created and 
calibrated using the temperature measurements. This model was used to separate the different 
energy fluxes affecting the stream, which showed that the cooling effect of groundwater changed 
in magnitude during a summer day, depending on the seepage flux. In addition, it was shown 
that the effect of groundwater on the temperature of the streams depends on the difference in 
temperature between the ground- and stream water, which implies that the buffering effect of 
groundwater fluctuates on a daily and seasonal basis. The importance of groundwater in our 
modelled stream was smaller than some other energy fluxes such as longwave radiation and 
sensible heat flow. Despite this, it was argued that seepage creates specific habitat conditions 
at local hot-spots of seepage and at springs. Scenario modelling showed that groundwater in 
groundwater-fed catchments may play an important role in the mitigation of climate warming 
because of its capacity of reducing summer maximum temperatures. 
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6.3. Discussion and implications

6.3.1. Describing the dynamic groundwater contribution using travel times
The difference between celerity (pressure wave propagation) and velocity (actual flow speeds) 
has long been known (Beven, 1981), but is still not well understood (McDonnell and Beven, 
2014). The focus of hydrologists is often on water balances which are based on celerity and 
Mcdonnell (2017) recently pointed out that hydrologists should also consider the “distribution 
of water particles in time and space , and the dynamic connections and disconnections of water 
stored in the ground”. Because travel times describe the velocity of different flow paths and 
therefore control the transport of solutes, interest in catchment and groundwater travel times 
has increased in recent years (Benettin et al., 2017a; Berghuijs and Kirchner, 2017; Cartwright 
and Morgenstern, 2015; Hrachowitz et al., 2016; McDonnell, 2017). 

The research presented in Chapters 3 and 4, in which we calculated and used dynamic and spatially-
distributed TTDs for discharge and Residence Time Distributions (RTDs) for storage, is part of 
the most recent developments in this area. One of our findings was that the hydrogeological 
buildup and structure of the subsurface is an important catchment characteristic that affects the 
TTD. This was especially clear for the Elsbeek catchment where water seemed to discharge from 
both a shallow and a deep aquifer, which acted as two separate storage units and led to seasonal 
variation and a long MTT. In a recent paper, Gabrielli et al. (2018) reported a similar finding 
for streamflow in the Maimai experimental catchment in New Zealand, for which they showed 
that discharge consists of young water from a shallow and old water from a deep groundwater 
storage, and that a changing contribution from both storage units results in seasonally changing 
stream water TTs. The majority of recent papers found the fraction of young water in discharge 
to be high  (e.g. Benettin et al., 2017a; Kirchner, 2015; Stewart et al., 2016; Yang et al., 2018), and 
like our results, most catchments have been shown to react following the ‘inverse storage effect’, 
in which the contribution of younger (and event) water increases with a higher storage in wetter 
periods (e.g. Benettin et al., 2017b; Harman, 2015; Pangle et al., 2017; Wilusz et al., 2017). 

A catchment’s TTD depends on the travel times of water that is stored in the unsaturated zone 
and groundwater system and how water from these different compartments is ‘selected’ to 
become discharge. StorAge Selection (SAS) functions describe storage-discharge relationships 
and we used them to describe the hydrological functioning of our three study catchments. We 
found that there is a preference for the discharge of younger water from storage, and that this 
preference shifts seasonally. Since first publication of the idea of SAS functions a few years ago 
by Botter et al. (2011), Harman (2015), Rinaldo et al. (2015), and van der Velde et al. (2012), 
several publications have appeared that made use of SAS functions for catchments (Benettin 
et al., 2017b; Danesh-Yazdi et al., 2018; Heße et al., 2017; Remondi et al., 2018; Yang et al., 
2018), lysimeter experiments (Kim et al., 2016; Pangle et al., 2017; Queloz et al., 2015) and even 
lakes (Smith et al., 2018). Recently, Rodriguez et al. (2018) described the time-variable storage-
discharge relation in a Mediterranean catchment and found that the catchment generally showed 
the inverse storage effect, but that a direct storage effect  took place during the transition periods 
between seasons, suggesting that catchment response may have a seasonality of its own, as was 
also found earlier for catchments in Scotland (Hrachowitz et al., 2013). Likewise, Benettin et 
al. (2017a, 2015a) found that SAS functions show some hysteresis and that this depends on 
whether the catchment is wetting or drying . Their analysis showed a lower fraction of young 
water during catchment wetting than during drying. Davies and Beven (2015) discussed that 
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hysteresis in the storage-discharge relationship is scale dependent and occurs during changes in 
wetness conditions due to the difference between celerity and velocity .

Around the same time as publication of the research presented in Chapter 3 (Kaandorp et al., 
2018a), two papers came out that also reported dynamic TTDs, RTDs, and SAS functions that 
were calculated using hydrological models of real-world catchments (Remondi et al., 2018; Yang 
et al., 2018). The systems studied in these papers were however much shallower than our study 
catchments, and the reported travel times therefore also much smaller: MTTs of months rather 
than decades in our study. Like us, these studies found that TTDs and SAS functions depended 
on the wetness state of the catchments, and both studies showed inverse storage effects with 
longer travel times during dry conditions. In another recent paper, in which a steady state model 
was used, Danesh-Yazdi et al. (2018) calculated SAS functions and found a weak preference for 
the discharge of young water from the storage to streamflow, while there was a preference for 
older water for discharge from the unsaturated zone.

Accordingly, most recent studies have reported a preferential discharge of younger water from 
storage, an inverse storage effect and SAS functions that vary with wetness conditions. These last 
two observations are related, as we showed for our catchments that the variation in SAS functions 
occurs when fast flow paths that deliver young water to the streams are activated during wet 
periods, when storage is high. In a catchment with a high drainage density and relatively shallow 
water tables, the inverse storage effect makes sense because shallow ‘young’ flow paths can be 
activated when groundwater tables rise, as was for instance shown by Rozemeijer and Broers 
(2007). In Chapter 3 we shortly discussed the difference between internal and external variability 
in flow paths . External variability is a change of fluxes through flow paths following from input 
and climate variability, which does not affect a catchments’ SAS function. Internal variability 
changes the contribution of specific flow paths as a result of for instance rising groundwater 
tables, and as such does change the SAS function of a catchment. 

6.3.2. Groundwater contributing area of streamflow
In Chapter 4 we discussed how groundwater flow paths provide the connection between 
groundwater contributing areas and streams. When the flow paths that contribute to discharge 
change, the part of the catchment area that is contributing to discharge also changes and thus the 
groundwater contributing area of a stream grows and shrinks based on the wetness conditions 
in a catchment. The inverse storage effect described above, where flow through short flow paths 
stops in dry periods, thus means that the groundwater contributing area shifts away from the 
stream and other drainage units. In a similar manner, the part of the catchment storage that is 
actively contributing to discharge changes, as described by the change in SAS functions. Thus, 
not only the 2D spatial area in a catchment that is contributing to discharge changes, but also the 
3D volume (storage) and thus the depth layers that contribute to streamflow. Recently, the water 
storage in catchments has been divided into an ‘active’ and a ‘passive storage’ (Hrachowitz et al., 
2016; Pfister et al., 2017), which are respectively the part of the storage that is filled and emptied 
between dry and wet periods (TT<1 year), and the part of storage that is always filled, in which 
water flows year-round. The part of storage that is stagnant and never contributes to streamflow 
was labeled ‘immobile’ storage. Based on our dynamic flow paths, we suggest that there might 
be a need for another distinction of storage, that distinguishes between flow paths that shift 
between ‘contributing’ and ‘not-contributing’ based on wetness conditions (groundwater 
tables). In addition to becoming stagnant, flow paths could seasonally shift from contributing 
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to the discharge of a specific catchment towards contributing to regional groundwater and/or 
streamflow in another catchment. 

6.3.3. Use of water quality and tritium in validation of TTDs and groundwater models
Concentrations of agricultural solutes such as nitrate in groundwater and streams depend on 
the combination of land-use, groundwater contributing area and flow paths. Both the route 
and travel time determine which aquifer mediums are passed and the time that is allowed for 
(biogeo)chemical reactions. In Chapter 4 we therefore used the breakthrough of agricultural 
solutes to study the functioning of our study catchment, which showed that our TTD model 
that was calibrated on groundwater heads and discharges was not able to sufficiently capture 
the solute breakthrough patterns. The combination with solutes thus provides a new way of 
validating these models. 

In Chapter 4, the use of tritium gave an indication for the existence of a certain travel time 
through the unsaturated zone or an underestimation of the MTT. In addition to the tritium 
measurements which were reported for the upstream catchment of the Springendalse Beek in 
Chapter 4, few tritium samples were recently collected close to the outlet of the Elsbeek stream, 
for which TTDs were also calculated (Chapter 3). These samples show tritium concentrations 
of around 7.5 TU, as opposed to the 5 TU that was found for the upstream of the Springendalse 
Beek. This seems to indicate that the Elsbeek contains more recent precipitation, which agrees 
with the fact that its discharge reacts much more to precipitation events, but seems to disagree 
with the modelled contribution of a deep aquifer. More and more, combinations of multiple 
age-tracers are used to derive travel times of the water in wells (e.g. Gerber et al., 2018; Visser 
et al., 2013) and streams (e.g. Cartwright and Morgenstern, 2015; Duvert et al., 2016; Gilmore 
et al., 2016b; Stolp et al., 2010), which is proving to be a valuable addition in groundwater and 
catchment studies for the validation of travel times. 

6.3.4. Groundwater as pathway and buffer to stressors 
A recurrent phenomenon in all chapters is that groundwater functions as a buffer for water 
quantity and quality in time and space by flowing over longer distances and time scales compared 
to surface waters. Because of this, water and solute inputs are distributed and able to mix in the 
convergence zone at points of seepage. For discharge, groundwater provides a temporary storage 
for precipitation and therefore dampens the highly variable precipitation input. This way, a 
relatively constant base flow is delivered to the surface waters while peak flows can be partly 
deflected in catchments with sufficient storage in the groundwater system. Climate warming is 
expected to increase weather extremes and thus peak flows may increase in future, especially in 
the catchments without sufficient groundwater storage. For solutes, the mixing of water derived 
from different moments and different locations of infiltration averages out the concentrations 
found in streams, and reactive processes can lead to the transformation and removal of solutes 
from the (ground)water. What groundwater therefore also does is transporting stressors, resulting 
in potentially long tails in their effect. However, due to chemical reactions or the mixing with 
unpolluted water from other locations or moments this generally won’t cause excessive pollution 
in surface waters. Except for the top few meters, the temperature of groundwater is generally 
around the average annual air temperature. Because of this, groundwater also functions as a 
buffer to stream temperature, preventing extreme surface water temperatures in hot summers 
or cold winters and therefore locations where groundwater preferentially discharges can be 
important stream habitats (Briggs and Hare, 2018; Power et al., 1999; Rosenberry et al., 2016). 
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Due to its buffering capacity on discharge and temperature, groundwater increases the resilience 
of water systems in a changing climate and it can be expected that more ecosystems will become 
groundwater-dependent.  

6.3.5. Heterogeneity and scales
Streams and rivers are highly heterogeneous systems in time and space and the seepage of 
groundwater in streams can be highly local due to differences in morphology, geology and 
hydrology (e.g. Fleckenstein et al., 2006). At the local to streambed scale, groundwater flow 
paths converge at the stream, river, or other point of seepage (e.g. springs, artificial drainage 
pipes), and therefore the distance between the different flow paths is small and water ages 
and chemistry can differ over short distances. This was shown in studies where seepage was 
measured at the streambed, which also indicated that seepage and infiltration can occur in close 
proximity to each other (e.g. Flewelling et al., 2012; Gilmore et al., 2016; Kennedy et al., 2009). 
The temperature measurements done with the fibre optic cables that were described in Chapter 
5 also identified ‘hot-spots’ of seepage in the stream, where over relatively small areas a large 
amount of groundwater seepage occurs. 

It is thus clear that heterogeneity plays an important role at the streambed scale. This large 
heterogeneity in groundwater flow paths, seepage and subsurface temperatures has to be 
considered during field campaigns. For instance, placement of a DTS fibre-optic cable in the 
middle or along the banks of a stream may result in different temperature signals, as seepage 
may be very local at a certain part of the stream and/or different flow paths may have different 
temperatures. Careful consideration of the placement of the cable is thus important during 
design of field campaigns, which was also concluded by e.g. Matheswaran et al. (2014b). During 
the research presented in Chapter 5, we aimed to do the temperature measurements in the 
centre of the stream but may therefore have missed seepage that was only present more towards 
the stream banks. Despite this, if large enough, seepage that occurs not directly below the cable 
is still expected to influence the general stream temperature trend, e.g. the warming/cooling 
or temperature variation. Another issue during the DTS-measurement campaigns was that the 
cables at times became buried in sediment and that water depths in the stream varied, which 
both disturb the temperature signal (e.g. Matheswaran et al., 2014b; Sebok et al., 2015). As such, 
the DTS technique is most applicable for streams, rivers and lakes with homogeneous stream 
beds and little mobile sediments, as less monitoring and maintenance of the cable would be 
required. 

6.3.6. Modelling catchments using TTDs
Catchment modelling is often done using so called reservoir models, which consists of a 
collection of reservoirs that each represent part of the catchment storage (e.g. unsaturated zone, 
groundwater storage). Such rainfall-runoff models are for instance the Lowland Groundwater-
Surface water Interaction model (LGSI; van der Velde et al., 2009) and Wageningen Lowland 
Runoff Simulator model (WALRUS; Brauer et al., 2014). These models often focus on the 
relationship between precipitation and streamflow, but lack processes in the subsurface for which 
groundwater models offer much more detail. A fully coupled groundwater solute model such as 
MT3D (Bedekar et al., 2016) can simulate both reactive transport processes and the groundwater 
flow towards streams to calculate stream water quality but requires much computational power. 
The TTD method that we presented offers the possibility of understanding flow paths and can 
simulate water quality, with the flexibly and detail of a fully distributed groundwater but with a 
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smaller demand on calculating power than the fully coupled groundwater solute models. Based 
on the required detail and time-scales, either a steady state or transient groundwater model can 
be used, and model grid sizes can be varied, these are choices with implications for the required 
calculation times. Using the TTD method, scenarios and the effect of management options 
can be calculated efficiently and with much (spatial) detail. A drawback of high-resolution 
groundwater models is that much information is needed to correctly represent for instance the 
geology of the system, as we shortly discussed in Chapter 4 . 

6.3.7. Management implications
The buffering capacity of groundwater is important for stream ecosystems, as it leads to a 
relatively stable discharge and water quality and reduces extremes. Groundwater is an important 
temperature regulator, for instance by providing cool habitats during summer for stenothermic 
species. In addition, locations of preferential seepage may provide specific small-scale habitats. 
Thus, the protection of the groundwater system and of seepage zones deserves attention of water 
managers. 

Groundwater also transports stressors within the catchment and does this over longer time 
scales based on the travel times of contributing flow paths. Because of this, pollution can affect 
stream water quality decades after management interventions (the well-known legacy problem). 
The propagation of stressors through the groundwater doesn’t necessarily threaten stream 
ecosystems. In fact, we reported in Chapter 2 that for streams in the south of the Netherlands 
high nutrient levels seem to have a high correlation with a good ecological status, presumably 
due to the other positive effects of a nitrate-polluted groundwater contribution on e.g. stream 
flow and temperature. In a changing climate, groundwater-fed streams are more climate-resilient 
due to the buffered flow and temperature. 

Most catchments have a (close to) exponential TTD, and we showed in Chapter 4 that in these 
catchments changes in diffuse pollution levels generally directly influence stream water quality, 
which is the opposite to the lag time that is often expected in groundwater-fed systems. We 
showed that a delay in the response can be caused by an unsaturated zone and by the location 
of the stressor. This means that reductions in the application of nutrients as has been happening 
since the 80s due to strict regulations in the EU has had a direct positive influence on stream 
water  quality (Rozemeijer et al., 2014). In catchment management, the fact that the location of 
measures affects the time it takes for the effects to show means that measures directly around 
streams can be taken for direct positive effects while measures taken further away from streams 
can be taken to achieve a future positive effect. 

The contribution of groundwater itself is also affected by stressors, especially by groundwater 
abstraction and climate change. Abstraction of groundwater removes water from the catchment 
storage which is therefore no longer available for seepage to streams. Catchment managers 
should critically assess the pumping of groundwater (Zhou, 2009), though not overlooking the 
fact that it can be an important source of drinking and irrigation water that is often preferred 
over the abstraction of surface waters. Climate change is expected to alter precipitation patterns 
and evaporation and therefore influences the groundwater recharge, leading to a change in flow 
paths and travel times. If groundwater recharge is decreased, seepage of water to streams is also 
decreased. 
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In the last decade, the importance of groundwater for surface waters is slowly being recognized 
by regulators and surface water managers. In Europe, groundwater is now included in the Water 
Framework Directive, Groundwater Directive and Habitats Directives (European Commission., 
2000, 2008). Recently, scientists working in the European funded REFORM project concluded 
that “Successful restoration of groundwater – river connectivity and groundwater-dependent 
ecosystems requires strategies at catchment scale“ (Hendriks et al., 2015). Stream restoration 
and conservation plans increasingly aim to also restore connected groundwaters (e.g. Boulton et 
al., 2010; Brown et al., 2007; Zimmer and Lautz, 2015). Groundwater is especially important for 
the sustainment of flow in headwater streams, which provide unique habitats and are important 
for the provision of e.g. nutrients and spawning grounds for downstream river ecosystems 
(Meyer et al., 2007).

6.4. Suggestions for further research / Outlook  

The research in this thesis resulted in further questions that have remained unexplored and can 
be used to guide future research. 

Travel time distributions were calculated for three catchments only. This is too few to draw 
extensive and lasting conclusions on the landscape characteristics that generally control the 
TTDs of catchments. Several studies have already explored this by constructing TTDs for 
multiple catchments (e.g. Capell et al., 2012; Hrachowitz et al., 2010b; Tetzlaff et al., 2009), but 
decisive answers have not been found yet. A way forward could be to apply our method, using 
particle tracking on a regional groundwater model, to calculate TTDs for numerous catchments 
simultaneously and compare the results and their catchment characteristics through SAS 
functions derived from those models. Comparison of TTDs calculated using steady state and 
transient models has not been done so far and should be achieved before upscaling the presented 
TTD method. A transient model can capture the variability in the groundwater contributing 
areas and may therefore better represent the connected agricultural fields when calculating 
solute concentrations. Depending on the result of such a comparison, a steady state model can 
possibly be used which would save significant computational time compared to the use of a 
transient model, like we used now for three catchments . 

In our calculations of groundwater travel times we did not include the travel time through the 
unsaturated zone, preferential flow through macropores or the exchange from surface waters 
to the groundwater. Future research should aim to use a fully-coupled model that incorporates 
all parts of the water cycle in catchments (e.g. Sprenger et al., 2018; Wilusz et al., 2018; Yang et 
al., 2018). In addition, the importance of vegetation on TTDs and SAS functions was also not 
included. The water uptake by plants might however be complex, with utilization of both the 
youngest and older water from (groundwater) storage (Visser et al., 2019). So far, most studies 
on travel times have focused on smaller catchments and upscaling and calculating more regional 
RTDs and TTDs remains a challenge. The use of SAS functions may be a clear way forward, as 
they are scale independent and describe the system by coupling the ages of storage and discharge. 

Modelling and long time series of water quality gave the opportunity to increase the 
understanding of the variation in flow paths in our study catchments. In addition, temperature, 
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radon and tritium measurements provided further understanding of the processes taking place. 
Unfortunately, we were not able to use continuous water quality measurements, which have been 
shown to provide much information about the short-term variations in catchments (e.g. Birkel 
et al., 2012; Rozemeijer et al., 2016; Van Der Grift et al., 2015). Based on our model, it would be 
interesting to see how for instance chloride, nitrate and radon concentrations in the different 
catchments react to precipitation events. The interpretation of the tritium measurements was 
limited by the short time series available and it is thus suggested to continue tritium sampling 
and/or investigate TTDs in a catchment where older tritium measurements are available. 

Several questions remain on the importance of groundwater seepage on stream temperature. We 
did not further explore the behavior of heat transport in the streambed, where flow paths converge, 
much heterogeneity exists, and where heat and water exchange between the groundwater and 
stream take place. Vertical temperature measurements can provide much information about 
this complex zone, which is also referred to as the hyporheic zone (e.g. Boulton et al., 1998; 
Krause et al., 2010; Wondzell, 2011). Earlier studies have shown the value and limitations of 
vertical streambed temperature profiles and models (e.g. Anibas et al., 2009; Irvine et al., 2016; 
Schornberg et al., 2010). A 3D set-up using some sort of web of horizontally and vertically 
placed DTS cables (such as has been used in the study of salt boils in polders; Hilgersom et al., 
2016) could be used to capture the temperature heterogeneity in the streambed. Banks et al. 
(2018) recently presented another novel measurement device that uses active heat pulses in a 3D 
sensor setup to measure 3D flow fields in the streambed. 

It is still unknown how fast the subsurface warms up following the expected rise of air 
temperatures under climate change, which will eventually determine the groundwater influence 
on stream temperatures. Recent studies by Kurylyk et al. (2015b, 2015a, 2014b, 2014a, 2013) 
provide a good starting point for future research on this aspect. Applied research needs to focus 
on the question if a suite of measures relating to groundwater regimes could be used to protect 
streams under climate change. 

Coupling physical and chemical habitat parameters with ecology remains a challenge due to 
a lack of data and understanding of their relationships, and the multidisciplinary cooperation 
that is needed to address the questions related to their interactions. We recommend that the 
monitoring of water fluxes, water chemistry and characterization of aquatic ecosystems should 
be synchronized and coordinated, which is not typically the case in the Dutch catchments 
studied. In the study, we identified ‘hot-spots’ of groundwater seepage using radon and DTS 
measurements, that probably can directed be related to measurements of the abundance and 
species of biota present in these habitats. Rosenberry et al. (2016) for instance conducted 
hydrological and temperature measurements in the habitats of certain mussels and could directly 
couple the occurrence of these organisms with the seepage of groundwater. 

New measurement opportunities are introduced with many sensors becoming cheaper, smaller, 
autonomous and better connected. High precision, continuous and real-time measurements of 
groundwater levels, stream discharge, water quality, isotopes, ecological indices such as DNA 
(Goldberg et al., 2015; Valentini et al., 2015) and the use of e.g. video images (Damveld et al., 
2018) can provide a better insight in the functioning and dynamics of combined groundwater-
surface waters and their ecosystems. Combined with the progress in modelling and computer-
power , science can certainly face the above challenges in the coming years and after!
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Appendix 1

Supporting information for Chapter 3

A1.1 Describing catchment SAS functions using Cumulative Beta Distributions

The SAS functions were fitted using cumulative beta distribution with parameters ‘a’ and ‘b’ (see 
Methods section) which were then combined into parameter a/b. This a/b indicates whether 
PS(0.5) is above or below PQ(0.5) so whether 50% of the youngest storage delivers more or less 
than 50% of the youngest discharge. Thus below PQ(0.5) means a preference for younger water, 
exactly on PQ(0.5) means uniformly-selected and above 1 means a preference for older water. In 
our study only values of ‘a’ smaller or equal to ‘b’ were found, resulting in values for a/b between 
0 and 1. The value of a/b indicates the integral above/below the 1:1 line, and this surface indicates 
the preference for younger (positive integral) or older (negative integral) water. Switching the 
values of ‘a’ and ‘b’ results in the same integral value, but the sign flips (Figure A1.1). The surface 
decreases with increasing a/b value (Figure A1.1, right panel). 

                   

Figure A1.1. Left: Cumulative Beta distributions with different ‘a’ and ‘b’ values. In our study only 
catchments with ‘a’ equal or smaller than 1 were found. Dividing ‘a’ by ‘b’ indicates the area below the 
distribution and 1:1 line. Right: The relation between a/b and this surface area for cases where a<b.
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The Roelinksbeek SAS function could be fitted varying only ‘a’ and keeping ‘b’ at a value of 1 
(Chapter 3, Figure 3.3h). For the Springendalse Beek ‘b’ was increased to 1.4 (Figure A1.2). The 
Elsbeek could not be fitted using a single cumulative beta distribution. Instead the catchment was 
considered to have two reservoirs: a uniformly-selected deep reservoir contributing relatively 
old water and a shallow reservoir with a preference for discharge of younger water (with ‘b’ = 
1). These compartments were mixed per month effectively introducing one extra mixing factor 
λ according to: 
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Where  is the SAS-function of the whole catchment at time t,  the SAS-
function of the deep reservoir at time t,  the SAS-function of the shallow reservoir 
at time t and  the exponential mixing term. Mixing factor λ was variable such that it 
increased the importance of the old water discharged from the deeper compartment with a 
larger preference for older water. 
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Figure A1.2. Comparison of the fit of the cumulative beta distribution  of the Springendalse Beek with b 
= 1 and with b = 1.4. The left panel shows the fit for January 2000, the right panel shows the fit when all 
monthly SAS-functions were time averaged. 

Table A1.1. Description of SAS functions with fitted Beta Distributions.

Stream Function a b
Exponential 

mixing factor λ
Springendalse Beek Cumulative beta distribution 0.41 – 0.97 1.4 -

Roelinksbeek
Cumulative beta distribution: 
power law

0.17 – 0.63 1 -

Elsbeek

Cumulative beta distribution: 
power law

0.10 – 0.42 1
0.25 – 8.09

Cumulative beta distribution: 
uniformly-selected

1 1
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A1.2. Discharge calculated using Particle tracking
The discharge that follows from the particle tracking calculations should be approximately 
the same as the discharge calculated by the groundwater model. Here we compare these two 
discharge fluxes (Figure A1.3). 
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Figure A1.3. Discharge fluxes (mm/day) calculated from the groundwater model water balance (dots) 
versus discharge fluxes derived from the particle tracking approach (lines). Also shown are the Nash-
Sutcliffe Efficiency coefficients (NSE).

A1.3. Fitted a/b of the SAS functions of the up- and downstream parts of the Springendalse 
Beek and the Roelinksbeek catchments
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126

 



127

Appendix 2

Supporting information for Chapter 4

A2.1 Solute breakthrough delay with an exponential travel time distribution

The amount, timing and location of chemical inputs to a catchment affect the concentration 
of the water leaving the catchment through surface waters. A change in the amount of input is 
for instance the reduction of manure loads, as has been required by the EU since the 1990s. A 
decrease in the input however does not necessarily lead to a direct decrease in the concentration 
of surface waters but depends on the combination of mean travel time and the reduction 
rates. Figure A.1. illustrates this for three input scenarios for a conceptual catchment with an 
exponential Travel Time distribution with a Mean Travel Time (MTT) of 5. This conceptual 
model does not have any other processes such as an unsaturated zone or reactive processes. The 
three input scenarios are a direct stop, a slow decrease of the input and a fast decrease of the 
input, all following a block input of ‘100’ between time=0 and time=10. The direct stop leads to 
a direct decrease in output concentrations, showing an ‘inverse’ exponential distribution which 
represents the new unpolluted front travelling through the groundwater system. 

The other two scenarios on the contrary do not show a direct decrease: the scenario with the fast 
decrease of the input shows a concentration increase for one extra time step before decreasing, 
and this decrease is much slower than the scenario with the direct input stop as a result from the 
extra input after t=10. The scenario with a slowly decreasing input shows the same behaviour 
but more extreme: an increase in output concentration until t=16, even with a decreasing input 
in that period. 
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Figure A2.1. Output concentrations for a hypothetical catchment with an exponential TTD with a MTT 
of 5, following three input scenarios: a direct stop of the input, a slow decrease in the input and a fast 
decrease of the input.
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The delay until peak output concentration following a decrease in the input is controlled by 
both the MTT of the exponential travel time distribution and the speed of the input change 
(Table A2.1). Figure A2.2 shows the time to peak for different MTTs and input decreases. The 
delay increases with increasing MTTs and with slower input decreases. This behaviour is only 
the result of the hydrology of the groundwater system and is related to the net result of mass 
loading through groundwater recharge and mass removal at the outflow point. Concentrations 
at the outflow only start decreasing once the net input is smaller than the net output (Broers 
and van Geer, 2005). The illustration serves to show that a lag time between a peak in input and 
the resulting peak in output could just be determined by certain combinations of travel time 
distributions and solute input reduction rates.  

Table A2.1. Delay in output concentrations following a change in the input for 
different input changes and MTTs. 

Slope of decrease               
[fraction of max / step]

Young Mean Travel Time (MTT) Old

1 5 10 20 50 100
Slow decrease 0.2 0 12 29 40 55 90

0.5 0 8 20 38 51 76
1 0 6 15 27 44 58
2 0 4 10 18 29 37
5 0 1 5 9 14 16
10 0 1 3 5 7 8
20 0 0 1 2 3 4
30 0 0 1 1 2 2

Fast decrease
40 0 0 0 1 1 2
50 0 0 0 1 1 1
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Figure A2.2. Graphical representation of Table A2.1 showing the delay in output concentration (time to 
peak) on changes in the input for an exponential TTD. The delay is based on both the MTT and the speed 
of decrease of the input, a direct stop in the input always results in a direct response in the output. Figure 
A2.1 shows some of the scenarios used to construct this figure. 
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