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Abstract  

Nonpoint source pollution poses the greatest threat to water quality in developed countries. 

Modeling this type of pollution is a challenge for reactive transport models because of the 

change in scale: moving from a local field  site- to a watershed-size problem. Computational 

resources and detailed watershed characterization are the major limiting factors in the fully 

time- and space-resolved modeling of the subsurface fate and transport of pollutants from 

nonpoint sources. While detailed characterization has been performed on a few well -studied 

watersheds, the knowledge derived from these watersheds has not led to a better 

understanding of watershed functioning in ungauged watersheds. Consequently, 

alternative approaches to modeling subsurface nonpoint source pollution have emerged to 

inform risk assessment to water resources and watershed management.  

    This study  investigates the development of a methodology that decouples flow and 

transport with the implementation of an analytical approach for 1-D travel time probability 

distribution functions ( PDFs) to simulate subsurface flow at the watershed scale, that is, a 3-

D problem . The first two chapters of my  thesis focus on constraining and providing tools for 

the implementation of this methodology i n watersheds. First, the analytical methodology for 

travel time was tested under varying conditions of heterogeneity, slope, and aquifer depths 

that were imposed on a virtual watershed , using Alder Creek, Ontario, as a test case. The 

analytical method parameters for the 28 scenarios considered were calibrated against the 

travel time PDFs generated with  a 3-D numerical model (FEFLOW), which was used as 

baseline for comparison. The analytical method simulations revealed a negative relationship 

between the watershed mean travel time (wMTT) and the degree of imposed heterogeneity 

(„) of geostatistically defined permeability fields . This relationship was attributed to the 

effect of preferential flow paths. The effect of increasing aquifer depth ( i.e., bedrock 

topography) on wMTT was similar to that of reducing the slope in surface topography, both 

resulting in an increase in wMTT.  
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    Given the promising results  of the analytical method in the Alder Creek virtual analogs , 

further testing was conducted in 8 add itional virtual watersheds. This inter -watershed 

comparison study examined the effects of 28 geomorphological indexes on wMTT and their 

predictive power in estimating analytical model parameters. This study is the first inter -

watershed comparison of subsurface models that establishes relationships between 

watershed features and hydrologic functioning for ground water storage and discharge. 

Among the classes of watershed features considered, those related to elevation (e.g. Relief), 

texture topography (e.g. drainage density, Dd), and Hortonõs law (e.g. bifurcation factor, RB) 

were the most influential geomorphological  classes emerging in the developed regression 

models. These regression models enable the application of the analytic al methodology for 

deriving travel time PDF in other environmental settings. The transferability of these tools 

was verified for three extra watersheds in which the particle median travel time  (pMTT), 

and their  travel time distribution ( TTD) performed on p ar to the upper tier of the original 

watersheds. Further research is proposed to include subsurface heterogeneity in the analysis 

to better evaluate its role in regulating wMTT in a subset of these watersheds.  

    This methodology may constitute in a viab le modeling alternative where subsurface 

information is scarce or scale limitations exist in developing a subsurface numerical model. 

The analytical methodology can provide a first line of know ledge in subsurface travel time 

and its distribution in an unga uged basin through the use of readily available tools ( i.e., GIS 

and MATLAB ). This knowledge can be later challenged or verified as more information 

becomes available. Potential directions to explore for the improvement of the methodology 

are proposed for further research. 

    The third chapter applies the travel time PDF approach to the allocation of nitrogen (N) 

fluxes from base flow contributions to stream water chemistry in an existing hydrological 

model of Carroll Creek (Grand River basin, Ontario). This is a prospective chapter in which 

an outline for the development of an N isotope model linked to a hydrolog ical model is 

presented. The N isotope model includes relevant N transformation and 15N fractionation 

processes in the plant-soil system and aims at simulating  N-NO 3- concentrations and 
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isotopic compositions (ȃ15N). A bottom-up, stepwise approach is proposed in order to 

determine the most essential 15N discriminating processes and spatial discretization 

required by the model to match observations in the watershed.  
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Chapter 1 

Introduction  

Nonpoint source pollution has been recognized as one of the largest threats to water quality 

(USEPA, 2002; EEA, 2007; EC, 2007). The focus of watershed management has shifted from 

significantly reducing point sources to address diffuse contamination from agricultura l, 

industrial, and urban activities, in which groundwater plays an important role. Unlike point 

source pollution, the contamination of groundwater is a long -term process controlled in part 

by the characteristic water residence time of the watershed, which ranges from months to 

millennia ( Maxwell et al., 2016). It is usually assumed that the residence time of solute 

compounds is equal to the residence time in the groundwater reservoir of the water tha t 

carries the solute. Water and solute residence times are the same only for non-reactive 

solutes, however (Kazemi et al., 2006). For this reason, recent mathematical frameworks 

aimed at characterizing groundwater age started treating it as an intrinsic property of the 

water molecule (Goode, 1996; Etcheverry & Perrochet, 2000; Cornaton, 2004; Kazemi et al., 2006). 

However, long before the development of mathematical approaches, groundwater age was 

quantified in the field with the use of environmental tracers ( Fritz & Fontes, 1980).  

    Tracer techniques, both physical and computational,  have allowed the evaluation of 

aquifer systems in terms of: renewability (e.g. recharge rate estimation), performance (e.g. 

prevention of overexploitation, estimation of groundwater flow velocity), origin (e.g. 

groundwater flow p aths), transport properties estimation, groundwater mixing, and 

groundwater vulnerability to pollution ( Kazemi et al., 2006). Environmental tracers can 

generally provide an average estimate of groundwater age considering the sampling 

conditions associated with screened wells and in groundwater discharge zones. In reality, 

groundwater samples taken from an aquifer represent a distribution of ages that can only be  

properly  determined through mathematical modeling ( Kazemi et al., 2006).  

    A travel time distribution synthesizes the physical transport of the mass of a conservative 

tracer through the landscapeõs geographical heterogeneities. This distribution can be 
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determined either for a single water particle with the travel time distribution (TTD) 

representing likelihood of appearance or for the entire watershed as individual water 

particle distributions are collated to form a unified distribution. The groundwater TTD 

provides a description of the residence time in the subsurface for rainfall water as it gets 

mixed with tracer -free groundwater until it leaves the watershed at the outlet (Darracq et al., 

2010; Botter et al., 2011). The determination of groundwater age and its distribution in an 

aquifer still requires the creation of a subsurface model. Following  the implementation of 

lumped -parameter models for the analysis of environmental tracers (Maloszewski & Zuber, 

1982) (Figure 1-1), analytical solutions for travel time distributions were also developed for 

watershed-scale (Haitjema, 1995) and one-dimensional systems (Cornaton, 2012; Soltani & 

Cvetkovic, 2013). These simple mathematical expressions have not yet been applied to a 

three-dimensional watershed, nor verified against age distribution estimates from numerical 

models.  

 

Figure 1-1. Travel time distributions following exponential, gamma, and advection -

dispersion models (Kirchner et al., 2000). 

    A comprehensive hydrogeological knowledge of a watershed, as the result of a myriad 

studies on both hydrology and hydrogeology, if ever really achieved, is a rare occurrence. 

How much of that knowledge can be transferable to an ungauged basin? This has been the 

subject of research initiatives in the field of wate rshed hydrology ( Hrachowitz et al., 2013) as 

common practices in hydrology have failed to identify laws of watershed behavior that can 
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be scaled up to similar or larger watersheds (Soulsby et al., 2006). Comparative studies on 

multiple watersheds have led to the recognition  that landscape characteristics, such as 

topography, and soil type are not only important in predicting watershed response , but also 

in controlling the mean travel time estim ated from isotop ic analyses (Soulsby & Tetzlaff, 2008; 

Tetzlaff et al., 2009). These studies have also revealed that the insights derived from isotop ic 

analyses are not transferable to all watersheds, which is in turn a confirmation of the 

concept of uniqueness of watersheds asserted by Beven (2000, 2001). This uniqueness 

concept has not stopped the efforts to find empirical relationships to define hydrologic 

response dynamics based on landscape characteristics for the purpose of their 

regionalization ( Hrachowitz et al., 2009).  

    The lack of a complete deterministic knowledge of any study site was recognized early in 

the field of hydrogeology, which motivated the dev elopment of stochastic approaches in the 

1960õs relying on applications of the theory of space random functions (Rubin, 2003). 

Stochastic theory has led to the creation of geostatistical techniques incorporating both 

airborne geophysical and borehole data for generating conditional geological realizations of 

three-dimensional permeability fields ( Carle, 1996; He et al., 2014). Conditional and random 

permeability fields have been incorporated into watershed -scale reactive transport models 

where accurate flow and transport conditions are necessary for estimating groundwater 

mixing, as well as reaction times and rates (Green et al., 2010). Due to the complexity 

associated with  developing a groundwater model, there is a lack of inter -watershed 

comparisons to identify  the controlling factors that might influence watershed response 

characteristics, including the travel time s of water particles in the subsurface. 

1.1 On Alternative Reactive Transport Models  

Subsurface reactive transport models have continued to evolve since their first inception 

with the incorporati on of equilibrium controlled reactions ( Rubin & James, 1973). These 

models initially focused o n the fate of organic constituents in local, small scale subsurface 

settings, typically the  result of point source contamination  as part of remediation projects 

(Zheng & Bennett, 2002), or in nonpoint source pollution using coarse gridded or two 
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dimensional domains ( Almasri & Kaluarachchi, 2007; Jiang and Somers, 2009; Zhang and 

Hiscock, 2011; Aisopou et al., 2015) for watershed-scale studies. For the case of nonpoint 

source contamination, the model domain is much larger to characterize, monitor, and 

simulate (Corwin et al., 1999; Zheng & Bennett, 2002) than localized groundwater 

contamination at sites. Numerical simulations can, in principle, simula te the spatio-temporal 

variability of  the distributions of contaminants.  However, when applied to diffuse 

contamination, due to limited computational resources, either the spatial resolution or the 

complexity of the reaction  networks  will be  compromised, which in turn limits how much 

predictive understanding on contaminant  fate and transport can be gained (Kourakos et al., 

2012). For this reason, new approaches have been sought to efficiently run simulations of 

multicomponent reaction  systems in a groundwater system, which also helped improve 

understanding of these systems. 

    Typically, limited information is available  - at the watershed scale - that can be used to 

condition reactions at the multi -scale reactive interfaces within a watershed. In order to deal 

with this lack of information for flow and transport, t he existing approaches have been 

adapted either by simplifying a three -dimensional (3-D) computational model for solute 

transport to a quasi 3-D model (Lin et al., 2010), or by coupling a spatially distributed 

watershed model to a one dimensional leaching model of, say, nitrogen (Styczen & Storm, 

1993), or recently developed alternative t echniques such as the streamline simulation model 

approach have also been implemented (Martin & Wegner, 1979; Green et al., 2010) (Figure 

1-2). 

    The travel time methodology presented in this thesis  is, similar to the streamline 

simulation  approach. It decouples subsurface flow from solute transport hence offering the 

possibility to tr eat each process independently. The basic principle is to approximat e 

subsurface flow through the estimation of particle TTDs spread across the watershed on 

which solute transformation processes can be built. Details on the two main options that 

were considered when selecting the 1-D analytical equation for particle TTDs are presented 

in section 1.3. 
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Figure 1-2. Solute transport scheme along flow paths defined for a streamline approach 

(reproduced from Malmström et al., 2004). 

1.2 The Importance of Travel Time in Watersheds  

The diversity of flow paths av ailable to rainfall infiltrating at different locations in the 

watershed to reach the receiving stream, defines a distribution of travel times ( Kirchner et al., 

2000). A watershedõs travel time distribution has become a fundamental watershed metric 

that can provide information on storage, flow pathways and source of water ( McGuire & 

McDonnell, 2006). Hence, the determination of travel time distributions (TTDs) has been the 

focus of research studies since the mid-1970õs (Przewlocki and Yurtsever, 1974). Travel time 

distributions started being developed to provide a quantitative interpretation of 

environmental radioisotope data in groundwater systems for the tr ansport of water and 

solutes (Maloszewski & Zuber, 1982). In these initial efforts, groundwater age data w ere fitted 

to lumped -parameter models following linear, exponential, or gamma distribution functions 

(Busenberg & Plummer, 1992), which were later adopted in stable isotope analysis of surficial 

hydrology ( Soulsby et al., 2000).  

    The application of TTD approaches in the field of surficial hydrology has led to recent 

advances in the understanding of watershed hydrology, specifically by providing a 

theoretical basis for i) explaining the power -law behavior of biogeochemical lag times and 

groundwater mixing patterns (Kirchner et al., 2000), ii) the age composition of stream water 

associated with  storm events (McDonnell et al., 2010), iii)  the conceptualization of 

hydrological functioning to investiga te runoff generation processes by the adequate 
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description of flow paths and base flow contributions ( Turner et al., 1987; Uhlenbrook & 

Leibundgut, 2002; Uhlenbrook et al., 2002), and iv) the nonlinear (threshold -type) connectivity 

among landscape reservoirs and their interaction with water  age distributions under 

transient hydrological conditions ( McDonnell, 2003; Soulsby et al., 2009; McNamara et al., 2011; 

Soulsby et al., 2015). Calibration and validation of TTD s typically rely on daily and sub-daily 

isotope databases collected over multi ple years to evaluate the fluxes among landscape 

water storage units that can be used to constrain process-based modeling (Soulsby et al., 

2015). Several modeling approaches can be conditioned with this info rmation. Predictive 

subsurface TTD models range from lumped to semi -distributed (with hydrologic response 

units) to fully distributed spatial representations of the hydrological system (Birkel & 

Soulsby, 2015). Tracer-aided conceptual modeling, in surficial hydrology, also benefited from 

the use of isotope analyses, in explaining  the distinction between the celerity of pressure 

waves and the pore velocity of water, initially derived by Beven ( 1982), which affect the 

hydraulic response and the transit time, respectively ( Birkel & Soulsby, 2015).  

    Travel time distributions can also yield  important information on how contaminant 

solutes are stored and released from a watershed (McGuire & McDonnell, 2006). They have 

also been used to characterize transport processes at contaminated sites (Dagan & Nguyen, 

1989; Cvetkovic and Dagan, 1994; Malmström et al., 2004) applying a Lagrangi an approach, and 

at the watershed scale (Rinaldo & Marani, 1987; Haitjema, 1995; McDonnell et al., 2010; Botter et 

al., 2011) as part of framework methods that include water balance, stochastic, and mass 

transfer functions . The transit time of a pollutant in a watershed is linked to the extent that it 

is retained, removed, and/or transformed in the subsurface as a result of geochemical and 

biogeochemical processes (Haitjema, 1995). The temporal and spatial variations  of these 

transformations can also affect the stochastic solute response imprinted in a watershed TTD. 

The effect of these pollutant transformations is relevant when analyzing watershed TTDs.  

    The physical or biogeochemical processes that affect a given pollutant may be either 

ubiquitous or spatially distributed . The outcome of transformations that require spe cific 

conditions to occur in the watershed will be the subject of damping as a result of mixing 
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with solute contributions from areas where those transformations d o not occur. The 

proximity of a point source contamination to a waterbody controls  both its attenuation by 

biogeochemical processes and its contribution to the overall hydrochemical signature of the 

watershed, because long travel times imply greater contact times for these transformation 

processes to occur. For nonpoint contamination, on the other hand, the spatial distribution 

of favorable conditions  within  the differ ent landscape units controls contaminant 

attenuation and the overall hydrochemical signature of the watershed. The solute residence 

distr ibution in the watershed, then, is controlled by  the input function  describing the supply  

of the solutes to the groundwater flow system,  the prior concentrations in the landscape 

reservoirs, and the water residence time distribution of the watershed ( Botter et al., 2005). 

The retention of solutes in watersheds has been evidenced in several studies (Boyer et al., 

2002; van Breemen, 2002) leading to the development of the concepts of biogeochemical lag 

time and solute legacy (Hamilton, 2012; Van Meter & Basu, 2015; Van Meter et al., 2016). These 

concepts are gaining in recognition because of persistent water quality problems even after 

pollutant reduction strategies have been put in place. 

1.3 Existing Analytical TTDs  

Several approaches have been developed to derive formulations for analytical travel time 

PDFs. A Lagrangian approach has frequently been combined with either the 1-D mass 

balance transport equation (Soltani & Cvetkovic, 2013), the 1-D transient groundwater flow 

equation (Cornaton, 2012), or a watershed-scale, flow mass balance (Botter et al., 2011). For 

the Lagrangian approach, the development of a travel time theory for solute transport was 

initiated for spatially stationary and temporally steady conditions ( Shapiro & Cvetkovic, 1988; 

Dagan and Nguyen, 1989; Neuman, 1993). It was not until the work of Indelman and Rubin 

(1996) that, a nonstationary velocity field defined by a linear trend in the mean log arithmic 

conductivity field was incorporated into a Lagrangian theory for nonreactive solutes. An 

analytical solution for the case of quasi-unidirectional mean flows was also provided by 

Indelman and Rubin (1996). Their theory is based on resident concentrations in terms of 

particle displacement moments. Zhang et al. (2000) developed, instead, a solute flux 
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approach in terms of statistic moments of travel time and transverse displacement, which 

corresponds to a more general case of nonstationary flow. However, no analytical solution 

was incorporated as part of their work . A brief description is presented in the next sections, 

for those options that were considered most pertinent to this study.  

1.3.1 Haitjemaõs Analytical Expression 

A method for the analytical estimate of the watershed TTD was developed by Haitjema 

(1995), for a steady-state, two-dimensional groundwater. This analytical expression was 

derived by assuming : i) a Dupuit -Forchheimer groundwater flow condition ( i.e., constant 

hydraulic gradient along the vertical  dimension ), and ii) the ratio (porosity*saturated 

aquifer thickness)/ (aquifer recharge rate) ( H̒/r ) is constant over the entire groundwater  

system (Haitjema, 1995). The resulting equation indicates that the advection process and 

discharge conditions follow an exponential function as the bas is of the residence time 

distribution , rather than mixing in the groundwater system ( Leray et al., 2016). The equation 

is given by: 

Ὂὸ ρ Ὡὼὴ 
ὸὶ

—Ὄ
                                                                                                                              %ÑȢρȢρ 

    Note that the resulting cumulative distribution function F(t) of travel times does not 

depend on the following  watershed characteristics: size, shape, drainage network, or 

hydraulic conductivity. Equation (1.1) was derived by applying a water balance around the 

isochrone area, delineated by a water residence time T, of a completely homogeneous 

groundwatershed, in which the groundwater flow velocity remains constant, as long  as the 

other variables of the H̒/ r ratio are constant. In a further evaluation of this expression, 

Leray et al. (2016) found that it can be applied to any type of fully or partially -penetrating 

outlet: discharge to a stream or to a pumping well, as long as these outlets capture all the 

flow lines ( Luther & Haitjema, 1998).  

   In the above expression, the effect of dispersion is neglected and recharged water is 

conveyed, and eventually discharged following an exponential TTD. The recharged water is 

stored at every time step assigning an inception time (i.e., age) to each mass of recharged 
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water, which is then sampled uniformly by the outlet representing the age distribution of 

the aquifer (Harman, 2015).  

1.3.2 Cornatonõs Analytical Expression 

Similar to Haitjema (1995), the expression derived by Cornaton (2012), who built on the 

work of Ginn ( 1999) on exposure time in the subsurface and of Delhez and Deleersnijder 

(2002) on oceanic circulations and surface water bodies,  is based on a Gaussian-type initial 

age (ȓ) distribution (Ὣὼȟ†) in a uniform velocity field. This age distribution is assum ed to 

be the solution to the one-dimensional advection -dispersion equation, where the 

concentration of non-reactive solutes is approximated by the age distribution resulting in 

the expression: 

‬Ὣ

‬ὸ
ὺ
‬Ὣ

‬ὼ
Ὀ
‬Ὣ

‬ὼ

‬Ὣ

‬†
                                                                                                                        %ÑȢρȢς 

    For the solution to this equation and its initial and boundary conditions, Cornaton ( 2012) 

fir st applied a Laplace transform using the age (ȓ) dimension, and a second Laplace 

transform using the chronological time ( t) dimension. The resulting expression includes s 

and r as the complex Laplace variables, for which the system is resolved by Cornaton (2012) 

in the Laplace domain (Ὣὼȟὶȟί). The final expression for the age distribution (ȓ) recovers 

the chronological time ( t) term by applying the inverse Laplace transform to Ὣὼȟὶȟί, 

obtaining Ὣὼȟὸȟί (see equations A10 and A11 in Cornaton, (2012)).   

    The approach used in this thesis follows that of Soltani & Cvetkovic ( 2013) (see section 

2.2.1). In contrast to Cornaton (2012) who deriv ed an analytical solution directly from Eq. 

1.2, Soltani & Cvetkovic (2013) applied the analytical solution of the 1 -D advection-

dispersion equation for the resident concentration ( C for g) derived by Bischoff (1964). 

Another difference is that Soltani & Cvetkovic ( 2013) departed from a Lagrangian 

framework where for conservative solutes C is approximated by the  PDF of particle position 

ὴὼȠὸ instead of using Ὣὼȟ†. Later in their derivation, Soltani & Cvetkovic ( 2013) obtained 

the water age distribution  (that is, the sought-after state variable), from ὴὼȠὸ.  
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    In order to test the performance of his analytical solution, Cornaton ( 2012) applied it to a 

reference problem consisting of a finite domain length L = 200 m, with a  longitudinal 

dispersivity ɻL = 2 m, and an initial, steady-state age distribution Ὣὼȟὸȟ†. This steady-state 

age distribution is the result of maintaining a uniform and constant velocity Uo = 1 m/d in 

the 1-D groundwater flow model. These steady state conditions are then modified by 

imposing , at t >=0, a constant flow velocity two times lower, i.e., Uo = 0.5 m/d. For the 

purpose of comparing the Soltani & Cvetkovic ( 2013) expression with Cornaton (2012)õs, this 

reference problem, which shares great similarities with the conditions used in this thesis, 

was reproduced with the Soltani & Cvetkovic ( 2013) expression (Figure 1-3). In this figure, 

the breakthrough curve of the age distribution after 50 days of the change in flow velocity is 

the last one that remains unaltered (dashed blue line). At time t=350 days, the new velocity 

condition completely flushe s out the former age distribution, and replaces it with an older 

mean age. The Soltani & Cvetkovic (2013) estimates of travel time exhibit a short delay with 

respect to those from the Cornaton (2012)õs expression, but an overall good match. This 

delay may reflect the mathematical approximation used in M ATLAB  to compute the 

complementary error function required by the expression.  

Considering the complexity of the Cornaton ( 2012)õs expression in the Laplace transform 

and the good match achieved in the reference problem (Figure 1-3), the Soltani & Cvetkovic 

(2013) expression was selected to be used in this thesis. 

1.4 The Influence of Landscape in MTT  

The relationship between landscape characteristics and watershedõs mean travel time (MTT) 

has been explored for the past 30 years (Pearce et al., 1986; Stewart & McDonnell, 1991, Wolock 

et al., 1997). This quest has been recently motivated by resetting research goals towards 

obtaining a better understanding of h ydrological functioning in watersheds with the use of 

less deterministic approaches (Dooge, 1986; McDonnell et al., 2007; Soulsby & Tetzlaff, 2008). In 

addi tion to this quest, the initiative of developing generalizable hydrological theories and 

more flexible model approaches to be applied in ungauged basins (Prediction in Ungauged 

Basins, PUB; Sivapalan, 2003a) has also contributed to recent research efforts (see Hrachowitz 
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et al., 2013). These studies have investigated the influence of terrain slope (McGuire et al., 

2005; Tetzlaff et al., 2009a, 2009b), soil type (Tetzlaff et al., 2009a, 2009b), watershed size  

 

 

Figure 1-3. Reference problem used by Cornaton (2012) is reproduced using the Soltani & 

Cvetkovic (2013) TTD expression for a 1-D, 200 m model domain with uniform and constant 

velocity Uo = 1 m/d being flushed with a slower velocity Uo = 0.5 m/d  starting at t=0. 

Compared with Figure 3a in Cornaton (2012) copied here as background. 

(McGlynn et al., 2003; Hrachowitz et al., 2010), and aspect (Broxton et al., 2009) on water transit 

times in watersheds. A summary of these findings is presented in section 3.1. One 

characteristic common to these findings is that they were obtained primarily f or montane 

watersheds, with shallow aquifers and bedrock  surfaces yielding MTT values ranging from 

months to a few years (<4 years).  These MTT estimates were mostly validated with  tracer-

aided (e.g. chloride, stable isotopes) models and in some cases from inter-watershed 

comparison studies (Tetzlaff et al., 2009a, 2009b; Hrachowitz et al., 2009). The study by Tetzlaff 

et al. (2009a) focused on finding these relationships in watersheds from different 

geomorphic regions, whereas the studies by Tetzlaff et al. (2009b) and Hrachowitz et al. 



 

 12 

(2009) used watersheds located in the same geomorphic regions in Scotland. Hrachowitz et 

al. (2009) provided more regional variability within the same province and developed a 

regression model for the prediction of MTT  (days) based on landscape characteristics:  

ÌÏÇ-44  πȢχς 23# ɀ ρȢπτ ÌÏÇ$$ɀ πȢπω 0) ɀ πȢςς 47)ÍÅÄ  υȢσχ                               %ÑȢρȢσ 

where RSC is the proportion of responsive soil cover (i.e., poorly drained soils), DD is the 

drainage density, PI is the mean annual precipitation intensity (mm/day), and TWI med is the 

median topographic wetness index. This expression was the result of analyzing 20 study 

watersheds with a drainage area ranging from 0.3 to 35 km2, in mostly steep, montane 

settings. A similar analysis is presented in this thesis but for watersheds with both steep and 

more subdued topography, and most importantly, with both deeper aquifers and larger 

watersheds that could potentially yield MTT values in the tens to hundreds  of years.  

1.5 Nitrogen Isotope Models  

The simulation of nonpoint nutrient pollution at watershed scale has been performed using 

different approaches, including lumped conceptual type models such as GLEAMS ( Leonard 

et al., 1987) or CREAMS (Knisel & Williams, 1995) to 1-D physically based models such as 

RZWQM ( DeCoursey et al., 1992), and DAISY (Hansen et al., 1991). When considering 

hydrological partitioning in the determination of nitrogen (N) fluxes, the numerical process-

based model DAYCENT estimates these fluxes in a daily time-step for 1-D modeling ( Del 

Grosso et al., 2001). In order to extend the 1-D simulation of DAISY and DAYCENT of N 

export for the entire watershed, these models have been linked to watershed models like 

MIKE -SHE (Styczen & Storm, 1993; Refsgaard et al., 1999; Boegh et al., 2004) and SWAT (Li et 

al., 2004), respectively.  

    The discrimination of the 15N isotope in various steps of the N cycle in natural systems 

provides the means to identify the mechanisms that control the transformation and losses of 

N both in the soils and in the subsurface. However, there have been relatively few attempts 

to develop models for N isotopes in these environments. One of these N isotope models 

consisted of adapting DAYCENT with natural N isotope mass balance principles to quantify 
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the flux of gaseous N emissions from tropical rain forests (Bai & Houlton, 2009). Bai & 

Houlton ( 2009) applied their model to 6 different locations in Hawaii following an annual 

precipitation gradient. Mary et al. ( 1998) developed the compartmental model FLUAZ to 

calculate gross N transformation rates in the soil-plant system for experiments using the 15N 

tracing technique, and applying a nonlinear least square algorithm to estimate reaction 

rates. However, FLUAZ is not driven by the hydrological partitioning occurring in the soil -

plant system but only by concentration gradients and has been exclusively implemented  to 

15N tracing experiment data. This model was later updated by Müller et al. ( 2004, 2007) with 

more reactions and with a Monte Carlo simulation approach to deal with the estimation of a 

greater number of transformation rates.  

1.6 Thesis Objectives and Structure  

The main goal of this thesis is the development and testing of a methodology for the 

determination of the age distribution of ground water particle s and the corresponding  mean 

travel time using a 1-D analytical expression applied at the watershed scale. This 

methodology provides the necessary tools for the implementation the analytical 

methodology  across watersheds based on landscape characteristics. These tools include: 

selection criteria to predict the quality of performance of the analytical method in a given 

watershed, estimation of analytical method parameters for future analytical model 

development  for the estimation of particle TTDs and watershedõs MTT (wMTT), and a direct 

estimation of the wMTT based on geomorphological features. This methodology was 

applied to three watersheds for method  verification. A hydrologically linked N isotope 

model is further developed to couple transformation processes with the groundwater TTD . 

   To accomplish the above, the 1-D analytical expression developed by Soltani and 

Cvetkovic (2013) for travel time PDF was tested by comparing it against the output from the 

numerical model FEFLOW (DHI -WASY GmbH) in the form of a breakthrough curve 

created by the probability of exit field at observation points distributed across the 

watershed. This comparison entailed a suite of 28 scenarios where different conditions of 

topography (reduced and actual), subsurface heterogeneity (FGEN generated random 
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permeability fields), and aquifer depth (actual, deep, shallow) were tested (Chapter 2). 

These scenarios were simulated using a virtual watershed  approach for a watershed that 

resembles that of Alder Creek (Ontario, Canada). The predictive tools for the analytical 

model implementation were developed after applying the methodology to another eight 

watersheds in North America. The geomorphological features of these watersheds were 

used as predictors in the regression tools to be used for the future implementation of the 

methodology in other watersheds (Chapter 3). The analytical model is linked to an existing 

hydrological model (R AVEN ) developed for one of these watersheds (Carroll Creek) to 

ultimately obtain  a watershed scale N isotope model that will be able to  reproduce observed 

N concentrations and isotopic compositions (Chapter 4). 

    The methodology introduced in this thesis is meant to be applied as a fi rst approach to 

constrain subsurface travel times in ungauged watersheds. These initial estimations can 

then be later challenged or verified as new hydro(geo)logical information and data become 

available. The implementation of our analytical methodology ma y also become 

advantageous in situations where, in addition to the lack of subsurface information, 

deterministic models face a problem of scale.  

    In Chapter 5, the major conclusions from the overall research work are presented, 

together with the future  work that is needed to constrain and complement the methodology 

outlined here. A brief discussion on how the  methodology and the empirical relationships 

developed in this study  can be both transferred and scaled-up to other watersheds, but also 

they can be further enriched with future implementations.  Most importantly, the proposed 

analytical method relies on  readily available tools (i.e., GIS and MATLAB ) and is therefore 

easily implemented  when limited observational data on the subsurface hydrology are 

available. 
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Chapter 2 

Analytical Method to Estimate MTT and TTD for Groundwater at 

a Watershed Scale 

Summary  

Modeling of groundwater transport at the w atershed scale often focuses on fully addressing 

water fluxes leaving chemical reactions to a secondary role due to compromises related to 

computational efficiency . Mean travel time (MTT) and travel time distributions (TTDs) have 

become parameters commonly used to quantify watershed solute transport response in 

surface hydrology, but their use in subsurface hydrology  is rather limited . The uniqueness 

concept of a watershed, typically referring to its landscape heterogeneity, fails to recognize 

the macroscale landscape components that control the distribution of travel times. Here, we 

develop a method using a one-dimensional  analytical equation that provides single particle 

median travel time  (pMTT, and its distribution ), and the entire-watershed MTT (wMTT),  

through the use of simple and ubiquitous tools (e.g. GIS and MATLAB ). Results are 

compared against a three-dimensional subsurface numerical model of a virtual watershed 

for multiple scenarios (n=28) that include changes in surface topography, subsurface 

geostatistical heterogeneity, and aquifer depth. When comparing results for pMTT , the 

goodness of fit between the numerical and analytical methods yields, on average, r2=0.50 ± 

0.07, with the lowest value of 0.34 for the deep aquifer scenario (DH) and the highest at 0.58 

for one of the reduced topography scenarios. For subsets of scenarios defined by the size of 

imposed heterogeneity and topography , the analytical wMTT explains  the variability of the 

numerical wMTT estimates from 71% to as high as 94%. A detailed flow path analysis 

showed that the method employed for the delineation of the flow paths in the analytical 

method, in some locations, fails to intercept adjacent streams, resulting in longer travel 

times. This modifies the TTD of the watershed by reducing its skewness to the right. The 

calibrated velocities (Uo) used for the analytical method were positively correlated to  the 

imposed heterogeneity and surface topography, and negatively correlated to aquifer depth. 
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Some observations indicate that surface topography may exert similar effects on wMTT as 

the depth to bedrock. Even though our findings on t opography and aquifer depth are 

limited to few settings, the application of this methodology to a wider range of watersheds 

can help establishing these relationships. The transferability of t hese relationships to similar 

ungauged watersheds is important to  better understand watershed functioning . The 

analytical method can be a promising alternative to a numerical method in situations where 

quick analyses are needed, limited background information is available, and computational 

efficiency is a constraint. 

2.1 Introduction  

The dispersion of pollutant -bearing groundwater in aquifers and its manifestation in stream 

chemistry has been quantified using groundwater age as a measure of watershed response 

by applying field techniques ( Böhlke and Denver, 1995; Böhlke et al., 2007) and numerical 

models (Green et al., 2010). Travel time  distributions (TTD)  have been proposed as a tool to 

understand the major hydrological controls at a watershed scale and identify patterns in 

stream chemistry from both anthropogenic pressures in managed watershed and 

geomorphological features in ungauged watersheds (McGuire et al., 2005; McDonnell et al., 

2007). Mean travel times (MTTs) can be controlled by many aspects of the landscape 

structure (Hrachowitz et al., 2010). 

    The concept of a watershed mean travel time (wMTT) has been recognized as an 

important ind icator of the water cycling processes that are taking place in relatively shallow 

subsurface layers of hillslope environments with respect to water resources renewability, 

degree of mixing, storage, connectivity (of the different units in the landscape), a nd 

discharge (Soulsby and Tetzlaff, 2008; Hrachowitz et al., 2010; Soulsby et al., 2011). In these 

hillslope  studies, soil horizons are included as part of the contributing drainage area to 

stream flows, but they are shallow compared to watersheds with aquifers of tens of meters 

deep. Experimental techniques have been used to estimate travel times at different scales. At 

the watershed scale, MTTs have been estimated experimentally by using stable isotope 

techniques of the water molecule based on differences in rain and stream signatures, mostly 
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in upland watershed studies (Kendall, 1998; McGuire et al., 2005; Rodgers et al., 2005). These 

study areas are characterized by shallow soils and underlying bedrock. Resulting wMTTs 

ranged from months to few years , as typically the bedrock contribution is neglected. In these 

environmental settings, t racer analysis including isotopic signatures has allowed assessing 

potential flow paths and sources in hillslope hydrology ( Uhlenbrook & Leibundgut, 2002; 

Soulsby et al., 2004; Rodgers et al., 2005; Soulsby et al., 2011).  

    The attenuation of rainfall signature s observed in streams, which is characteristic of stable 

isotopes, is also exhibited by chloride concentrations (Kirchner et al., 2000; Soulsby and 

Tetzlaff, 2008). This frequently monitored parameter (Cl) allowed extending the chemical 

damping analysis to very long rain  and stream chemistry databases, resulting in travel time 

distributions characterized by a long -tail and a power -law shape (Kirchner et al., 2000). This 

behavior indicates that the watershed is acting as a fractal filter wi th respect to the input 

signal, by smoothing it into the observed stream chemistry at timescales from days to a few 

months. However, for streams located at Plynlimon, Wales, at the multi -annual timescale 

their spectral power coincide s, thus reducing their spectral differences, suggesting that 

upland watersheds store the rainwater chemical pattern at this timescale (Kirchner et al., 

2001; Lindgren et al., 2004). The reasons behind this fractal behavior were attributed to 

aquifer heterogeneity (Kirchner et al., 2001; Lindgren et al., 2004). 

    Kirchner et al . (2001) applied a 1-D advection dispersion model to yield a travel time 

distribution for a hillslope. They fitted it to match the power spectrum of  observed Cl- 

concentration spectra and that of a gamma distribution that best matched it in their previous 

work ( Kirchner et al., 2000). The result was a model that required high values of 

macrodispersion, of about half that of the flow path length, so that the Peclet numbers, 

estimated as vL/2D (v, flow path mean velocity; L: flow path length, and D: macrodispersion 

coefficient), vary between 0.1 and 1.0. The high value s of macrodispersion are related to the 

long-tailed behavior in travel time distributions. The fractal nature of watersheds was 

subsequently verified by incorporating more subsurface hydrolo gy components with a 

numerical modeling approach ( Lindgren et al., 2004; Kollet and Maxwell, 2008). Kollet and 
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Maxwell ( 2008) used a fully integrated subsurface model to test the fractal scaling behavior 

in base flow travel time distributions. Land surface and variably unsaturated flow processes 

were included in the vadose zone in a 3-D numerical model for the Little Washita wa tershed 

(Oklahoma, USA). Travel time distributions were generated from backward -in-time particle 

tracking using a Lagrangian scheme for water particles departing from the riverbed back to 

their points of origin in the watershed. They confirmed both the fra ctal behavior and the 

power law shape of the base flow travel time distributions. With the estimated travel times 

of the particles at both the water table and land surface, the respective distributions were 

compared revealing the influence in travel time d istributions and power spectra due to the 

processes occurring in the unsaturated zone. This influence was deemed significant but 

limited to approximately 1 year of arrival time to the river bed, indicating that the vadose 

zones of areas closer the river are the most influential.  

   The fractal nature of watersheds has transcended spatial scales (Kirchner and Neal, 2013) 

and its applicability has extended to the interaction with other hydrologic components in 

the watershed (Kollet and Maxwell, 2008; Wörman et al., 2007; Schilling and Zhang, 2012). 

Similarly, the identification of the major controls o n travel time distribution at the 

watershed scale focuses on the components of the landscape that are common to any 

watershed, in order to assess their transferability ( McDonnell, 2003; McDonnell et al., 2007; 

Tetzlaff et al., 2009a). Studies have evaluated the effects of surface topography (McGuire et al., 

2005; Cardenas, 2007; Tetzlaff et al., 2009b), watershed size (Wolock et al., 1997; Wörman et al., 

2007; McGlynn et al., 2004; Tetzlaff et al., 2009b; Darracq et al., 2010; Hrachowitz et al., 2010), 

bedrock topography ( Freer et al., 2002; Wörman et al., 2007), and soil cover (Tetzlaff et al., 

2009b; Rodgers et al., 2005) on predicting wMTTs. Most of these studies use tracer approaches 

in upland watersheds, and numerical modeling in a few of them ( Worman et al., 2007; Kollet 

&  Maxwell, 2008). In general, it has been found that mean slope and percent of responsive 

soils (low permeability) controls the watershed response to transport regarding travel times. 

The size of the watershed is not a major controlling factor; whereas the stream density  tends 

to correlate with wMTTs. Worman et al . (2007) indicates that subsurface flow is controlled to 

some extent, at any point in the watershed and at any watershed scale, by small-scale 
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topographic features. This effect is proportional to the size of these surface features and 

decays rapidly with depth. With th e exception of Worman et al. (2007), and contrary to 

surface hydrology  studies, the effects of topography, soil type, and watershed size have not 

been established in subsurface hydrology. 

    The travel time distributions for single water particles in a watershed can be defined 

based on either their point of entry or their point of discharge into a stream ( Botter et al., 

2011). The first distribution keeps track of the particleõs original chemical characteristics to 

deliver the solute into the stream chemistry at a point and travel time, dictated by its own 

flow path. The second distribution is defined by looking  at the stream chemistry and its 

connection with the watershedõs past chemical inputs. It corresponds to the travel time s 

provided by tracer analysis and the backward -in-time particle approach (Botter et al., 2011) 

used by Kollet  and Maxwell ( 2008), in which convection and dispersion effects are included . 

When steady state conditions apply, both types of travel time distributions coincide. There 

are several methods to identify travel time distribut ions for single particles or for the entire 

watershed that incorporate the flow partitioning at the ground surface ( Fiori and Russo, 2008; 

Rinaldo et al., 2011; Botter et al., 2011). However, their application to real watersheds has been 

limited ( van der Velde et al., 2010). 

    The determination of groundwater age has been resolved numerically and has been 

implemented in several numerical models (HGS, Therrien and Sudicky, 1996; ParFlow, Ashby 

and Falgout, 1996; and FEFLOW, DHI -WASY, GmbH). Analytical methods have also been 

developed for the mean travel time cumulativ e distribution function for two dimensional 

groundwater flow ( Haitjema, 1995), and the one-dimensional particle travel time problem 

(Cornaton, 2012; Soltani & Cvetkovic, 2013). Haitjema (1995) derived an analytical equation 

that depends on porosity, saturated aquifer thickness, and recharge rate, and relies on the 

assumption of Dupuit -Forchheimer flow. H aitjemaõs analysis is based on establishing a 

water balance around areal isochrones within the groundwatershed, thereby yielding an 

equation that is independent of the hydraulic conductivity, groundwater size and shape, 

and stream network  structure (Haitjema, 1995). The one-dimensional analytical methods 
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offer the possibility to decouple flow from transport so that the complexities associated with  

the steady and unsteady transit of water particles through the watershed can be simplified, 

and more focus can be given to the biogeochemical transformations. These analytical 

equations, however, have not been tested and compared for a variety of subsurface 

conditions.  

    Here, we use the 1-D analytical equation developed by Soltani and Cvetkovic ( 2013) to 

obtain travel time distributions for particles departing from the potentiometric surface and 

moving towards  their point of discharge, and calculate their wMTT and TTD for the entire 

watershed. The wMTT and TTDs estimated by the analytical method are compared to 

results of a numerical model that uses a backward adjoint model to define the breakthrough 

curve for travel time. A virtual watershed is used that resembles the Alder Creek watershed 

in Ontario (Canada), which has been the topic of many studies (summarized in Frind et al., 

2014). Multiple scenarios (n=28) were simulated in this virtual watershed including changes 

in topography (two types: reduced and actual topography), geostatistically modelled 

heterogeneity (included in 24 scenarios), and aquifer depth (in 4 homogeneous scenarios). 

The layout of scenarios was designed to gain understanding of the relative effects 

subsurface heterogeneity, topography, and subsurface geometry may exert on subsurface 

wMTT and TTD at the watershed scale. This study is the first step in applying  a 1-D travel 

time analytical equation to a 3-D watershed scale problem in order to provide a quick tool 

for the estimation of wMTT and its distribution in ungauged watersheds.  

2.2 An alytical Equation for Travel Time  

2.2.1 Soltani and Cvetkovic Equation  

In this study, the analytical approach developed by Soltani and Cvetkovic ( 2013) is used to 

generate travel time probability density functions (PDFs)  along 1-D flow paths distributed 

across the watershed. Some generalities of their equation are discussed here but for more 

details on its development and verification we refer to the original publication. Th e equation 

was derived from the solution of the 1 -D ADE equation that incorporates a Fickian 
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macrodispersivity term ( L˂) and a convective term defined by U(t) , which corresponds to the 

flow field velocity assumed to be relatively uniform in space ( x): 

‬ὅ

‬ὸ
Ὗὸ

‬ὅ

‬ὼ
‗Ὗὸ

‬ὅ
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                                                                                                                      %ÑȢςȢρ 

where C is the concentration of a conservative solute; and x, is the distance along the flow 

path running parallel to the velocity field ( U). A Lagrangian framework is applied to the 

solution of this equation by making the behavior of a non-reactive solute concentration (C)  

equivalent to the particle position ( x)õs PDF at any time t, p(x,t). The final solution is then 

obtained for th e forward model in the form of a cumulative density function (CDF), 

according to: 
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where U0 is the mean velocity field; •ὸ is a dimensionless function that depends on time 

and applied to U0 make the analytical equation suitable to transient flow applications : 

Ὗὸ Ὗ•ὸ. For this study, a stationary flow field is  used, i.e., •ὸ=1.  

    Soltani and Cvetkovic ( 2013) tested the results of the above equation against another 

analytical equation developed by Cornaton ( 2012) derived from a water age density  that is a 

more general approach. The validation was satisfactory against Monte Carlo trajectory 

simulations, which were generated by randomizing the spatial component of intrinsic 

permeability, ḻ(x), of the spatio ð temporal velocity term, ὺὼȟὸ  Ὗ ὼ•ὸ, with a 

normally dist ributed function ( Y(x)) of heterogeneity and a negative-exponential structure, 

ḻ(x)= exp[Y(x)] for „ ὠὥὶὒὲ ὑ πȢψ and correlation length ( IY) of 50 m. Fixed values of 

macrodispersion (ȊL~„Ὅ) and uniform velocity ( ὟÅØÐ „Ⱦς were applied to the 

analytical equation to match those used in the trajectory simulations. A similar approach is 

adopted in the present study by using the one-dimensional analytical formulation but 

applying it to a three-dimensional virtual watershed in which the  subsurface has been 

modified to create hydraulic conductivity fields with known degrees of heterogeneity. The 
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challenge of the analytical methodology presented here is to identify the most suit able 

uniform velocity and changes in macrodispersion with flow  path distance. 

2.2.2 Travel Time PDFs from Analytical Approach  

The forward (or backward) model version of the analytical equation developed by Soltani 

and Cvetkovic (2013) is applied to water particles across the watershed at locations that 

coincide with the observation points used in the numerical model ing, in order to allow for 

comparisons of the results. The analytical equation relies on three main parameters for each 

water particle flow path : a constant mean flow velocity (Uo [L/T] ), a characteristic flow path 

distance (x [L] ) and a constant macrodispersion (˂ L [L] ). An evenly spaced-grid of 200 meters 

by 200 meters was used to distribute the water particles across the watershed. ArcNLET, a 

GIS application developed by Rios et al. (2013), incorporates a particle tracking protocol 

based on groundwater flow direction and magnitude vectors. These vectors are estimated 

using a two-dimensional Dupuit -Forchheimer assumption, which uses the ground surface 

elevation as proxy to delineate the water table elevation map, and maps of vertically 

homogeneous hydraulic conductivity and porosity. These maps ultimately allow the 

estimation of direction and the magnitude of flow, in the form of informal -gridded raster  

data. The method provides the means to control how similar the water table elevation is to 

the overlying topography, via a smoothness factor ( SF). The higher this value is the more 

independent the water table is from topography. This parameter dictates wh ere locally 

recharged groundwater will discharge, either into an adjacent river or into a farther surface 

water feature through a deeper and longer flow path. A digital elevation model of 100 -m 

cell-size was used for the tracking as it smoothed out even more the surface features. A 

horizontally homogeneous map of hydraulic conductivity and porosity ( )́, with the values 

of 6.5 x 10-5 m/s and 0.33, respectively, were used in the particle tracking. Th e GIS 

application yields the flow path distance (x) for each observation point.  

    The bulk velocity of  each water particle was initially calculated as the bulk Darcy velocit y 

K·dh/x using the flow paths from ArcNLETõs particle tracking (x) and the digital elevation 

map (DEM) for the actual topography. The macrodispersion was initially assumed to be 
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10% of the total flow path distance (x): ‗ πȢρπϽὼ. With these three parameters an 

ensemble of travel time CDF curves was initially obtained  one for each distributed water 

parti cle, and after applying the derivative to these curves, a uncalibrated set of travel time 

PDFs were generated. As suggested by Soltani and Cvetkovic (2013), in developing the 

analytical equation, a uniform  velocity field wa s applied to the ensemble of streamlines. 

Even though a transient velocity field in time could be applied to the formulation, the 

velocity does not vary spatially  from streamline to streamline to match the limitation of the 

numerical model of travel time e stimation under stationary conditions.  

    The median of the travel time CDF was chosen as the statistic of comparison of travel time 

as this variable is skewed towards the longer travel time s. Generally in this type of 

distributions, the statistics are located from left to right  in the order : mode (at peak), median 

(at 50% of CDF), and mean. Median and mean tend to be close to each other in a PDF with 

normal macrodispersion; whereas, in a PDF with a long tail, associated with greater 

macrodispersion, the gap between the median and the mean also increases. For this study, 

the median of the distribution was chosen to be the most appropriate mean travel time 

variable.  

2.3 Travel Time Distribution using the Numerical Model  

A number of approaches and conceptualizations have been developed to mathematically 

characterize groundwater age. One of these relies on treating groundwater age as a random 

variable that is probabilistically distributed as if it were the concentration of a conservative 

tracer, using the advection-dispersion-equation (ADE) commonly applied in pollutant 

transport problems. The approach developed by Cornaton (2004) and Cornaton and 

Perrochet (2006), and recently updated in Cornaton ( 2014), has been implemented in 

subsurface models such as Hydrogeosphere (HGS) and FEFLOW (DHI-WASY GmbH). The 

equations for life expectancy (E), defined as the time left for a particle before leaving the 

domain, were derived from the backward adjoint model ( Cornaton, 2004) and are presented 

in Appendix A . In the backward-in-time model, used to determine the life expectancy CDF 

(gE), the boundary conditions (BCs) dictate that only outlets can be assigned a non-zero 
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mass-transport condition. This Cauchy-type BC is kept constant throughout the simulation, 

but the zero condition  applied elsewhere in the domain will evolve from an initial value of 

zero yielding gE. However, this gE does not provide any i nformation regarding whether a 

given position x in the aquifer does actually make part of the natural drainage basin of a 

particular outlet. Thereby, an adapted version of the backward -in-time model (Cornaton, 

2014) that transports the probability of exit (ὴ) as random variable can be used to identify 

both the time expected for a water particle anywhere in the domain to exit thr ough one 

and/or several specified  outlets, and the probability value (0 Җ ὴ  Җ мύ of a water particle to 

exit the domain through one over other outlets. Here  ὴ ὼȟὸȟῲ , is the lifetime-

expectancy-to-outlet CDF, which defines, for a particular transit time t, the probabilistic 

drainage basin associated with  a specific outlet ῲ  (Cornaton, 2014). This problem is similar 

to that of defining wellfield capture zones where  the outlet is the well screen. Here, 

however, the outlet corresponds to thousands of points spread around the streambed at 

subsurface-surface water exchange elements identified by a steady state model.  

    The modified version of the backward -in-time model and its boundary conditions for the 

probability of exit are: 

‬—ὴ

‬ὸ
ϽɳἹὴ  ɳϽ—Ἆɳ ὴ  ήὴ     Ὥὲ  Џȟ 

ὴ ●ȟπ π   Ὥὲ   Џȟ 

—Ἆɳ ὴϽ▪ π   έὲ   ῲȟ                                                                                                             Eq. 2-3. 

Ἱὴ —Ἆɳ ὴ Ͻ▪  ἹϽ▪   έὲ   ῲ ȟ 

Ἱὴ —Ἆɳ ὴ Ͻ▪  π    έὲ  ῲ  ͵  ῲ ȟ 

where Ý, ῲ, ῲ, ῲ  represent the entire domain, the domainõs impervious boundary, the 

watershedõs subsurface outlet, and the internal outlet system, respectively;  ɳ denotes the 

Nabla operator;  ̒ is porosity or mobile water content; Ñ is the Darcy flux vector; $ is the 

tensor of macro-dispersion; ὲ is a normal outward unit vector;  and ήὴ is a source term to 

represent recharge. These equations are similar to the gE equations (Appendix A) , except for 
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a couple of differences. First, the probability of exit ὴ ὼȟὸ converges to unity, as t increases 

to infinity, matching its maximum value at the outlet ῲ . Second, it allows creating 

multiple Cauchy -type BCs to target a specific outlet from all potential outlets of the 

groundwater system, including wells, springs, surface waterbodies, and interconnection 

zones between aquifers. It does so by simply assigning Ἱὴ —Ἆɳ ὴ Ͻ▪ ρ   to the 

sought outlet(s), which in our case are the exchange flux river bed elements. For those water 

particles that will not be intercepted by the sought outlet ǣout, a value of pE(x,t) less than one 

will be achieved in the CDFõs plateau (Cornaton, 2014). These equations are valid only when 

simulating groundwater flow at steady state and running  a mass transport problem under 

transient conditions, where the mass transported, in this case, is ὴ ὼȟὸ. 

2.3.1 Setup of the Numerical  Model  

A virtual watershed app roach is used for this study allowing for the evaluation of a specific 

parameter under multiple imposed conditions. The model domain is based upon that of 

Alder Creek in Ontario, Canada. Alder Creek is pa rt of the Grand River watershed. It has a 

total area of 81.2 km2 and comprises mostly agricultural lands,  some undisturbed natural 

vegetation, and urban and rural development. The local aquifer is part of the Waterloo 

Moraine, a multi -layer aquifer characterized by three till c onfining units, lying in between 

glaciofluvial sand, fine sands, and gravel units ( Martin & Frind, 1998; Frind et al., 2014). The 

footprint outlined by the model boundary ( Figure 2-1), is greater in some areas, as dictated 

by topography to evaluate the analytical approach in adjacent areas to the boundary. In 

doing so, parts of other watersheds were included in the north and southwest boundary as 

it was suspected based on topography that they contribute groundwater to the Alder Creek 

watershed. Additionally, the model domain differs from the real watershed in its elevatio n 

as it was shrunk by approximately 60 meters in order to favor conditions for exchange 

between subsurface and surface water. The shrinking was made by keeping the lowest 

elevation by the outlet constant as the remaining elevation points in a raster were altered by 

a reduction factor. The resulting topographic relief was modified to 348.1 meters above sea 

level (masl) at its highest point and 289.3 masl at its lowest point from 410.5 masl and 289.3 
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masl, respectively. The reduced topography model increased the exchange flux points by 

21% with respect to the actual topography model. 

    The mesh for the numerical model was created with GridBuilder ( McLaren, 2011) using an 

approximated element size of 200 meters. For the first six slices, a vertical separation of 0.25 

meters was kept along the entire domain to emulate the pseudo-unsaturated approach 

selected in FEFLOW version 6.2 (DHI-WASY GmbH, 2015) to model the potentiometric 

surface and saturated flow at a watershed scale. This approach vertically linearizes 

unsaturated flow using pressure head and saturation, which compares well with the fully 

applied Richardsõ equation if only saturated groundwater flow is sought (Diersch, 2014). 

These linear relationships are determined from relating the  actual geometric condition of the 

element in order to scale balance terms of saturation and pressure head between adjacent 

element nodes for partially saturated conditions within the element.  

    The subsurface model was implemented  in FEFLOW as an unconfined aquifer with the 

top slice acting as a phreatic boundary condition. Two different model configurations were 

created for the simulation scenarios considered in the study: reduced topography and  actual 

topography. The reduced topography model follows the description provided in the 

previous paragraphs; the actual topography model corresponds to the unmodified 

topography of the watershed. Three versions of the actual topography model were used, 

one with the unmodified aquifer  geometry (AH), one with a deeper (DH) and one with a 

shallower (SH) aquifer . The latter two were created by increasing aquifer thickness by 50 m 

and by reducing aquifer thickness approximately by half that of the actual topogr aphy 

model, respectively. These three model configurations used the actual topography and 

intend  to shed light on the effects of aquifer geometry, further assuming a fully  completely 

homogeneous porous media. These models were built in the same manner as the reduced 

topography model , with the same number of slices and their vertical separation for the top 

1.5 meters of unsaturated soil. For the DH model, the additional 50-meter aquifer thickness 

was achieved by separating the 6 bottom slices, out of the 32, by 10-meter intervals. The base 

of the aquifer (bottom slice) for the reduced topography model was created by smoothing  
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Figure 2-1. Alder Creek watershed map showing the 2D mesh and streams used in the numerical 

model, along with the reduced topography and the location of calibration points used for the 

analytical approach. The triangular element grid was created using the GridBuilder ( McLaren, 

2011) code by limiting the  size of elements to 200 meters. The elements of the grid around the 

rivers were then selected for further refinement making a total of 16,371 triangular elements per 

slice, which were replicated in 32 slices for a grand total of 523,872 elements for the entire model 

domain. The slices were vertically separated with a maximum of 3.0 meters, and a minimum 

vertical interval of 0.25 meters applied to the entire domain wherever the dynamic distribution 

of intervals between slices is constrained by the underlyin g bedrock. 
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out its topography after converting a 25-meter cell size DEM to a 600-meter cell size. This 

conversion was made by resampling the original raster using a bilinear function in ArcGIS. 

For the aquifer geometry models (i.e., AH, SH, DH), the base of the aquifer was made 

equivalent to the bedrock surface elevation model available from the Grand  River 

Conservation Authority (GRCA)õs GIS database. The main subsurface model properties for 

each topographic/domain condition are listed in  Table 2-1.  Local studies have identified a 

wide range of groundwater recharge rate estimates from as low as 100 mm/year (Rudolph, 

1985) to as high as 310 mm/year (Martin and Frind, 1998). For this hypothetical study, a 

value of 237 mm/year (6.5 x 10-4 m/d) was chosen similar to that of Radcliffe (2000), who 

studied in detail the local physical hydrogeology to evaluate the impact of urbanization. For 

the purpose of this study the material  associated with  the aquifer properties listed in Table 

2-1 correspond to that of clayey sand, and the values of the properties were taken from local 

studies that included this lithologic category as a result of their modeling calibration effort 

(Martin & Frind, 1998; Radcliffe, 2000). Aquifer properties were kept the same for both  

topographic models, except for the hydraulic conductivity which varied accordingly to the 

degree of heterogeneity defined for each scenario. Table 2-2 provides a list of the 28 

scenarios evaluated in this study and their IDs classified by topography, heterogeneity, and 

aquifer thickness. This latter set is to get some insight on potential changes in flow path 

distance with respect to aquifer geometry. 

2.3.2 Heterogeneity (Numerical Model ing)  

The assignment of different levels of heterogeneity to the model domain was performed by 

generating statistically anisotropic permeability fields on a uniformly distributed grid. This 

grid is later transposed to the geometry used by the model domain comprised of triangular 

elements of various planar dimensions and heights. The permeability realizations were 

generated using the algorithm called FGEN developed by Robin et al. (1993). The 

parameters used in these realizations are presented in Table 2-3. 
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Table 2-1. Model properties used in simula tions and other watershed parameters. 

Property  Value Unit  

Annual recharge 237 mm 

Hydraulic conductivity ( Kavg) 6.5x10-5 m s-1 

Specific storage (Ss) 1.3x10-4 m-1 

Porosity ( )̒ 0.33 -- 

Hydraulic head (Dirichlet BC)  282.0 masl1 

Slices 32 32 

Reduced Topography 2 

Elevation range (top slice) 289.3 - 348.1 masl 

Elevation range (bottom slice) 236.7 - 263.5 masl 

Aquifer thickness (min - max) 51.3 - 86.6 m 

Vertical separation (slices) 3.0 m 

Mean slope 1.24 deg 

Mean aspect 173.0 deg 

Topographic index  8.65 -- 

Actual Topography 2 

Elevation range (top slice) 292.2 - 409.1 masl 

Elevation range (bottom slice) 237.1 - 302.1 masl 

Aquifer thickness (min - max) 39.8 - 142.4 m 

Vertical separation (slices) 4.7 m 

Mean slope 2.53 deg 

Mean aspect 172.7 deg 

Topographic index  8.02 -- 

Deep Aquifer  (DH) 

Elevation range (top slice) 292.2 - 409.1 masl 

Elevation range (bottom slice) 187.1 - 252.1 masl 

Aquifer thickness (min - max) 89.8 - 192.4 m 

Vertical separation (slices) 6.2 (top) - 10.0 (bottom) m 

Shallow Aquifer (SH) 

Elevation range (top slice) 292.2 - 409.1 masl 

Elevation range (bottom slice) 264.7 - 331.4 masl 

Aquifer thickness (max -  min)  26.1 - 93.2 m 

Vertical separation (slices) 3.3 m 

1 meters above sea level 
2 RH and AH correspond to the homogeneous case for the reduced and actual topography models. 
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Table 2-2. List of scenarios classified by topographic relief, imposed heterogeneity, and 

aquifer thickness (geometry, G). 

Topographic 

Relief  

Correlation 

Length, 

I xy[m]  

VAR [Ln K] = „   - Scenario ID  

„  
0.3 

„  
0.7 

„  
1.0 

„  
1.25 

„  
1.5 

„  
2.0 

Reduced 150 1 2 3 4 5 6 

Reduced 300 7 8 9 10 11 12 

Reduced 450 13 14 15 16 17 18 

Actual  300 19 20 21 22 23 24 

Reduced Homogeneous (RH) 

Actual  Homogeneous (AH)  

Actual(G1) Deep Aquifer -  Homogeneous (DH) 

Actual(G2) Shallow Aquifer -  Homogeneous (SH) 

 

 Table 2-3. Parameters used for permeability realizations in FGEN. 

Parameters Value  Units  

Mean hydraulic conductivity ( Kavg) 6.5x10-5 m s-1 

Variance (Ln K), „  0.3, 0.7, 1.0, 1.25, 1.5, 2.0 m s-1 

Correlation lengths ( Ix, Iy, Iz) 150, 150, 2.7 m 

Correlation lengths (Ix, Iy, Iz) 300, 300, 2.7 m 

Correlation lengths ( Ix, Iy, Iz) 450, 450, 2.7 m 

Power spectrum model exponential covariance -- 

Spatial step size: Xu, Yu, Zu 150, 150, 2.7 m 

Number of nodes (full) x, y, z  256, 256, 128 -- 

Number of nodes (truncated) 110, 110, 70 -- 

Number of realizations  10 -- 
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    Transposing the generated permeability field to the model domain geometry was 

performed in M ATLAB  by using only the truncated field and matching the nearest centroid 

of the elements from both grids. The maps with Ixy = 150 m (Figure A1 in Appendix A) show 

a higher density of clusters of porous media with similar hydraulic conductivity, which is 

direct ly dependent on the number of seeds used in the simulation. As the correlation length 

increases, so does the connectivity of areas creating larger extensions of area with similar 

property materials. This behavior is also observed in the cross sections where interbedded 

areas seem partially connected at different depths of both high (red) and low (blue) 

conductivity zones.  

    The permeability fields for each scenario were generated for a single realization. The 

ergodicity hypothesis verifies that this real ization is a true reflection of the ensemble 

statistics of permeability ( k) that were applied to create it (Rubin, 2003), and it constitutes, 

according to Zhan (1999) in a ôbridge connecting the single realization to the ensembleõ. The 

ergodicity hypothesis of the generated permeability fields was tested estimating the relative 

variances of the spatial average of the hydraulic conductivity, defined by R, using the 

closed-form equation for R developed by Zhan (1999) for the three-dimensional problem. 

The ergodicity hypothesis depend s not only on the ratio of the scale of the watershed over 

the horizontal correlation length ( Ixy) but it is also affected by its vertical component 

(Iz=2.7m), the degree of heterogeneity („), the geometry of the model domain (i.e., L ·W·H), 

and the autocorrelation method used to generate the field (i.e., linear or exponential). The 

values of R for all scenarios with the same imposed heterogeneity („ , Ixy, Iz) and with 

different subsurface geometry (i.e., RH, AH, DH, SH) fell within a narrow range. The 

highest R value (~3.2x10-4) corresponded to the scenarios with the largest correlation length 

(Ixy=450m) and degree of heterogeneity („  =2.0). Its associated error index (ãR) of using the 

ergodicity hypothesis should be kept lower than 10% (Zhan, 1999), which in our case was 

less than 2% for all scenarios.  
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2.3.3 Travel Time PDFs from Numerical Model  

FEFLOW (DHI -WASY GmbH) is used to generate the travel time PDFs for observation 

points distributed across the watershed in order to evaluate the performance of applying the 

1-D analytical travel time equation . The numerical approach by Cornaton (2014) presented 

previously for determining the probability of exit CDF, ὴ ὼȟὸ, is applied to the study area 

to obtain both: 

Á the probability of exit of a water particle (added as an observation point in FEFLOW 

at the water table elevation) through exchange flux points (identified through  a 

steady state model analysis), and, 

Á the travel time CDF defined as the evolution of the probability of exit field as it 

moves backward-in-time from the exchange flux p lane up until it reac hes the 

observation points, depicting, as it transports ὴ ὼȟὸ through the model domain, a 

breakthrough curve of probability of exit.  

    The maximum value of the CDF, ὴ ὼȟὸ, corresponds to the probability of exit, which 

could be one (1.0) for those water particles exiting the domain through the exchange flux 

plane, or less than one for those that exit the domain through other outlet(s). In order to 

identify which water particles (i.e., observation points) should be included in th e analysis to 

eventually compare them to their analytical counterparts, a value of 0.5 was chosen as 

threshold of probability of exit, that is, that only water particles with a probability of exit 

equal or greater than 50% were considered for further analysis. A similar p robability value 

is typically used when delineating well capture zones ( Souza et al. 2013). By doing so, the 

selected area of the model domain is that which has a probability >50% to truly contribute to 

the river flow ( i.e., groundwatershed), and in FEFLOW defines an effective drainage area to 

the river. Because in the case considered there are no other surface outlets (e.g. wellfields), 

the non-selected area is thought to be part of a deeper (regional) groundwater flow system 

that exits the watershed through the Dirichlet boundary condition located along the outlet. 

Once the travel time CDF is defined for each observation point, it is converted to a PDF by 

applying a derivative.  
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    For each simulation scenario a new steady state is obtained together with a new set of 

exchange flux locations along the streambed to be used as the source of the probability of 

exit by imposing a non-zero BC on them. Simulations are run for a period of 165,000 days 

(~452 years) assuring that most of water particles have exited the model domain. The 

transport component of probability of exit  ὴ ὼȟὸ in the model is simulated in transient 

state as it moved through the stationary velocity field. The transp ort of the variable ὴ ὼȟὸ 

through the porous media entails the use of parameters that control its macro-dispersion 

(D ), i.e., the longitudinal ( Lh) and transverse (h T) dispersivity coefficients, which proved to 

be very sensitive to recovering all the mass in the shape of the CDF. A range of Lh values 

between 35 m to 45 m was obtained in order to recover the observation pointsõ mass 

through the travel time breakthrough curve , whereas the ȀT value resulted in values close to 

10% that of ȀL.   

2.4 Calibration  

The shapes of the resulting travel time PDFs for individual observation points and for 

different scenarios that were generated by the numerical model are not uniquely skewed to 

the right  and high kurtosis values , even though this is the dominating shape. There are 

several PDFs that tend to delineate another milder, wider peak, making the overall shape of 

the travel time PDF almost bi-modal in these cases. These PDFs are likely the result of the 

interactions of topography and/or variability o f the hydraulic conductivity along the flow 

paths. In some cases, these PDFs correspond to water particles released at short distances 

from  the point of discharge, along rising slopes. It is likely that their peak value is 

attenuated by the interference of a longer, upstream flow path that originate s from a zone 

with higher hydraulic head; or due to the mixing of flow paths as a result of the resistance to 

flow generated by the presence of a less conductive zone. The former case describes areas 

next to the streams where discharge creates zones of enhanced mixing of incoming flow 

paths, mixing waters of different ages and solute concentrations. The latter case is the result 

of landscape heterogeneity units including surface and bedrock topography, porous media, 

and stream density. It is difficult to discern between these two potential explanations. 
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Regardless of the actual reason behind the shape of these deviating distributions, the 

resulting PDF are indicative of extensive mixing  experienced along the flow path where the 

transport  mechanism is switching from an advective-dominated  to a more dispersion-

dominated flow field. This is the case especially for longer -tailed distributions , which are 

characterized by low Peclet numbers (estimated as vL/2D). Nonetheless, the most dominant 

shape is skewed to the right, for which both mode and median  of the travel time PDF tend 

to be close from each other, and Peclet numbers are typically greater than 1.0, due to lower 

macrodispersion. In summary, it is important to note that not all PDFs generated look alike 

and that the shapes of some cannot be replicated by the analytical solution regardless of the 

parameters values chosen for calibration.  

    Two types of calibration were attempted to mat ch not only the shape of a particular travel 

time PDF but also the overall distribution of the me dian travel time variable obtained from 

the half-mass point of the travel time CDF. A first calibration approach entails matching the 

shape of the analytical travel time PDFs for a total of twenty four (24) points in the 

watershed wi th variable flow path distances, with that from the numerically generated 

PDFs.  The locations of these 24 calibration points are shown in Figure 2-1. The shape of a 

given PDFs is matched by iteratively  (manually)  varying the calibration parameters in the 

analytical equation: mean flow path velocity ( U0) and macrodispersion (˂ L). The former 

allows matching the location of the travel time mode (peak), and the latter helps matching 

the arrival frequency and also in refining the location of the mode. A summary of this 

calibration process is depicted in a flow chart incl uded in Appendix A (Figure A2). For each 

scenario, this calibration was conducted and values for the calibration parameters were 

obtained for each of the 24 calibration points. As these points are spread across the entire 

watershed, they are believed to represent most of the expected flow paths being affected by 

both topography and heterogeneity of the porous media. Out of the 24 calibration points, 

two showed evidence of either having a bi -modal behavior or having a milder or not a 

clearly defined peak. In  these special cases, the location of the center of mass of the 

distribution was targeted rather than the location of its peak.  
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    The values of the calibration parameters are related to flow path distance to evaluate a 

potential pattern with the distanc e to discharge. The mean flow path velocity is poorly 

related to distance in all the reduced topography scenarios, averaging r2=0.06; whereas, it 

was mildly related in all the actual topography scenarios, averaging r 2=0.30 with values as 

high as 0.49 and as low as 0.08. In the case where a relation exists, it takes the form of a 

negative power function exhibiting higher values of velocity at shorter distances, and lower 

ones as the distance to the point of discharge increases. Conversely, the macrodispersion 

values generally followed a distinctive relation with distance, taking the form of a positive 

power function assigning values of macrodispersion of 75 m for a flow path 1000 -m long, 

and ranging from 130 m to 160 m for flow paths approximately 5000 -m long (Figure 2-2). 

This relationship is not only evident in all scenarios but it also exhibit s a trend in 

heterogeneous scenarios of the reduced topography model where the macrodispersion 

decreases with distance as the degree of modeled heterogeneity increased, while the 

opposite tendency is observed for the actual topography model ( Ixy= 300 m), that is, 

increasing macrodispersion with degree of heterogeneity at longer flow paths. Even though 

these relationships are generally weaker for the reduced topography cases (lower r 2 values), 

the trend is still verified by the scenarios in which this relationship holds stronger: „  1.0 

and „ 2.0, both with r2~0.76. For both reduced and actual topography, the 

macrodispersion relates, in general, to both flow path distance and degree of heterogeneity 

by exhibiting lower variability at short and mid -distances and higher variability at distances 

far from the poi nt of discharge. This characteristic becomes more evident in the actual 

topography model where the variability of macrodispersion is narrower suggesting that a 

specific value satisfies all degrees of heterogeneities evaluated for a given flow path 

distance. The positive power function for each scenario, in addition to the average calibrated 

flow path velocity from 24 points, constitute the first approach to calibration against the 

travel time PDFs (Table A1 in Appendix A)  from the numerical model using the probability 

of exit (Pexit or pE). 
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Figure 2-2. Calibrated macrodispersion and its relationship to flow path distance  (x) for 

reduced and actual topography scenarios with Ixy=300 m and Iz=2.7m. Raw ˂ L and x data for 

the relationship is also shown as average (grey circle) and standard deviation  (brackets) of 

all scenarios with Ixy=300 m, along with the widely used reference ratio for L˂ of 10 percent 

of x. Expressions for power functions are listed in Table A1 (Appendix A) . 

    The second calibration procedure consisted of identifying the mean flow path velocity for 

each scenario so that a fitted line for the median travel time  estimated by ὴ ὼȟὸ and the 

analytical equation intercepts the origin at a 45 degree angle (i.e., the 1:1 relationship ). By 

doing so, the overall response of the analytical methodology  moved downward (with high 

U0 values) and upward (with low U0 values) defining angles lower and greater than 45, 

respectively. The velocities identified are listed in Table A1 (Appendix A) . For this 

calibration effort, the macrodispersion values obtained from their positive power relation to 

flow path distance are used, although, their effect on the resulting velocity is secondary, it 

does help in reaching targeted arrival frequencies. For each scenario, the second calibration 

velocities are systematically lower than those estimated from the calibration of the 24 flow 

paths described earlier. Results discussed in the following sections relate to the first 

calibration approach as it provides better agreement with  the numerical model. A brief 
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commentary is presented later in relation to the use of the second calibration method and 

the resulting  comparison with  the numerical model.  

2.5 Analysis of Calibration Results  

2.5.1 pMTT Comparison for the Reduced Topography Scenarios  

The first calibration approach assigns an average velocity (Uo) to the entire flow path 

ensemble for each scenario. The Uo value is estimated from the calibrated velocities of 24 

water particles (i.e., 24 observation points) spread across the watershed. For the analytical 

method, a smoothing factor of 20 is applied in  all the scenarios, thus, only one set of flow 

paths is generated (i.e., x is constant for all scenarios) leaving only Uo and ȊL to be adjusted 

for calibration. The adjusted velocities and the resulting r 2 used as a measure of fit of a line 

intercepting the origin varie s from as low as 0.34 for the Deep Aquifer (DA) scenario to as 

high as 0.58 for scenarios 5 (Ixy=150 m, „=1.5) and 10 (Ixy =300 m, „=1.25) (Table A1). On 

average, the r2 in the reduced topography model for scenarios with Ixy =150 m and Ixy =450 

m, is 0.53, and with Ixy =300 m, 0.54; however, in the actual topography model the scenarios 

with Ixy =300 m have r2=0.43, and when considering the homogeneous scenarios only (AH, 

DH, SH) the average is r2=0.41 (Table A1). 

    The estimates of individual travel times were compare d for both methods and for a 

selected group of scenarios: RH, ID 6 (Ixy= 150 m, „  = 2.0), ID 12 (Ixy= 300 m, „  = 2.0), and 

ID 18 (Ixy= 450 m, „  = 2.0) (Figure 2-3). Other scenarios for the same correlation length were 

also examined but they did not exhibit much difference from those with the largest imposed 

heterogeneity („  = 2.0). This implies that is not the degree of heterogeneity but its size, 

controlled by the correlation length, that modulates the variability in the spread of pMTT 

among scenarios. Considering that in the proposed methodology, a single bulk velocity (U0) 

is applied to all observation points, it is the flow path  lengths that define the spread of 

pMTTs. In this case, the delineation of the flow paths in the analytical model matches well 

that of the numerical model for most of the observation points ( Figure 2-3). Data points for 

which the analytical equation is either systematically overestimating or underestimating are 
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highlighted on Figure 2-3 for further analysis : data points labeled as ôlocation set 1õ and 

ôlocation set 3õ are selected from panel (a), the homogeneous case for the reduced 

topography model, and ôlocation set 2õ from panel (d), scenario 18 (Ixy= 450 m, „  = 2.0).  

Each point location represents a set of points with different imposed heterogeneities of 

varying correlation lengths.  The stream traces (i.e., flow paths) from FEFLOW ( Figure 2-4), 

are those generated under steady state flow conditions by placing the starting points of the 

trace located at the node nearest to the observation grid  points. These starting points were 

set at slice number 7, corresponding to an elevation of 1.5 to 2.0m below ground surface, 

where a fully saturated water table is expected. These stream traces correspond to the two-

dimensional view of a three -dimensional path taken by water particles released at the 

locations described above. 

    Note that the overall distribution of observation points does not cover the entire area of 

the watershed (Figure 2-4). The reason is that the area in which the observation points are 

located corresponds to the extent of the area draining into the surface water features as 

determined by the condition ὴ ὼȟὸ > 0.50 in the numerical model. The areas excluded 

recharge the aquifer, but exit the model domain via the porous media Dirichlet boundary 

condition ( Figure 2-1). In a regional context, they are likely to discharge into adjacent 

subbasins. 

   The set of data points ôlocation set 1õ and ôlocation set 3õ are both starting in the 

homogeneous scenario with a weak agreement against the numerical model. Their 

agreement improved in all the heterogeneous scenarios, however. It does so for ôlocation set 

1õ by both increasing the mean flow velocity in the analytical equation and by decreasing it 

in the numerical model, likely due to either the intersection of a le ss conductive porous 

media or a change in course in the  flow path for one with a longer distance. The data points 

for  ôlocation set 2õ, selected from panel (d) of Figure 2-3 for being the most underestimated 

set of travel times by the analytical equation. Considering that this set showed a better 

agreement in the homogeneous model, indicates that the increased velocity required by the 

imposed heterogeneity, combined with the differences in the flow path length from both  
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Figure 2-3. Comparison of estimated pMTTs and wMTTs for observation points scattered in 

a 200-m grid using the proposed analytical appro ach (A) versus the numerical (F) approach 

(Pexit) for : a) scenario RH, b) scenario 6, c) scenario 12, and d) scenario 18. Locations of 

interest have been highlighted for further analysis  in Figure 2-4.  
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Figure 2-4. Stream trace produced by the numerical model for scenarios a) RH and b) 18 

(Ixy=450m, „ =2.0) with reduced topography inclu ding the highlighted sets of data in Figure 

2-3. 

methods, generated large discrepancies along a wide range of median travel time estimates 

from the numerical model (e.g., discrepancies in years of 75 (100, 25) and 250 (375, 125), 

taken from Figure 2-3d). The stream traces for ôlocation set 2õ (Figure 2-4b) do not reflect in 

any way the range of travel times, ranging from 100 to 375 years (Figure 2-3d). This 

disparity can be explained by the fact that in this area the depth to the water table is 8-9 m 

where the numerical model likely traces these flow paths through low conductivity units 

that could be disconnected from a fully saturated groundwater ta ble. Similar patterns occur 

in areas where stream traces are unexpectedly short in upland regions. This constitutes a 



 

 41 

limitation of using stream traces from the numerical model as reference of how flow paths 

should look like, instead, they are used here as tools in providing a general idea of their 

flow path patterns and distribution s in the watershed.  

    Even though the traces for the ôlocation set 2õ area are discontinued (Figure 2-4b), the 

aging of the groundwater is not, as reflected by the estimated travel times. For ôlocation set 

3õ, the flow paths of these observation points intercept the imposed heterogeneity (scenario 

18, Ixy=450m, „ =2.0) and change their course towards points of discharge located at shorter 

distances. This reduces the estimated travel times in the numerical model. The calibrated Uo 

is increased accordingly  with respect to the homogeneous case making the estimated travel 

time shorter as well. However, the latter occurs without changing the flow paths predicted 

by the numerical model, a feature which the analytical method fail s to predict. The pMTTs 

are thus in better agreement with the numerical approach, but not for the rig ht reasons. The 

only way in which the analytical method incorporates the heterogeneity component is by 

varying the mean flow path velocity ( Uo) and macrodispersion (ȊL).  

2.5.2 pMTT Comparison for the Actual Topography Scenarios  

    The pMTT estimates are also compared for the actual topography scenarios (Figure 2-5). 

For the same degree and type of heterogeneity, these scenarios require a greater calibrated 

velocity than those from the reduced topography. The level of correlation for the estimated 

pMTTs from both methods is unchanged to that of the reduced topography ( Figure 2-3). The 

same flow path delineation in the analytical model with a smoothing factor of 20 is used 

here as in the reduced topography scenarios. A greater topography yields shorter stream 

traces in the numerical model as streams are more readily intercepted. Therefore, the greater 

U0 required by the actual topography scenarios in the analytical model is due to both shorter 

stream traces and greater pore velocities in the numerical model. 

    Similarly as for the reduced topography, the sets of data points ôlocation set 1õ and 

ôlocation set 2õ were selected from the AH scenario; whereas, the set for ôlocation set 3õ was 

selected from the DH scenario. The analytical approach overestimates and underestimates 
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the data sets ôlocation set 1õ and ôlocation set 3õ, respectively. Their distribution does not 

abruptly differ from one scenario to the next indicating that both subsurface geometry and 

imposed heterogeneity in the numerical model do not s ignificantly improve or worsen their 

correlation with the analytical approach. However, the overall agreement of the analytical 

approach to the numerical model estimates is diminished in the DH scenario. The data set 

ôlocation set 2õ is selected due to the relatively acceptable agreement between the two 

methods at long travel times for scenarios AH and 24 (Ixy=300 m, „ =2.0). The flow paths 

delineated by the analytical method for the area comprised by a subset of points from 

ôlocation set 1õ are in the vicinity to those estimated by the scenario AH in the numerical 

model for ôlocation set 2õ (Figure 2-6a). However, the data set ôlocation set 1õ is greatly 

overestimated by the analytical method, as the flow path delineation d oes not intercept the 

adjacent stream.  

    The ôlocation set 2õ data set, in turn, shows stream traces in Figure 2-6b that are not 

representative of the long travel times estimated by the numerical  approach (~225a in 

Figure 2-5b). This again shows a disparity between the stream traces delineation and the 

expected distances from those of the longest travel times estimated in the watershed by the 

numerical model . In the flow path analysis section (section 2.5.6), a further explanation of 

this disparity is presented (Figure A5b, Appendix A). Figure 2-5b shows the increase in 

velocity for both approaches as this set of points/traces  (ôlocation set 2õ) yields shorter travel 

times when compared to the homogeneous case. The set of points for ôlocation set 3õ is 

found on the east and west side of the watershed. The subset on the east of the watershed is 

in an area with the deepest water table locations in the numerical model , but with enough 

head with respect to the river. The travel times for this set in scenario 24 are comparable to 

those estimated for the homogeneous case (AH), even though their stream trace delineations 

do not compare well. The reason for this underestimation is twofold, a deep water table 

elevation and the location of this area with respect to the regional groundwater flow, which 

both limit flow toward the stream and yield low local velocities. For the subset on the west, 

a combination of a slight differe nce in flow paths and a large difference in particle velocities 

between both methods explains the significant underestimation of the travel times by the  
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Figure 2-5. Comparison of estimated pMTTs and wMTTs for observation points spread 

across the 200-m grid using the proposed analytical (A) approach against the  numerical (F) 

approach (Pexit) for : a) scenario AH, b) scenario 24, c) scenario DH, and d) scenario SH. 

Locations of interest have been highlighted for further analysis  in Figure 2-6.  
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Figure 2-6. Stream trace produced by the numerical model for scenarios a) AH and b) 24 

(Ixy=300 m, „ =2.0) including also the location of highlighted sets of data in Figure 2-5. 

analytical method. The distrib ution of these data sets is rearranged in scenario SH indicating 

that under shallow aquifer depths the noted problems of not-intersected streams and the 

effects of deep water table and watershed geometry do play a less important role. 

2.5.3 Spatially Bound pMTT Comparison  

    The analytical method pMTT estimates were spatially compared to the pMTT values from 

the numerical model for both the RH and AH homogeneous scenarios (Figure 2-7). The  
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Figure 2-7. Distribution of percent differences in the estimates of pMTTs between the 

analytical  (calibrated) and numerical approaches, for the homogeneous scenarios of both a) 

reduced and b) actual topographic models. 

largest discrepancies are present in the AH scenario, where the number of observation 

points with differences exceeding 500% (identified by points with a white background) is 

almost twice as high  as in the RH scenario. This figure highlights areas exhibiting the 

greatest analytical-numerical discrepancies in the watershed that have been previously 

discussed such as those in the east (underestimated, dark brown ) and in the northwest 

(overestimated, turquoise), as well as new areas that are located at or immediately adjacent 

to streams (overestimated, bright green). The data points with discrepancy values of 500 
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percent or larger for the homogeneous model that were highlighted in Figure 2-7 are also 

highlighted in Figure A3 (Appendix A) using the estimated pMTTs from both methods. 

Identified points from scenario RH ( Figure 2-7a) were also plotted in the scenario AH panel 

(Figure A3b) and vice versa. The conditions that made these extreme discrepancies in 

observation points (>500%) in the RH (or AH) scenario are seemingly damped for some of 

those locations when tracking them into the AH (or RH) scenario (Figure A3). For all of 

these points, their proximity to a stream yield s relatively  short travel times in the numerical 

model. Considering the pro blem areas discussed previously plus the latter areas adjacent to 

streams, the results suggest that the analytical approach tends to be in better agreement 

with the numerical model at mid - to long-distance flow paths. The further away from 

streams an observation point is, the better its travel time is  predicted as it is less likely for 

the analytical method to fail intercepting streams and overestimating their time before 

discharge. 

2.5.4 Mean Watershed Travel Time s (wMTT)  

The distribution of travel times of water particles released across the watershed provides 

some insight into  the response of the watershed to external forcings, be they purely 

hydrological such as recharge variability , or the spread of contaminant inputs i n terms of 

rates and locations throughout the watershed. The influence of topography, subsurface 

heterogeneity and geometry in the wMTT response are examined in this section by using 

the average of the ensemble of the median travel time PDFs (pMTTs) generated with both 

methods.  

    When averaging the individual travel time distributions from the individual observation 

points in the watershed, a mean travel time PDF is obtained for each numerical modeling 

scenario. The resulting PDFs can be compared against those generated with the analytical 

approach (Figure 2-8). The mean numerical model PDFs are more strongly skewed to the 

right than those from the analytical method, in all scenarios. A common pattern of 

exhibiting a higher peak of arrival frequency with increasing heterogeneity is present in 

both methods. This suggests that the mode and, most likely , the median of the travel time  
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Figure 2-8. wMTT PDFs estimated using the analytical (dashed line) and numerical (solid 

line) methods for selected scenarios with Ixy=300m within both a) reduced and b) actual 

topographic models. Note that DH, AH, a nd SH distributions are very close to each other 

for the analytical method.  

random variable decreases as the subsurface media of the modeled domain becomes more 

heterogeneous. Considering the type of heterogeneity imposed onto the porous media in 

this study, and for scenarios with the same topography, this result also indicates that 

preferential flow paths are widely present in the heterogeneous media allowing the early 

arrival of water particles to the point of discharge; as opposed to dispersi on into the media 

of a hypothetical homogeneous case. A similar behavior is present for the actual topography 

model (Figure 2-8b), where the arrival frequency peaks at a higher value than for the 

homogeneous case, in the reduced topography, and keeps increasing with the degree of 

heterogeneity.  

    Together, these results suggest that both the mode and the median of the distributions 

have lower travel time values, which are associated with  the effect of topography. The DH 

and SH scenarios are also plotted in Figure 2-8 to be compared against the actual-
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topography homogeneous case (AH): for the numerical model, they plot below and above 

the AH scenario, respectively, as expected; as shorter travel times are associated with  

shallower subsurface geometries and longer flow paths occur when less restrictions to flow 

are present. In general, the mean travel time PDFs from the analytical approach do also 

discern among scenarios with varying aquifer depth, but not with the same degree of 

differentiation, and they miss, as in the other scenarios, the mode of the distribution defined 

by the peak of the numerical model PDFs.    The mean of both the travel time and the arrival 

frequency that were estimated from the travel time CDF represent the mean values of the 

travel time distribution (i. e., PDF) for the entire watershed. The mean travel time and the 

mean arrival frequency estimated for each scenario were compared for both methods in 

Figure 2-9. The tendency of exhibiting shorter watershed travel times with increasing 

imposed heterogeneity (increased „) is again observed here for all the heterogeneous 

scenarios. Note that the range of estimated mean travel times varies from about 60 years to 

77 years for all the heterogeneous scenarios in the reduced topography model regardless of 

the correlation length applied to them. Thus, the imposed heterogeneity in these scenarios is 

quite alike. Perhaps, a wider selection of correlation length (Ixy) values might have yielded 

greater differences in travel time. However, the examined values of Ixy seem in agreement 

with the actual surficial geology features of the Alder Creek  watershed. In addition, the 

imposed heterogeneity given by the Ixy values and the variance of logconductivity („) 

compli es with the ergodicity hypothesis for the model domain.  

    The arrival frequency in the analytical approach is slightly underestimated in all the 

scenarios and less variable among scenarios than for  the numerical method results. The 

higher arrival frequency ( Figure 2-8b) corresponds to earlier arrival times for the entire 

watershed (Figure 2-9). For the analytical approach though, the range of estimated wMTTs  

is greater in the actual topography scenarios, favoring shorter travel t imes than those 

estimated by the numerical model. For both topographic models, and for both travel time 

methods, the homogeneous case constitutes an end-member scenario where the travel time 

is the longest because any imposed heterogeneity makes the MTT before discharge shorter 

(Figure 2-10a and Figure 2-10b, Table A1 in Appendix A ). A watershed with similar 
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topography but with shallower aquifer depth would also have a shorter mean travel time 

for the entire watershed. This result  was also replicated by the analytical method  with less 

sensitivity to th e imposed changes. When considering all 28 evaluated scenarios, the travel 

times derived from the calibrated analytical method explains well those estimated by the 

numerical model (ὴ ὼȟὸ, r2=0.80). The mismatch on the peak of the mean travel time PDF 

is likely associated with  the several observation points located near streams for which the 

analytical flow paths  failed to intercept, mistakenly assigning larger flow paths instead. This 

pattern was somewhat compensated with the better agreement found for observation points 

located at mid- and far-distances away from the point of discharge, which both define a 

more regional groundwater flow within the watershed.  

 

 

Figure 2-9. Estimated wMTTs and arrival fre quencies for all scenarios. Colored symbols 

correspond to the numerical method estimates, gray symbols to the respective analytical 

method estimates.  
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Figure 2-10. Estimated wMTTs by both methods are compared for a) reduced topography 

scenarios; and b) actual topography scenarios. Measure of agreement for each subset of data 

is presented, as well as for the entire set of scenarios (n=28). All Pearson correlation 

coefficients were significant (p<0.02), except for (*) where p=0.08. 

    The method developed by Haitjema (1995) to determine the watershed TTD was also 

applied to the actual topography scenarios (Figure A4, Appendix A): AH, DH, and SH. The 

wMTTs values obtained from the Haitjema method were overestimated  by: 85, 158, and 52 

percent difference with respect to the target set by the numerical model. Although, t his 

method incorporates aquifer depth  as main parameter, it also assumes that the ̒ H/r ratio  is 

constant throughout the entire aquifer, which does not hold in many areas in the watershed.  

Whereas, the percent differences for the analytical method were: -3%, -25%, and 32%, 

respectively. However, unlike the analytical method, the Haitjema approach properly 

follo wed the trend in wMTT by the changes in aquifer depth  conditions  (Figure A4), as an 

aquifer depth parameter is explicitly modeled i n Haitjemaõs (1995) expression. 

2.5.5 Calibrated Uo and Heterogeneity  

    The resulting calibrated Uo are proportional to the degree of imposed heterogeneity 

(Figure 2-11). The use of the initial Darcy velocities alone (before calibration) would have 
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grossly underestimated the bulk velocities required and , in turn, overestimated  wMTT . The 

calibrated Uo required to match the imposed heterogeneity yields an almost linear response 

to the increasing degree of heterogeneity („), for each size of heterogeneity ( Ixy) evaluated. 

Actually, the slope of the relationship between Uo and „ is 0.012, 0.013, and 0.021 for the 

correlation lengths Ixy = 150m, 300m, and 450m, respectively (not shown). The range of bulk 

velocities required by the imposed heterogeneity ranges between 0.079 m/d, for scenario 1 

(Ixy=150m, „ =0.3), and 0.119 m/d, for scenario 18 (Ixy=450m, „ =2.0), which are a factor of 

1.65 (0.079[m/d]/ 0.048[m/d]) and 2.5 (0.119[m/d]/0.048[m/d]), respectively, different 

from the initial Darcy velocity estimates for the reduced topography model (based on 

topography alone). A similar factor as for the reduced homogeneous case (RH), for the AH 

case, and for the actual topography scenarios ID 19 (Ixy=300m, „ =0.3), and ID 24 (Ixy=300m, 

„ =2.0), can also be estimated: 1.63 (RH), 1.33 (AH), 1.49 (ID 19) and 2.14 (ID 24). 

Considering that the slope of the actual topography model (2.53 degrees) is slightly above 

twice that of the reduced topography (1.24 degrees), the ratio of their initial Darc y velocities 

is 1.77 (0.085[m/d]/0.048[m/d]). While a linear correspondence was hardly expected, more 

data from watersheds could shed some light on how the mean Darcy velocity could vary 

with the watershedõs slope, and how it can be used as a predictor of a calibrated velocity 

from a numerical  groundwater  model. For now, with the estimated data, it seems that with 

a greater slope, the mean Darcy velocity becomes a better predictor when comparing the 

correction factors for AH (1.33) against that of RH (1.63). Intuitively, this trend is expected 

as an increased hydraulic head provides a stronger similarity to the theoretical case where 

the effect of dispersion is reduced in the convective-dominated system. The effect of 

subsurface geometry is also evident in this plot, as the factor for DH (1.23) shows that the 

mean Darcy velocity can be a better predictor for deep aquifers than for shallow aquifers 

(SH factor: 1.55).  
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Figure 2-11. Summary of calibrated velociti es assigned to each scenario in the analytical 

approach, along with the DEM -based bulk Darcy velocities for both reduced and actual 

topographic model.  

2.5.6 Flow Path Analysis for  Selected Transects (Homogeneous Aquifers)  

A flow path analysis was performed in two stages: first, to observe the changes in stream 

traces among homogeneous scenarios (RH, AH, DH) in the numerical model, and second, to 

compare them against the analytical approach. Seven transects were created for this 

analysis. A more detailed description of the findings is presented in Appendix A . The flow 

path delineations for the RH scenario were used as baseline for comparison. The stream 

trace distances tend to increase for all transects except for transect 6, while transects 3 and 4 

exhibited greater trajectory variations and had also greater slopes along the transect. The 

increase in topography generates deeper and longer flow paths as a consequence of a 

greater hydraulic head. Among the scenarios, the DH creates deeper and longer flow paths 

for all transects. The effect of subsurface geometry is significant in all transects except 

transects 4 and 5, based on the estimated pMTT. This effect is more evident at longer flow 

paths as they are more likely to sense the presence of the bedrock topography. 
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    Transect 3 pMTTs are strongly underestimated by the analytical method. This transect is 

located in an area where heterogeneity makes the stream traces stagnant (Figure 2-4b, 

Figure 2-6b). In the homogeneous case, the regional groundwater flow within the watershed 

is heavily deviating the flow pa ths near the boundary towards farther points of discharge. 

Thus, it is the effect of both imposed heterogeneity and regional groundwater flow that 

explains the significant underestimation of the pMTTs around this area ( Figure 2-3d, Figure 

2-4b, Figure 2-5c, Figure 2-6b).  

    In general, the flow path lengths and the estimated pMTTs from bo th methods compares 

well for transects 1, 2, 5, and 7, are acceptable for transect 6, and not acceptable for transects 

3 and 4. Thus, a good correlation in flow path lengths does guarantee a good estimate of 

pMTTs.  

2.5.7 Effects of Topography and Aquifer Geomet ry on wMTT  

Four modeled scenarios are considered to evaluate the effects of topography and aquifer 

geometry, separate from changes in thickness, without the influence of heterogeneity: RH, 

AH, DH, and SH ( Table 2-4). The analytical method exhibit s no sensitivity to the depth of 

bedrock surface as the triad of homogeneous scenarios with actual topography exhibit  

similar wMTTs. The variability of the repo rted calibrated velocities for these scenarios 

(Figure 2-11) is not, then, indicative of a pattern for the overall ensemble of flow paths. The 

results for ὴ ὼȟὸ suggest that by flattening the overall slope in this watershed by half, the 

wMTT increases 15 years (24%) and the mean scale is reduced by 14 percent, highlighting 

the importance of hydraulic heads as the driving force of subsurface flow in  steep 

watersheds. Also, the increase of the aquifer thickness by ~50 m also causes an increase in 

wMTT (ὴ ὼȟὸ) of 15 years (24%), but unlike the case of RH, the longer mean arrival time is 

accompanied by flow paths  that are, on average, 49% longer. This analysis for DH can be 

extended to the SH scenario where both wMTT and scale are reduced by 25 and 5 percent, 

respectively. Considering that the changes in wMTT and scale are far from being 

proportional , SH results indicat e of that not only t opography but also the depth to a 

confining layer can be important controlling factors in the porous mediaõs specific flow 
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velocities. The Peclet numbers are indicative of the type of transport conditions generated 

along the streamlines with the assigned values of calibrated U0 and ȊL, which are in general 

dominated by convective transport . 

Table 2-4. wMTTs, mode travel times, and mean flow path lengths and Peclet numbers for 

homogeneous scenarios. 

Scenario 

Mean 

Stream 

Traces 

Length 

[m]  

Peclet 

Number 

(vL/2D ) 

Analytical  

wMTT [a]   

Mode Travel Time 

[a] 

Pexit Analytical   Pexit Analytical  

RH 1381 0.78±0.39 78.0 81.7  69.2 74.5 

AH  1614 1.18±0.46 62.7 56.4  53.1 51.4 

DH  2405 1.21±0.54 77.8 54.9  66.4 50.0 

SH 1530 1.47±0.61 47.1 57.8  40.0 52.8 

 

    The mean peak travel times (i.e., mode travel time) for each scenario (Table 2-4) are 

measures of peak spreading. By examining the mean and mode values produced by the 

numerical and analytical methods,  the spread of the two statistics compare relatively well 

between the two methods.  

2.6 Discussion  

We applied a one-dimensional analytical equation of travel time to a three -dimensional 

watershed setting. Results were calibrated against a numerical model for 28 scenarios. These 

included changes in potential drivers of subsurface  flow distribution and discharge such as 

topography, subsurface geometry, and subsurface heterogeneity. We constructed a set of 

virtual watershed models in order to verify the efficiency of t he analytical method in 

predicting travel time at a watershed scale. The spread of models was envisioned to 

promote situations of groundwater exchange with surface water, as we are interested in 

applying this methodology to biogeochemical problems. This was achieved by mainly using 

reduced-topography scenarios (n=19 out of 28). The reliability of our approach depends on 
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adequately assigning three parameters to the ensemble of streamlines: flow path length (x), 

macrodispersion (ȊL), and mean flow path bulk velocity ( U0). The last two parameters were 

used for calibration o f the analytical travel time PDF to match the mode and arrival 

frequency of that from the numerical model for 24 observation points distributed across the 

watershed. 

    The flow path analysis (see section 2.5.6) highlights the important role played by both the 

flow path length in determining the travel time for individual water particles (Table A1 in 

Appendix A) and the mean value of travel times for the entire watershed (wMTT, Table 2-4). 

The model performance can be improved by incorporating as much knowledge as possible 

of the local conditions in relation to groundwater flow patterns. In areas where this 

information is una vailable, assumptions have to be made similarly to those used when 

building a numerical model. Data requirements for the development of subsurface 

numerical models are well established. However, the factors influencing the analytical 

model and its applicat ion to a 3-D groundwater system  are more difficult to disentangle as 

there is no available literature. This study constitutes a first step in identifying some of these 

potential controls. However, factors such as drainage density and watershed size are not 

examined in this study as only one watershed is considered. These factors are evaluated in 

Chapter 3, where this methodology is applied to 8 additional watersheds. An aspect that 

became evident in the flow path analysis was the influence of regional groun dwater flow in 

significantly controlling the travel times of particular areas within the watershed (transect 3, 

Figure 2-4b, Figure 2-6b). For these areas, deviat ion of  the flow paths in the numerical model 

point to discharge locations beyond those inferred from the  topography alone. 

    ArcNLET prov ides limited means to imitate the subsurface flow patterns generated by the 

numerical model. The flow patterns obtained from ArcNLET depend mostly on the value of 

the smoothing factor. For our study, a value of 20 provided the best overall match  to 

numerical estimates. With values of 10, only limited regional flow occurs, as flow patterns 

would follow local topography more closely. On the other hand, using a smoothing factor of 

30, would result in more regional groundwater flow patterns throughout the water shed. A 
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full sensitivity analysis is beyond the reach of this study. However, smoothing factors of 10 

were applied to scenario 9 („ =1.0) and 12 („ =2.0) both with Ixy=300m, which resulted in 

lower wMTTs by 4 and 7 years, respectively. This reduction in wMTT was accompanied by 

a noticeable detriment in arrival frequency, as it did not increase with heterogeneity as the 

numerical mo del predicts. A smoothing factor of 30 was tested in actual topography 

scenarios with similar heterogeneity as above („ =1.0, „ =2.0). This smoothing factor 

yielded  similar behavior in both rendering of wMTTs and pMTT distribution. The 

difference in wMTT was 1 and 2 years for the „ =1.0 and „ =2.0 heterogeneities, 

respectively. The value of 20 for the smoothing factor is the one that is more aligned with 

the behavior exhibited by the numerical model in both reduced and actual topography 

scenarios. For other watersheds, further studies are needed to properly assign this 

parameter. In general, a higher value would be required in flat terrains, whereas, a lower 

value would give a better fit in steeper terrains. As detailed information on deeper flow 

paths are only available where numerical models have been developed, a value of 20 is 

deemed a conservative estimate given the sparse information of watershed -scale regional 

groundwater flow patterns. Regional groundwater flow patterns extending far outside of 

the model domain are not addressed in this study.  

2.6.1 Calibration of Uo and L˂ 

Two calibration approaches were applied to the mean Darcy velocity defined by the 

differences in topographic elevation between the point of observation and its associated 

point of discharge. The second calibration option ( i.e., adjusting Uo to move the entire set of 

observation poin ts (n=1784) along a 1:1 value) overestimates the mean travel time by a 

magnitude of 20-30 years, i.e., 38-56% with respect to the AH numerical estimates. The 

results for the first line of calibration ( i.e., adjusting Uo and L˂ to match mode and frequency 

of numerical travel time PDFs for 24 observation points) provides a better fit to the 

watershedõs MTT. The calibration of the Fickian longitudinal dispersivity term, which at 

field -scale studies is also known as macrodispersivity (ȊL) yields values ranging from 40 m 

to 160 m, for scale (L) distances of 200 m to 5500 m, respectively, and corresponding ratios 
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(ȊL/ L) of 20 to 3%. The latter ratios are in the mid -range of the values of ȊL compiled by 

Gelhar (1992) from field data estimates. However, some of these compiled dispersivity 

measurements are regarded as unreliable, especially at larger scales, as few measurements 

were available for such long f low paths. The assumption of 10% of flow path length 

suggested by Gelhar (1992) as an approximation of field macrodispersion, has been widely 

used as starting point for calibration of groundwater transport models of contaminant 

plumes (Fetter, 1993). The calibrated curves in our study ( Figure 2-2) are consistently below 

the ȊL = 0.1ϊx line, especially for flow path lengths (scales) longer than 1000 m and 500 m in 

the reduced and actual topography models, respectively. If a solute were uniformly spread 

across the watershed, the values of dispersion will start increasing until they reach a plateau 

when all existing heterogeneity had been encountered (Dagan, 1988; Fetter, 1993). As the 

calibration of ȊL should result in mirroring the macrodispersion introduced in the numerica l 

model, which varie s from 35 m to 45 m, the calibrated values are seemingly enhanced as the 

scale increases. However, this increase is not as high as reported by other 1-D models 

(Kirchner et al., 2001). We propose that this phenomenon is due to a compensation effect 

associated with  the addition of two more dimensions to the expression that was developed 

to solve a one-dimensional problem. The scale effect observed in macrodispersion describes 

a non-Fickian behavior (Dagan & Cvetkovic, 1996) as, in theory, this parameter should be a 

unique property of the medium.  

    At longer scales (Figure 2-2), the actual topography model sustains a slightly steeper slope 

in the relationship of ȊL and scale (L) than in the reduced model, even though both reach 

similar end values. Considering that the number of data points at longer scales is limited, 

observations at this scale are to be taken with caution. If what they represent is an actual 

trend, it could be stated that a larger ȊL value is expected at larger scales in areas with 

steeper topography, and more so, in areas with an increased degree of heterogeneity (i.e., 

higher „). The core of the ȊL correlation with flow path distance is that it can also be a 

proxy to a correlation with travel time. As discussed above, macrodispersion of solutes at a 

watershed scale increases with travel time. Based on theory from transport modeling, it 

could reach an asymptotic value at very long distances (Dagan, 1988; Fetter, 1993; Dagan & 
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Cvetkovic, 1996). In the numerical model, the ADE equation is used for transport of age 

throughout the model domain. Similarly, it is also used for the development of the 

analytical equation (Soltani & Cvetkovic, 2013). At the field scale, the ADE equation is 

dominated by the advective transport term ( Dagan, 1988). Therefore, ȊL is expected to exhibit 

similar behavior as in the numerical model in that it  reaches an asymptotic value at long 

flow paths or travel times. We ob served that at mild -slopes, the asymptotic value could be 

reached quite early on (Figure 2-2a). 

2.6.2 Calibration Results and wMTTs  

The numerical results suggested that, in general, the calibrated ȊL values in the analytical 

model are slightly overestimated as the mean arrival frequency for the mean travel time 

(Figure 2-9) is systematically below that of the numerical model. This overestimation is 

more evident for the actual topography  model scenarios, in which ȊL was calibrated with 

better overall correlation (Table A1). The arrival frequency is actually closely matched at 

longer travel times (scales), for the reduced topography model scenarios. The 

overestimation of the ȊL parameter by the analytical approach in the actual topographic 

model scenarios is accompanied by a wider range of travel times than those estimated using 

the ὴ ὼȟὸ numerical approach (Figure 2-9). Contrary to expectations, a systematically 

better correlation between mean flow path velocity and flow path distance exist s for the 

actual topographic model, but the resulting calibration of the actual topography scenarios is 

weaker in comparison to the reduced topography scenarios. The ratio of calibrated Uo 

between the most heterogeneous case („  =2.0) and the homogeneous case (AH) is 2.0 for 

actual topography, whereas, for reduced topography the same ratio is 1.4 (with Ixy= 300 m). 

The different velocities expressed by this ratio yield a greater variability in wMTT among 

the reduced topography  scenarios (Figure 2-9). The wider range in bulk velocities applied to 

the analytical approach is not found for the numerical model responses in wMTTs. The 

increase in Uo with the degree of heterogeneity is observed in both topographic settings. 

Given that in subsurface settings the wMTT signal is longer and more temporally -

influenced  by topography than in surficial settings, we speculate that a stronger relationship 
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between topographic characteristics and wMTT might be found in contrast to the large 

scatter in these relationships for surficial hydrology found by Tetzlaff et al. ( 2009b) for 

Scottish catchments. The scope of our study does not allow identifying  these relationships. 

However, additional research could further develop these  relationship s by comparing 

watersheds with varying topography, subsurface geometry and heterogeneity. Such 

relationships would enable a path towards guidelines for th e application of the analytical 

method in ungauged basins.  

    The distribution of travel times for the entire watershed is summarized by the wMTT PDF 

estimated for each scenario. As previously indicated, the analytical curves are less skewed 

to the right  compared to their numerical counterparts. This is explained as the effect of 

deeper flow paths simulated in the analytical approach that d o not intercept adjacent 

streams. If no evidence of a regional flow pattern exists, manually cutting short these flow  

paths in GIS is an alternative. However, they were left unmodified here to show their 

contribution to the overall distribution of travel time s and to comply  with the proposed 

methodology that relies on not having a priori knowledge on the existence of deeper flow 

paths. Simulated travel time PDFs like those presented here have been reported in others 

studies for surface hydrology ( McGuire et al., 2007; Kirchner et al., 2000) and compared to 

various distributions (e.g. exponential, gamma). Th e unimodal distribution of travel times is 

characteristic of systems at steady state, as opposed to distributions for transient systems 

which can be multimodal and considerably less skewed. One advantage provided by the 

analytical equation is that it could be applied also to transient systems, which is not the case 

for the ὴ ὼȟὸ numerical approach in FEFLOW that prevents from running  both flow and 

transport simultaneously in a transient mode  when transporting   ὴ ὼȟὸ. 

    The degree of imposed, geostatistically distributed heterogeneity show s a positive 

correlation with Uo and a negative one with wMTT in both topographic settings . It is yet to 

be determined if this relationship holds true in other types of heterogeneity. For instance, in 

multi -layered settings, where different connectivity patterns in the subsurface may emerge . 

In such a setting, the vertical connectivity of the layers could determine whether the system 
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behaves as SH or DH. In cases with limited connectivity, an aquifer will tend to behave as 

the SH scenario, whereas in highly connected layers it will gravitate towards  a DH-like  

scenario. A localized multi -layered setting might have occurred in our study for scenarios 

with the largest correlation length ( Ixy=450m). For such conditions, the overall pattern of 

wMTT and flow path length could be different from those presented here.  

    Even for surface hydrology, a conclusive relationship between watershed size and wMTT 

remains to be found (Wolock et al., 1997; Asano et al., 2002; Shaman et al., 2004). Both 

approaches evaluated here (analytical and ὴ ὼȟὸ) can provide insight in this relationship 

for  subsurface hydrology via the analysis of mean travel time PDFs across multiple 

watersheds. In cases where computationally efficient simulations are sought, it is necessary 

to reduce the mesh resolution of the numerical model. That is, by making the mesh coarser 

in larger watersheds, less exchange flux locations will be identified, thus limiting the 

accuracy of the ὴ ὼȟὸ field in the numerical model. It is in cases where quick results are 

needed, limited background  information  is available, or the watershed scale is a limiting 

factor for building a numerical model that the analytical method presented here can be 

envisioned as a modeling alternative. 

2.7 Conclusions  

A detailed analysis on the implementation of a proposed  analytical methodology to estimate 

wMTTs and pMTT PDFs at the watershed scale is presented. We assessed the performance 

of the   methodology using a virtual watershed that was subjected to various potential 

controls of MTT including  topography, subsurface geometry and heterogeneity. A total of 

twenty -eight (28) scenarios were created for this purpose and the topographic setting was 

modified to promote groundwater exchange fluxes with surface water. The results were 

evaluated against a numerical approach that relies on identifying the probability of exit of 

water particles distributed across the watershed. The proposed methodology compar es well 

at mid - to long- flow path distances, and reproduces the variations exhibited by the 

numerical model from one scenario to the next. However, it overestimat es the travel time of 

water particles located in the vicinity of streams as the flow path delineation used to 
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support  the analytical model fails to intercept the stream channel. The generated particle 

travel time  distributions for the entire watershed were slightly less skewed to  higher pMTT 

values. This is likely due to deeper flow paths generated around stream segments compared 

to the pMTTõs numerical estimates. This effect does not significan tly  alter the location of the 

centroid of the distribution as the resulting wMTTs from all scenarios compare well with  

those of the numerical approach (r 2=0.80, n=28, p<0.001). The effect of shallow confining 

units  on the distribution of pMTTs at the water shed scale can be as significant as the effect 

of increasing the topographic slope. Our work advance s the search for correlations between 

wMTT and topography for subsurface hydrology , but this will require going beyond  the 

two topographic settings considered here.  

    The likely existence of preferential flow paths helped explain the increase in both the 

calibrated bulk velocity Uo (analytical model) and  the consequent decrease in pMTTs (both 

types of models) with increased heterogeneity („). The relationship between Uo and „  

exhibit s a linear trend that is m aintained with increased slope and is accentuated with 

increasing size of heterogeneity (Ixy). Will this trend continue for steeper slopes? How about 

milder slopes? Is this trend still valid for other watersheds? Finding a more comprehensive 

relationship between calibrated velocities and DEM -derived Darcy velocities is crucial to 

guarantee that the methodology we propose is transferable to ungauged watersheds. This 

relationship needs to be established for other watershed characteristics, such as size, slope, 

and layered heterogeneity to verify if and under which circumstances it can be scaled up. 

    The method applied here, with the simplicity and ubiquity of the tools used ( i.e., GIS and 

MATLAB ), to estimate wMTT and pMTT distribution, and the process of comparing to the 

numerical model output, can be used to identify watershed -scale relationships relative to 

travel time. We presented a first  step towards identifying an array of se ttings where the 

analytical approach is a viable alternative to the use of computationally expensive numerical 

modeling.   
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Chapter 3 

Geomorphological Controls on Subsurface Mean Travel Time s 

(MTT):  Multi -Watershed Performance Assessment of an Analytical 

MTT Model  

Summary  

The effects of a suite of geomorphological parameters on groundwater mean travel times 

(MTTs) at the watershed scale are investigated by simultaneously  applying  an analytical 

and a numerical model to 9 watersheds. This study builds on the work  in Chapter 2, in 

which the effects on travel time distributions (TTD) of other  contributing factors , in 

particular aquifer  heterogeneity and thickness, were analyzed. The numerical watershed 

models are implemented under  fully homogeneous and constant recharge conditions. 

Comparisons of travel times estimated by the analytical and numerical methods are carried 

out for individual observation points (pMTTs) distributed across the watershed and at the 

whole watershed scale (wMTT). With the exception of three study sites largely dominated 

by mountainous terrain  where the numerical model fail s to provide reliable results, the 

estimates of pMTTs and wMTT from the analytical model compare  moderately and well, 

respectively, against the numerical model output  (0.18<r2<0.52, and 0% to 12% difference). 

The analytical TTDs and wMTTs match especially well  and, hence, they can be used to 

provide a first assessment of groundwater flow and transport of conservative solutes. The 

goodness of fit between the numerical and analytical model s is tested for 28 

geomorphological indexes in order to delineate the physical watershed characteristics under 

which the analytical method works best. Optimal watershed characteristics include a 

topographic re lief < 790 m and drainage density < 2.7 km-1. Single and multiple linear 

regression (SLR and MLR) models are used for the determination of the necessary analytical 

model parameters, that is, the smoothing factor (SF), uniform flow path velocity ( Uo), and 

macrodispersion coefficient (ȊL). Texture topography (e.g. drainage density and structure) 

and topographic relief emerge as the strongest predictors of the parameters; for wMTTs , 
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topographic relief yields the highest predictive ability. The  regression relationships are 

tested in three watersheds: Carroll  Creek, Schneider Creek, and Nith River, all located in 

Ontario, Canada. With the predicted values of SF, Uo, and ȊL, the analytical model performs 

satisfactorily , except for Schneider Creek. Our analysis indicates that there are structural 

characteristics (e.g., low Hortonõs law of slopes RS, values) for which the analytical model 

does not perform adequately  and underestimates wMTT for Schneider Creekõs watershed. 

While t he analytical model is not expected to capture all of the intricate flow paths  dynamics 

in real watersheds, the simplicity of its implementation make it an attractive alternative to 

numerical flow models, particularly in the absence of detailed information on the 

subsurface. Further research should help widen the spectrum of potential application s of the 

analytical methodology.  

3.1 Introduction  

The need to better constrain water fluxes and storage at the watershed scale has motivated 

studies using comparative analyses based on geomorphological features with the mean 

travel time (MTT) as a key metric  of watershed response (McGlynn et al., 2003; Tetzlaff et al., 

2009a; McNamara et al., 2011). There has been a long history of efforts in trying to establish 

the links between geomorphology and hydrological processes. Early work by Horton  (1932, 

1945) identified physiographic characteristics that typically correlate with stream discharge 

using measures developed in the field of morphometry ( Gardiner & Park, 1978). The 

Hortonian analysis provide s the means, through stream ordering, to compare stream 

networks and their hydrolo gical and erosional processes (Bowden & Wallis, 1964). In more 

recent years, the roles of intrinsic geomorphological features, have been examined in 

montane regions in order to assess surface hydrology, specifically those related to 

topography  (Tetzlaff et al., 2009a, Tetzlaff et al., 2009b; Capell et al., 2012), watershed size 

(McGlynn et al., 2003; Hrachowitz et al., 2010; Hale & McDonnell, 2016a), soils (Rodgers et al., 

2005; Tetzlaff et al., 2009b; Hale and McDonnell, 2016a), and drainage density (Hrachowitz et al., 

2009; Soulsby et al., 2010; Capell et al., 2012) as potential controls of watershedõs MTT 

(wMTT).  
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    In examining topography, Tetzlaff et al ( 2009a) found that wMTT is inversely correlated 

with  topographic indexes in 55 watersheds located in eight diverse geographical regions in 

the northern hemisphere. Furthermore, in flatter terrain the permeability of soils may play a 

more important role in regulating flow regimes. In another comparative analysis (Tetzlaff et 

al., 2009b), responsive soils (i.e., with poor drainage capacity) in 10 watersheds within the 

Cairngorm mountains in Scotland exhibited better predictive power of wMTT than 

topographic indexes, showing that potential landscape controls may play different roles  in 

different regi ons. Rodgers et al. (2005) suggested that the interaction between topography 

and responsive soils represents a major control of wMTT . In these studies, wMTT estimates 

were obtained from isotop e analyses (e.g. 1ɻ8O) of surface waters draining montane regions 

that are characterized by shallow, and not fully impermeable bedrock ( McDonnell, 2003; 

McGrane et al., 2014), yielding ages not older than 4 years. Watershed MTT estimates 

obtained this way were used by Hrachowitz et al. ( 2009) to develop a predictive equation of 

wMTT in 20 montane watersheds in Scotland as a function of drainage density, responsive 

soils, precipitation, and topographic wetness index. The MTTs in Hrachowitz et al. ( 2009) 

and in the studies mentioned above were estimated using a lumped-parameter model 

developed by Maloszewski and Zuber ( 1982) typically applied to environmental tracers. 

Another inter -watershed comparison study evaluated the effect of bedrock permeability on 

stream base flow MTT at 15 nested watersheds distributed in two sites with distinct b edrock 

geology (Hale and McDonnell, 2016a). Hale and McDonnell ( 2016a) found longer MTTs (~6.2 

years) in permeable rocks where 67% of the variance in MTT can be explained by the 

drainage area. On the other hand, in poorly permeable rocks 91% of the variance of shorter 

MTTs (1.8 years) was explained by the ratio of median flow path length to median flow path 

gradient.  In contrast to these surficial hydrology studies, fewer studies have focused on the 

effects of topography ( Wörman et al., 2007; Cardenas, 2007; Marklund & Wörman, 2011; Welch 

et al., 2012) and watershed size (Wolock et al., 1997) exerted over subsurface travel time. 

    Travel times distributions (TTDs) in non -mountainous settings are characterized by 

extended tails and MTTs that are on the order of decades (Frisbee et al., 2013; Hale et al., 

2016b). Marklund and Worman ( 2011) showed that topography and bedrock overburden are 
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major controls on the TTDs at nuclear depository sites in Sweden. Wörman et al. (2007) 

verified: first, the fractal behavior of landscape topography initially identified in previous 

studies (Rodriguez-Iturbe et al., 1992); secondly, the influence of landscape topography on 

subsurface water residence times and the similarities of their distribution s at multiple scales; 

and lastly, the scale effect of geomorphological features on subsurface flow. Cardenas (2007) 

used topographically -driven groundwater flow and transport in a homogeneous porous 

media to show that the observed fractal behavior on stream chemistry can be explained not 

only by heterogeneity, as suggested by previous studies, but also by the influence of 

topography. Wolock et al (1997) presented evidence that low -flow stream chemistry 

exhibited less variability as watershed size and subsurface contact time increased.  

    The impact of climate and geology as it relates to subsurface water residence times has 

also received attention. Maxwell et al (2016) developed the first surface and subsurface 

residence times for most of continental North America at a high spatial resolution of 1 km 

using a fully integrated model (PARFLOW , Jones & Woodward, 2001), and for a domain that 

reached a fixed depth of 102 m below the ground surface. Recharge was spatially estimated 

as ὖ ὉὝ and, at the continental scale, constituted together with the mean hydraulic 

conductivity  the major controllers of peak travel times in the subsurface. Maxwell et al . 

(2016) also showed the fractal behavior of travel time distributions of major watersheds, and 

presented evidence that high aridity ( i.e., low recharge) yield s to longer flow paths and 

travel times. However, their results also suggest that more accurate representations of TTDs 

require more detailed information on bedrock overburden, hydraulic properties, and a finer 

spatial resolution. Considering both the mobilization of old water during storm events and 

its persistent chemistry (Kirchner, 2003), and the potential inter -basin connectivity of longer 

flow paths associated with  hundreds or thousands years of travel time, the analysis of water 

quality impacts from diffuse pollution of anthropogenic or geologic origin can be improved  

with a better understanding of travel time distributions.  

    Analytical approaches have been developed to obtain either watershed-scale TTDs 

(Haitjema, 1995) or simple, one-dimensional applications to estimate travel time probability 
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density functions ( PDFs) (Cornaton, 2012; Soltani and Cvetkovic, 2013). The work presented in 

Chapter 2 is the first attempt at applying the 1-D analytical equation for travel time  of 

Soltani and Cvetkovic (2013) at the watershed scale by comparing the analytical solution to  

a numerical subsurface model. In Chapter 2, this comparison was performed for a virtual 

watershed, to which 28 scenarios with  different conditions of heterogeneity, topography, 

and aquifer depth were applied . The outcome was the development of an analytical 

methodology to estimate particle median travel times (pMTT), their distribution s, and 

wMTT . The analytical distribution s compared with the numerical estimates well (0.34 < r2 < 

0.58 for pMTT; and, 0.72 < r2 < 0.94 for wMTT). In Chapter 2, it was found that wMTT 

negatively correlates with  heterogeneity (Ixy, „), which was explained by the formation of 

preferential flow paths along larger hydraulic conductivity lenses. The effect of bedrock 

overburden was to generate deeper and longer flow paths. The analytical model in Chapter 

2 underestimated the arrival frequency o f the peak of the travel time PDFs. This arrival 

frequency is primarily controlled by the macrodispersion coefficient, which in all scenarios 

remained under 10% of the total flow path length. The results also revealed the importance 

of flow path delineation in estimatin g particle travel times and the links with topography 

and the frequency of interception of the stream network. The uniform analyti cal flow  

velocities obtained in Chapter 2 exhibit ed a clear trend with heterogeneity, while a trend 

with topography was merely implied. The conclusion section of Chapter 2 suggested 

exploring further the effect of topography and stream density in other geo morphological 

settings as they may constitute important regulators of travel time s in a watershed. 

    The geomorphological measures used as predictors of travel time in surficial hydrology 

have included topographic and slope indexes, soil type, and draina ge density. The existing 

studies show there is no single universal  controll ing driver  of travel time ( Tetzlaff et al., 

2009a, 2009b; Hrachowitz et al., 2009). However, topographic indexes are likely to be among 

the top control ling  factors (Tetzlaff et al., 2009a; Ali et al., 2012). In the realm of subsurface 

travel times, inter -watershed comparisons remain very limited.  The degree of complexity 

involved in developing subsurface watershed models , combined with the great variety of 

subsurface models used to simulate watershed-scale groundwater flow and transport, have 
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hindered the conduct of inter -watershed comparison studies. The transferability of 

knowledge on the mechanisms that potentially control subsurface travel time  distributions, 

from well -studied basins to ungauged basins is yet to be explored.  

    In this paper  we build on the work presented in Chapter 2 by applying the proposed 

methodology to eight watersheds in addition to Alder Creek . We include  a total of 28 

geomorphological indexes into the analysis to test their effects on numerically and 

analytically estimated travel times. The selected geomorphological indexes fit into five 

categories: elevation, shape, texture topography, fractal dimensions, and Hortonõs laws. A 

virtual watershed approach is used: the numerical model  yields travel time PDFs for each 

watershed, under similar conditions of recharge and a homogeneous subsurface to facilitate 

the inter -basin comparison of wMTT. The effects of these geomorphological indexes are 

translated into transferable relationships to predict wMTT in ungauged watersheds. In our 

study, the calibrated Soltani-Cvetkovic analytical equation (Soltani & Cvetkovic, 2013) is 

compared against the travel time distribution estimates  of a three-dimensional, watershed-

scale subsurface numerical model in order  to identify the more discerning indicator s that 

can then inform  future applications of th e analytical TTD approach. 

    Here, the following major  goals are targeted with our approach: first, compare TTDs, 

pMTT , and wMTT from both numerical and analytical models; second, identify significant 

discerning indexes based on the goodness of fit between numerical and analytical for future 

analytical model applications; third, develop regression models for predicting analytical 

model parameters and their evaluation on selected verification watersheds, for fu ture 

implementations; and finally, identify major wMTT predictors from an array of 

geomorphological indexes through regression models.  

    Our  study broadens the knowledge on the intrinsic geomorphic mechanisms controlling 

travel times in watersheds and yields an accessible method for MTT estimation using 

readily available tools (i.e., GIS and MATLAB ). 
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3.2 Methods  

For this study, both numerical and analytical models were developed fo r the estimation of 

MTTs and their  distribution s at the watershed scale for a total of 9 watersheds in North 

America. In this section, details on both types of models are provided together with a 

description of the study watersheds  and the geomorphological indexes that were chosen for 

analysis. 

3.2.1 Numerica l and Analytical Travel Time  

In Chapter 2, I developed an analytical method to estimate pMTTs, their distribution,  and 

wMTT  for an entire watershed. For the numerical model, a virtual watershed approach was 

used applying the ground surface and bedrock topo graphy to a fully 3 -D homogeneous 

subsurface model for each of the 9 study watersheds. The estimates derived from the 

analytical method were calibrated against those obtained with the  numerical model  and 

compared against the selected geomorphological indexes. 

3.2.1.1 Numerical Method  

The numerical estimation of travel time was performed by using the probability of exit 

approach implemented  in FEFLOW (DHI -Wasy GmbH). This approach was developed by 

Cornaton (2004) and Cornaton and Perrochet (2006). We refer the reader to these 

publications and to Cornaton ( 2014) where a recent update to the mathematical treatment 

can be found in more detail. A brief description of this method follows, which is specifically 

applied to subsurface travel time  distributions  at the watershed scale.  

    The backward adjoint model equations presented in (Cornaton, 2004) form the basis for 

calculating the life-expectancy probability density function ( Ὣ ) of a particle in the porous 

media, defined as the time left for the particle before exiting the domain through an outlet. 

The probability of exit CDF (ὴ ὼȟὸ) is similar to the life -expectancy CDF (Ὣ ), however, by 

having ὴ being distributed as a random variable, it provides the means to estimate: i) the 

life-expectancy of any particle in the domain, and ii) the probability that a water particle will  

exit the domain. The ὴ ὼȟὸ estimates can be calculated for a specific outlet that is part of a 
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multiple outlet system that could include , for example: wells, seepage surfaces, and 

exfiltration points along a river bed. This is accomplished by assigning a Cauchy boundary 

condition equal to u nity (the maximum probability) to the target outlet. The target outlet in 

our case is the hundreds to thousands of exfiltration points along the stream bed. From this 

point backwards, a field of exit probability is created at every time step of the simulat ion 

depicting a break-through curve of exit probability at observation points (OPs) distributed 

in the watershed. Particles located in areas adjacent to the stream will exit the domain 

through this target outlet in their  entirety with ὴ ὼȟὸ values of 1.0. For particles located 

close to the boundaries of the watershed, ὴ ὼȟὸ values are < 1, as these particles are 

affected by other potential outlets in the multiple outlet system. For this study, only two 

outlets are considered to be present: exfiltration through  the stream bed and with 

groundwater flowing out near  the watershedõs outlet.  

    The numerical modeling approach available in FEFLOW for travel time requires that the 

subsurface flow system be at steady state while the transport of the non-reactive tracer (i.e., 

age), is simulated as a transient process. The resulting break-through curve from each 

observation point corresponds to the travel time c umulative density function (CDF). Similar 

to when defining capture zones for wells, a proba bility of exit threshold of 0.5 is applied to 

the raw data treatment to exclude those observation points that fall outside of the natural 

drainage area (i.e., the groundwatershed) defined by the ὴ ὼȟὸ field. Observations points 

outside of the natural  drainage area discharge through the porous media outlet, that is, the 

corresponding water particles exit as groundwater into the adjacent watershed  controlled by 

a Dirichlet boundary condition.  

    The MTT for each observation point is estimated from the medianõs horizontal coordinate 

of the travel time CDF. For further analysis, the travel time CDF is numerically converted 

into a travel time PDF in MATLAB  for calibration  of the analytical pMTT estimates. 

3.2.1.2 Analytical Method  

The analytical method consists of applying the 1-D travel time distribution equation 

developed by Soltani and Cvetkovic ( 2013) to a set of observation points or particles spread 
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out in  a grid across the watershed. The equation provides a CDF of travel time for a particle 

leaving its point of origin in the watershed up to its point of discharge. The point of 

discharge is defined using the GIS application ArcNLET ( Rios et al., 2013). ArcNLET uses 

topography as a proxy for  the potentiometric surface for which the Dupuit -Forchheimer 

approximation is applied to obtain a groundwater flow velocity and direction field along 

the horizontal plane. The direction and velocity fields are intercepted in ArcNLET by rivers, 

lakes, and other waterbodies that form t he local surface hydrology. The output from 

ArcNLET that is incorporated into the analytical method corresponds to the flow path 

delineation and the distance for each particle released in the watershed until it reaches a 

waterbody. The corresponding expression developed by Soltani and Cvetkovic (2013) is: 

Ὂ ὸȠὼ
ρ

ς
ὩὶὪὧ

ὼ Ὗ•ὸ

τ‗Ὗ•ὸ
                                                                                                        %ÑȢσȢρ 

where, x is the flow path distance of each particle obtained from ArcNLET, Ὗ  is the mean 

uniform bulk velocity, •ὸ is a dimensionless factor for transient conditions, and ȊL, is the 

Fickian macrodispersion term. The 1-D analytical equation is applied on fully stationary 

condition, i.e., •ὸ ρȢ 

    Equation 3.1 is derived from the solution of the 1 -D ADE equation. Further detail s on its 

derivation and testing are  provided in Soltani and Cvetkovic ( 2013). Two parameters in this 

equation are calibrated against the numerical MTT estimates: ȊL and Ὗ . The numerical 

determination of travel time is l imited to stationary conditions . The flow path distance (x) is 

a sensitive parameter controlling the value of MTT for each observation point. In ArcNLET, 

variations in the delineation of a flow path and its distance ( x) are achieved by assigning 

different values to a parameter called the smoothing factor (SF). This parameter refers to 

how close the representation of the potentiometric surface mimics the ground topography, 

that is, with low  SF values (1-20) the potentiometric surface closely resembles the ground 

surface, and for  high values (30-50) the resulting potentiometric surface is more 

independent from top ography. 



 

 71 

    With this in mind, in order to identify the configuration of parameters in the analytical 

method that provide the best match to the MTT estimates from the numerical model, the 

following considerations apply : 

Á Stream Network . In the numerical model, groundwater discharge does not occur 

everywhere along the riverbed. In a domain with no  heterogeneity, the distribution 

of groundwater discharge is primarily controlled by ground and bedrock 

topography and by the density of the riv er network.  Several delineations of stream 

networks are evaluated for the study catchments. During the calibration process, 

stream segments are added and excluded as specified by a minimum number of cells 

from a GIS flow accumulation analysis. In this anal ysis, the number of cells needed 

to initiate a stream segment corresponds to a specific minimum drainage area. For 

the homogeneous subsurface domain (K xy=Kz=5.26 m/d) chosen in this study, the 

portion of the stream network that actively exchange s with grou ndwater 

corresponds to second and third Strahler stream orders. In presumably more realistic  

heterogeneous domain, however, first and second Strahler stream orders are likely to 

yield the  best calibration results. First order stream only play a role when 

heterogeneity is incorporated in the headwater area of a watershed. 

Á Smoothing Factor (SF). For any observation point in the watershed, increasing this 

parameter tends to re-route the flow path to a point of discharge located further 

away from its origin. As  this parameter is applied to the entire ensemble of 

observation points, the MTT for the entire watershed also increases (wMTT) . Several 

SFs are tested in each study catchment during calibration , in combination  with 

different stream network configurations.  For future implementations of the 

analytical model, regression models that use the geomorphological ind exes 

considered here can be used as predictors for SF, as well as ȊL and Uo (see Section 

3.3.3). 

Á Macrodispersion (ȊL) and Mean Bulk Velocity ( Uo).  These parameters are calibrated 

against the pMTTs estimated with  the numerical model. Twelve out of the entire 

ensemble of observation points are selected for the calibration of the travel time 
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PDFs generated from the analytical model (by converting the travel time CDF) and 

the numerical  model (as derived from the travel time  break-through curve) . When 

matching both PDFs, the ȊL value modula tes the spread of the bell-shaped curve 

(typically skewed to the right ). That is, the greater ȊL, the wider the PDF becomes 

accompanied by lower arrival frequencies, whereas for lower ȊL the PDF becomes 

more compressed (i.e., with a sharper peak) accompanied by greater arrival 

frequencies. The role of Ὗ  in the calibration process is that of matching the location 

of the travel time PDF peak along the time (horizontal ) axis.  

For a given study watershed, a calibrated set of parameters is obtained by first identifying 

the best configuration of the stream network and the SF. This is done by comparing the 

numerical MTT estimates against the analytical values for each configuration. The 

calibration of ȊL and Ὗ  for the chosen calibration points is performed next using the best 

configuration obtained in the previous  step. The final result of the calibration process is a 

mean bulk velocity and an equation of macrodispersion varying with flow path distance, 

both to be applied to the ensemble of observation points.  

3.2.2 Case Study Watersheds 

Nine watersheds are included in this study covering a wide range of slopes, sizes, and 

drainage density. All of them are located in North America ( Figure 3-1, Table 3-1), five in 

Canada and four in the United States. Coincidentally, the study sites in Canada have mild to 

flat topographic relief, whereas th e sites in the United States can be considered hillslope-

dominated  watersheds. These sites are chosen because subsurface models have been 

developed for them and are available in recent publications. Three types of data are 

extracted of the watersheds: the ground and bedrock topography, and the stream network  

GIS delineation. Note, however, that bedrock topography is not available for all watersheds. 

Information on s ubsurface heterogeneity and local climatology are also gathered, when 

available, and may be used in the continuation of this study in the future.  
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    Three study sites are located in the Grand River basin (6800 km2), Ontario (Canada): 

Upper Laurel Creek (31.2 km2), Upper Nith (300.4 km2), and Alder Creek (78.0 km2). They 

have relatively muted  topographic relief and slopes ranging from 67 to 122 m, and 1.17 to 

3.27 degrees, respectively. 

Table 3-1. Major watershed characteristics of study areas. 

Basin ID  
Area 
[km 2] 

Strahler 
Order  

DEM 
cell 
size 
[m]  

Mean 
Elevation 

[m]  

Topo. 
Relief 

[m]  

Bedrock 
Surface 

Avail able 

mean 
DEM -

cell 
Slope 
[deg]  

Alder Creek  AlC  78.0 5 25 353 122 Yes 2.57 

des Anglais River dAn  701.3 5 30 226 372 No1 1.04 

Ganaraska River Gan 278.1 5 20 233 317 Yes 3.67 

Pamilco Canyon Pam 134.9 4 20 1898 1065 No 9.53 

Rattlesnake River Rat 49.5 4 20 2182 928 No 11.7 

Sagehen River Sag 37.2 4 20 2263 790 No 8.62 

Thomas Creek ThC 198.6 6 20 740 1211 No 15.4 

Upper Laurel Creek  uLc 31.2 4 25 376 74 Yes 3.27 

Upper Nith River  uNi  300.4 4 25 388 67 Yes 1.17 

1 bedrock surface was estimated based on either well data (dAn) or available hydrogeological maps (Pam, Rat, 
and ThC). 

    The Ganaraska River (498.5 km2) discharges directly to Lake Ontario, with a significant 

topographic relief of 317 m. The thickness of the overburden deposits increases from south 

to north, that is, from  the Lake Ontario shoreline to the Oak Ridges Moraine area, located in 

the headwaters of the basin (Earthfx, 2006).  

    Des Anglais River basin is located in Quebec, at the border with the United States. It is an 

extremely flat basin except for its headwaters surrounding against Covey Hill, on the 

outskirts of the Adirondacks Mountains, yielding a significant topographic relief of 372 m.  

    Rattlesnake River (49.5 km2) and Pamilco Canyon (134.9 km2) basins are both located 

within the Lower Walker River basin (10,230 km 2) in Nevada (USA). Their topographic 

relief is similar and significant, 928 and 1065 m, respectively. The drainage network is sparse 
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as this region is dominated by semi-arid hydrologic conditions with intermit tent streams 

frequently present (Allander et al., 2014). 

 
Figure 3-1. Distribution map of study areas in North America. Elevation ranking bars and 

drawing scales are shown for each study area.  

    The Sagehen River (37.2 km2) basin is located in California (USA) on the eastern flank of 

the northern Sierra Nevada. It is a commonly used basin for local modeling effo rts and 

available information is plentiful. It is a basin dominated by steep headwaters and a U -

shaped valley, characteristic of glaciated terrain and meadow areas (Essaid et al., 2014). It has 

a topographic relief of 790 m and a steep mean slope of 8.62 degrees.  
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    The Thomas Creek (198.6 km2) basin in Oregon (USA) is located within the Santiam 

River basin (4700 km2). This basin has the greatest topographic relief (1211 m) and the 

steepest mean slope (15.4 degrees), from all the basins included in this study.  

3.2.3 Geomorphological Indexes  

A large number of indexes of basin geomorphology are estimated for  the study areas in 

order to establish how they relate to the distribution of travel times in the watersheds. These 

indexes were grouped in  Table 3-2 in the following classes: texture topography, elevation, 

shape, fractal dimensions, and mixed indexes. They are estimated using either a 

mathematical expression or graphically, by plotting data extracted from collected 

information.  

    Empirical òlawsó initially suggested by Horton ( 1945) for stream network s are included in 

this study (Table 3-2). In particular, we use a modified òlawó of stream lengths (RL) to 

estimate the total length of streams of order w in the watershed, not the average length as 

originally presented by Horton ( 1945). A Strahlerõs stream-ordering scheme is applied to the  

watersheds. 

    Several elevation and slope measures are considered, many of which are self-explanatory 

except for the hypsometric curve and link slope ( LnkSlp). The hypsometric curve provides a 

three-dimensional metric of the watershed by plotting relative height against relative area. 

The hypsometric curve can be used as an estimate of the age or activity stage of a 

watershedõs geological evolution ( Bras, 1990). The fluvial scaling of link slopes ( LnkSlp) is 

examined using Shreveõs (1966) stream ordering system as scaling index (i.e., the logarithm 

of magnitude)  against the logarithm of link slopes.  This relationship follows a power law 

scaling of the form: ax-n, where n has a reported average of 0.6 (Tarboton et al., 1989) and a 

range of 0.37-0.83 (Flint, 1974). 

   The shape of the watersheds is also quantified with several indexes that are typically 

based on comparing specific shapes and shape qualities to basin characteristics, such as area 

(A), perimeter (P), length (LT) and width ( W).  
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Table 3-2. Geomorphological indices included in present study.  

 

 

 

Parameter Symbol Formula Units Notes / Description Reference

Horton's Law measures

Link slope LnkSlp Slp = LnkSlpāN + i[%]

Corresponds to the slope of the relationship 

between mSS [%] and Shreve order [or 

magnitude, N]; i: intercept.

Tarboton et al (1989)

Texture topography measures

Drainage density Dd Dd = L / A [1/km]
L: stream segments length [km]; A: watershed 

area [km2]
Horton (1945)

Texture ratio Tex Tex = NmIn  / P [1/km]

NmIn : maximum number of intersected stream 

segments by an elevation contour line; P: 

watershed perimeter [km]

Gardiner (1975)

Drainage frequency DF DF = NS / A [1/km 2]
NS: number of stream segments; A:watershed area 

[km 2]

Horton (1945); Brass 

(1990)

Ruggedness number HDd HDd = H ā Dd [-]
H: mean stream segment drop [km]; Dd: drainage 

density [1/km]
Strahler (1964)

Texture - Perimeter TexPer TexPer = NmIn  / P UP [1/km]

PUP: perimeter for upstream watershed 

encompassed by elevation contour line with 

maximum number of intersected stream segments.

Smith (1950); 

Leopold et al (1964)

Elevation measures

Relief Relief Relief = Zmax-Zmin [m]
Topographic relief, elevation difference within 

watershed
Strahler (1964)

DEM cell-size slope cSlope [-] [deg]
Slope measurement given by the largest drop at 

each cell of the DEM, using Slope_3d GIS tool.
[-]

Main channel slope Schan [-] [%] Mean channel drop along segment. Gardiner (1975)

Mean Gradient mGrad mGrad = [Relief / L T] ā 100[%]
LT: longitudinal length of watershed, longer 

dimension of watershed [km]
Gardiner (1975)

Hypsometric curve [-] [-] [-]

Relationship between relative height (contour 

elevation minus outlet elevation) and relative area 

(area upstream of contour elevation divided by 

total area). 

Leopold et al (1964); 

Brass (1990)

DEM slope probability 

histogram
[-] [-] [-]

Frequency occurrences of DEM cell-size slopes 

[deg] distributed in 100 bins. The DEM cell-size 

was kepth within 25-30m

[-]

[-]

mSS: mean stream slopes for each Strahler order 

(SO). R S : is the slope of the SO vs. mSS 

relationship ; i: intercept.

Horton's law of stream 

length

mSL, 

R L

mSL = RLāSO + i [-]

mSL: mean stream length for each Strahler order 

(SO). R L : is the slope of the SO vs. mSL 

relationship; i: intercept.

Horton's law of streams                                                           

(Bifurcation ratio)
NS, R B NS = RBāSO + i [-]

NS: number of stream segments for each Strahler 

order (SO). R B : is the slope of the SO vs. NS 

relationship; i: intercept. Horton (1945); 

Strahler (1952); 

Tarboton et al. 

(1988); Brass (1990); 

Rodriguez-Iturbe 

and Rinaldo (1997)
Horton's law of stream 

slopes

mSS, 

R S

mSS = RSāSO + i
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Table 3-2. Geomorphological indices included in present study.  (continued)  

 

 

Parameter Symbol Formula Units Notes / Description Reference

Shape measures

Circularity R C RC = A / Aceq [-]

Relates watershed area [A] with the area of a 

circle [Aceq] with the same perimeter length as 

the watershed.

Jarvis, R (1976)

Lemniscate ratio P LR [-]

Compares the perimeter of a lemniscate branch 

(eP) against that of the watershed (P). eP is 

estimated with the incomplete elliptical integral of 

the second kind (E(a|m)).

Chorley  et al.  

(1957); Gardiner, V.  

(1975)

Form factor FormF FormF = A / L T
2 [-]

Relates watershed area [A] with a square of 

length equivalent to the longer dimension of 

watershed, LT [km]. 

Gardiner (1975)

Elongation ratio Er Er = ãA / LT [-]
Relates the square root of the watershed's area 

with L T [km]
Gardiner (1975)

Compactness C C = P / ãA [-]
Relates the watershed's perimeter [P] with the 

square root of the area [A]. 

MacEachren, A. 

(1985)

Relative distance variance RDV [km]

2
X

2
Y: distance variance of 100-m cells 

across watershed with respect to its centroid, for 

the x and y axis. Equivalent to estimating the 

moment of an area.

MacEachren, A. 

(1985)

Main channel length MnChL [-] [km]
Main stream length as defined by Shreve's (1966) 

stream order.
Gardiner (1975)

Fractal dimensions

Stream fractal BC method -

plane
D BCst NB = DBCstābs + i [1/m]

Stream fractal BC method -

1D
d BCst NB = dBCstābs + i [1/m]

Perimeter fractal BC method D BCp NB = DBCpābs + i [1/m]

Perimeter fractal WD 

method
D WDp -- [km]

Walking-Divider (WD) method applied to 

northing and easting coordinates of watershed's 

perimeter: an increasing chord length is used for 

each estimation of the perimeter as it 'walks' 

through its entire length.

Mixed measures

Link concentration [-] [-] [-]

Relationship between number of stream segments 

intercepted by a contour elevation and relative 

height (contour elevation minus outlet elevation).

Mesa (1986); Gupta 

et al. (1986)

Hack's law

LvAa, 

LvAb, 

LvAab

LMC = aāA
b [-]

Relationship between main channel lenght (LMC) 

and respective drainage area (A). LvAa , LvAb , 

and LvAab refers to the coefficient, exponent, and 

product of coefficient and product of this power 

law relationship.

Leopold et al. (1964); 

Rodriguez-Iturbe & 

Rinaldo (1997)

BCst: box-counting method applied to a stream 

network; N B: number of boxes; bs: box size [m] 

determined by GIS grid, which is increasingly 

varied to develop this relationship; i: intercept.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

» Steeper slope ~2.0 in Log [bs] vs Log [NB] plot 

corresponding to larger box sizes, for D BCst.                                                                                                                     

» Flatter slope ~1.0 in Log [bs] vs Log [NB] plot 

corresponding to smaller box sizes, for d BCst.                                                                                                                                                                

» Steeper slope ~1.0 Log [bs] vs Log [NB]plot 

corresponding to larger box size, for D BCp.

Mandelbrot (1983); 

Tarboton et al. 

(1988); Tarboton et 

al. (1989); Rodriguez-

Iturbe and Rinaldo 

(1997)
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    The scaling behavior of the stream network  of a watershed is quantified by calculating its 

fractal dimension using the box -counting technique (Lovejoy et al., 1987). The larger the box 

size the more space-filling the network is as its DBCst approaches 2, which corresponds to the 

dim ension of the feature being captured by the river network  (i.e., the watershed). The 

Walking -Divider method is also used to estimate the perimeterõs fractal dimension. A 

FORTRAN code for this method is provided in Lam and De Cola (1993), modified from 

Shelberg et al. (1982). It is rewritten in MATLAB  for this study.  

3.3 Results 

3.3.1 Analytical vs. Numerical  Travel Times  

The frequency distribution s of the median travel times estimated with  the numerical and 

analytical  methods are compared for each watershed in Figure 3-2. Also shown on the figure 

are the values of descriptors of the shape of the distributions that can be used to estimate the 

goodness-of-fit between the two methods.  For most watersheds, the distributions obtained 

with  both methods are in fair agreement, except for Pamilco River, Rattlesnake River, and 

Thomas Creek watersheds where the numerical model exhibits extremely high frequencies 

at very short travel times . These watersheds are located in areas with hillslope -dominated 

geomorphological features typical of montane regions such as strong topographic relief a nd 

slopes. Sagehen River watershed is also located in a montane region; however, its 

distribution of pMTTs exhibits better agreement between models  in spite of having the 

fourth largest topographic relief (790 m) . Excluding these three watersheds, the mean, 

median, and standard deviation of the  pMTT analytical model estimates follow closely 

those estimates from the numerical model, with  in most cases, moderate underestimations 

of the mean and standard deviation.  

    Skewnesss of the analytical distribution s is not well matched to the numerical ones in the 

Upper Laurel Creek and Ganaraska River watersheds. In terms of kurtosis, the occurrence 

of infrequent outliers is highest for  Alder Creek, des Anglais River, and Ganaraska River 

watersheds, with the largest measure quantified for the analytical method estimates for des  
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Figure 3-2. Frequency distribution of median travel times (pMTTs) estimated by both 

numerical  (Num)  and analytical  (AM)  methods for the nine watersheds. Measures of fit for 

the distributions are also presented (m.: mean, md.: median, sd.: standard deviation, sk.: 

skewness, k.: kurtosis, p95.: the 95th percentile) for both methods. 

Anglais River. The closest kurtosis value to a normal distribut ion shape of 3.0 was for the 

analytical method pMTT estimates for Ganaraska River watershed, describing its smooth 

transition through the spectrum of travel times. D iscrepancies between the magnitude s of 
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the frequencies are observed in most study sites especially for the Sagehen River watershed, 

where the occurrence of large and wide spikes of travel times are present likely at different 

locations in the watershed. These locations could be along the slopes of hillslope areas of 

this, rather montainous water shed, yielding clusters of water particles with long travel 

times. This phenomenon is replicated by the analytical method but only at shorter travel 

times. The underestimation in the standard deviation of the analytical model pMTTs is 

indicative of the wid er spread of the travel time s estimated by the numerical model . The 

number of occurrences of the longest travel times that exceed the 95th percentile is very 

small and adds little to  the analysis. This 95th percentile value of travel time is encompassed 

by the range of travel times estimated by the analytical model indicating that the 95% of 

travel time occurrences in a watershed are predicted by the proposed methodology. 

    The mean difference in wMTTs is (+)5.3 years between the models. Out of the three 

òproblematicó hillslope watersheds, the largest differences of 19 and 29 years are for 

Pamilco Canyon and Rattlesnake Flat, respectively. When excluding Rattlesnake Flat, 

Pamilco Canyon, and Thomas Creek (RPT watersheds, hereafter) watersheds, the mean 

error in wMTTs is only (+)0.33 years and a good correlation between analytical and 

numerical wMTT is observed ( r2=0.89, Figure 3-3). When including al l watersheds, the 

correlation becomes weaker (r2=0.71). Both correlations indicate a slight overestimation of 

wMTT by the analytical method, but it is more evident when the RPT watersheds are 

included.  

    The estimates of pMTTs and the wMTT computed with the analytical and numerical 

methods are compared for the study watersheds in Figure 3-4. The best performance, 

measured by r-squared, of the analytical model occurs in Alder Creek (r 2=0.52, Alc), 

followed by Upper Laurel Creek (r 2=0.30, uLa) and Upper Nith River (r 2=0.25, uNi), which 

coincidentally are all located in the Grand River watershed (Ontario, Canada). The goodness 

of fit for the pMTTs between these two methods is lowest for  Rattlesnake Flat (r2=0.03, Rat). 

The worst performance is found again on the RPT watersheds. The analytical method in 

Sagehen River (Sag) explains 18% of the variance of pMTT from the numerical. Additional  
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Figure 3-3. Watershed MTTs (wMTT in years) estimates by the calibrated analytical and 

numerical methods. Linear regression lines with and without RPT watersheds are shown 

together with their respective r2 values. The root-mean-squared error (rmse) and mean 

absolute error (ȿЎȿ) measures of fit are also shown. 

measures of fit such as root-mean-squared error (rmse) and mean absolute error (ȿЎȿ) are not 

sensitive to the agreement of the analytical model when estimating pMTT with respect to 

the numerical approach  ὴ ὼȟὸ. 

    Some watersheds exhibit vertical ôbandingõ in the pMTTs estimated with the numerical 

model. That is, for OPs with similar ὴ ὼȟὸ-estimated MTTs their analytical counterpart 

exhibited a wide range of travel times. This vertical ôbandingõ is seen for the three hillslope- 

dominated watersheds (Figure 3-4d, Figure 3-4e, Figure 3-4g), and is most prominently 

expressed in Pamilco Canyon and Rattlesnake Flat. It extends to OPs with extremely short  
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Figure 3-4. Scatter plots for calibrated analytical and numerical (ὴ) particle MTTs for the 

nine watersheds. The watershed MTTs are also reported for the analytical (A) and numerical 

(F) models in years (a). Particle MTTs are discretized in color by three equal intervals of 

elevation: grey, green, and blue for interval Elev1, Elev 2 and Elev3. The histogram of 

elevation intervals for each watershed is shown as inset figure. The root-mean-squared error 

(rmse) and mean absolute error (ȿЎȿ) measures of fit are also shown. 
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travel times, nearing zero. This, together with the extremely high frequency of short travel 

times shown in Figure 3-2, constitute in another line of evidence of the poor performance of 

the numerical model in the RPT watersheds. 

    As mentioned in Table 3-1, a depth-to-bedrock map is not available for several 

watersheds, including: des Anglais, Pamilco Canyon, Rattlesnake Flat, and Thomas Creek. 

In the case of des Anglais, a local well depth database was used to approximate aquifer 

depth. Regional hydrogeology maps taken from Maurer et al . (2004) guided the estimation 

of the aquifer depth for Pamilco Canyon and Rattlesnake Flat watersheds, and from 

McFarland (1982) for Thomas Creek. For these three last watersheds, assumptions on depth-

to-bedrock were made in the hillslope areas. These assumptions were tested as potential 

reasons for the poor performance of the numerical model, however, different configurations 

of aquifer depth and mesh spatial resolution do not resolve the inconsistencies in travel time 

estimates. It is also likely that the steady flow field required by the transport model to 

simulate the transport of ages in FEFLOW becomes less reliable for  steep hillslopes. This 

may create points of discharge that are dictated by steep topography and not by subsurface 

flow. For the analytical model, the original stream network delineation from NHD was 

modified several times to create first order streams following a fixed minimum number of 

cells in the flow accumulation raster in order to obtain a better agreement with numerical 

travel times, as it dictates the procedure outlined in section 3.2.1.2. Despite implementing 

many configurations , correlations do not improve for these three hillslope watersheds.  

    For some study watersheds, the pMTT  agreement between the distributions from both 

methods depicted in  Figure 3-2 does not match the measure of fit in Figure 3-4, which 

indicates that the travel times represented in the analytical m odel does not exactly coincide 

with the same locations than those registered in the numerical simulations. 

    Observation points are grouped according to their relative elevation in the watershed in 

three bins: low (Elev1), median (Elev2), and high (Elev3). The distribution s of observation 

points (OPs, or particles) in these topographic elevation intervals  shows that, generally, 

mid - and high-range OPs exhibits a wide range of travel times. Short travel times in 
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hillslope areas may occur, as well as in OPs located near the river network. Long travel 

times are not dominated by any elevation range, as at any point in the watershed local 

differential altitudes and distances exist where remote flow paths can be present. The range 

of flow paths at different altitudes along the stream network depends upon the shape of the 

watershed. In des Anglais (dAn) and Ganaraska (Gan) River watersheds a portion of OPs 

with long pMTTs is located at high elevations, but this is more accentuated in the Ganaraska 

River where the headwater area is more extensive.  In Alder Creek, high elevation OPs yield 

mid - to long travel times, whereas, in Upper Laurel Cre ek and Upper Nith River travel 

times are spread across a larger range of elevations. The degree of agreement between 

analytical and numerical models does not vary with elevation for the same watershed. For 

any of the hillslope -dominated watersheds, there is no single elevation range that shows a 

better correlation than the overall value.  

3.3.2 Where does the Analytical Model Performs Best?   

In this section, a series of geomorphological features are examined and quantified (Table B1) 

to identify conditions under  which the analytical method performs be st against the 

numerical output . For this purpose, the measure of fit , r-squared, between the numerical 

and analytical methods is used as the discerning factor of performance for the 

geomorphological feature being evaluated as predictor. The measures of fit rmse and ȿЎȿ do 

not show enough sensitivity to the agreement between the models to be used as discerning 

factors. The analysis also seeks to shed light on the roles played by  these geomorphological 

features in parti cle and watershed MTTs. Exclusive and non-exclusive ranges are created for 

a particular index, where the non-exclusive range does not yield optimal  performance as it 

may either exclude the Sagehen River watershed or include any of the RPT watersheds. 

3.3.2.1 Hortonõs Analysis 

Horton indexes N, L and S (Table 3-2) correlate well with the Strahler stream order (w) 

with in the ranges 0.71-0.98, 0.69-0.98, and 0.73-1.0, respectively. The order in which the 

fitted lines are distributed for N and L does not strictly follow watershed size , however, its 
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influence is clearly present (Figure 3-5). Ganaraska River, for instance, is slightly larger than 

one third the size of des Anglais River (701 km2), but the former exhibits a greater drainage 

density leading to both greater N and L. Hortonõs RB law ( i.e., the slope of N) does not 

produce any discretization with respect to the goodness of fit between the analytical and 

numerical methods (NumAn goodness of fit, hereafter) given by the r -squared value, but RL, 

yield s a narrow discretization between values of 2.5 and 3.4. The relationships of S, as well 

as N and L, with stream order decreases as the upstream network feeds streams in the 

valleys. The steepest streams are located, in descending order, in the watersheds of Thomas 

Creek, Sagehen River, Rattlesnake Flat, and Pamilco Canyon, and the least steep ones in 

Upper Nith River, Upper Laurel Creek, and des Anglais River. Alder Creek and Ganaraska 

River are the mid -range in the set of study watersheds. For these two watersheds, these 

relationship s with stream order  actually yield a range of mean stream slopes with better  

NumAn goodness of fit. This range, highlighted in yellow in Figure 3-5, is encompassed by 

Upper Nith River and Ganaraska River. The law of slopes RS, however, does not provide a 

useful discerning tool with respect to  the NumAn goodness of fit.  

3.3.2.2 Texture Topography Measures 

Drainage density (Dd = LS/A) is a measure of the degree of development  of a watershed 

(Bras, 1990).  Its calculation depends on the resolution at which drainage maps (i.e., GIS 

shapefiles) or aerial photographs are used for delineation. There is a wide range of Dd 

values among the study sites (Figure 3-6 and Table 3-1). The drainage density in Thomas 

Creek is the largest followed by Sagehen River, whereas, the smallest is in Des Anglais 

River. Its relation to NumAn goodness of fit is systematically poor . Drainage density and 

drainage frequency (DF) are measures of texture topography (Smith, 1950). Thus, Tex (see 

Table 3-2) has a strong and positive relationship to Dd (Figure 3-6, r2=0.94). Both DF and Tex 

correlate poorly with NumAn goodness of fit (Figure B1, in Appendix B). No discerning 

ranges for these indexes are found for the study watersheds. 
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Figure 3-5. Horton analysis of stream networks: stream numbers (N), sum of lengths (L), 

and slopes (S). Fitted lines and r2 values of these relationships are shown for the study sites 

as ὶ,  ὶ, and ὶ. The correlation (r2) between the analytical and numerical particle MTTs 

for each watershed is also presented next to the respective fitted line. The slopes of the 

above relationships yields RB, RL, and RS for each study site (red circles). The fitted line 

through these parameters against the correlation between the analytical and numerical 

method is also plotted (red dashed-line). 
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    Strahler (1950) suggested that Dd increases with topographic relief ( i.e., the difference 

between maximum and minimum elevation), which is verified here with a moderate ly 

strong, positive relationship (r 2=0.43). The box highlighting better NumAn goodness of fit 

shown on Figure 3-6b suggests that the analytical m odel works better at lower drainage 

densities (<2.7 km-1) and topographic reliefs (<790 m). When Dd [1/km] is multiplied by the 

mean stream link drop (H  [m]), it results in  the dimensionless ruggedness number (HDd), 

which  yields a relationship with  a non-exclusive range. We propose that drainage density 

alone cannot be used to identify ranges with  better NumAn goodness of fit. It is only when 

ground elevation ( Relief) or stream network elevation (HDd) indexes are factored in that 

ranges discretizing the performance of the analytical model are obtained. When Relief alone 

is plotted against NumAn goodness of fit, it provide s a range that clearly excludes the RTP 

watersheds (Figure B2d, in Appendix B).  

3.3.2.3 Elevation Measures 

    Mean watershed gradient (mGrad, %), mean channel slope (Schan, %), mean DEM cell-size 

slope (cSlope, deg), and the probability distribution of the DEM -cell size slope are included 

in this category. The performance of the analytical method improves when mGrad, Schan, 

cSlope, and Relief decreases (Table 3-2, Figure 3-7). The above elevation indexes are both 

inversely related with the NumAn goodness of fit via either an exponential or a power law 

function, and defining a range of performance for the analytical model. Relief and cSlope are 

the indexes that provide a definite range for the best performance of the analytical model 

with Relief < 790 m and cSlope < 8.63 degrees. (Note that although Thomas Creek has the 

second largest Schan, it  also exhibits the highest RS value. This apparent discrepancy is likely 

due to the fact that Thomas Creek has a more extensive valley in which the contribution of 

high order streams is more important  than in Sagehen River).  

    The histogram describing the occurrence of slopes at the DEM-cell scale is indicative of 

the spectrum of slopes present throughout a watershed. These histograms are shown here in 

terms of probability of occurrence  (Figure B2, Appendix B). Watersheds that yielded the best 

NumAn goodness of fit are mostly spread around lower DEM -cell size slopes (<2.5 deg). 
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Figure 3-6. Drainage density (Dd) and ruggedness number (HD d) as a function of the 

correlation between numerical and analytical results (NumAn goodness of fit). The 

relationship between Dd and texture ratio is also shown as well as between Dd and Relief. 

    Hypsometric curves were derived  for all watersheds based on raster elevation data 

(Figure B3, in Appendix B). Characteristic profiles for geomorphologically young (or high 

activity), mature (medium activity), and old (low activity) watersheds can be associated  
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Figure 3-7. Elevation measures as a function of the degree of agreement between analytical 

and numerical methods (NumAn goodness of fit): a) mean gradient (mGrad), b) mean slope 

channel (Schan), c) mean DEM-cell size slope (cSlope), and d) topographic relief ( Relief). 

Exclusive and non-exclusive ranges of these parameters are highlighted in yellow and blue, 

respectively, referring to the inclusion of Sagehen River watershed in the range. 
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with  specific shapes of the hypsometric curve (Bras, 1990). Most of the study watersheds fall 

within t he young (or high activity, concave down) and mature (medium activity, slightly 

concave down) categories except for des Anglais River whose strong concave up curve is 

associated with  low activity (i.e. , old age). This three-dimensional representation of th e 

study sites, however, does not provide a means to discern among the NumAn goodness of 

fit . In other words, the analytic al model performance is not constrained by the hypsometric 

curve. 

    A representation of the juxtaposition of watershed elevation and texture topography is 

provided by  the link concentration plot  that depicts the distribution of points at which the 

stream network dissects the topography at specific elevation contours throughout the 

watershed (Figure B4, Appendix B). Half of the study watersheds exhibited a single peak in 

their distribution of links: Sagehen River, Pamilco Canyon, Rattlesnake Flat, Alder Creek, 

and Upper Laurel Creek. The link concentration in the other h alf of watersheds follow s a 

multi -modal behavior, where peaks occurred either consecutively or anywhere else in the 

watershed. However, an exclusive range of relative relief where the best NumAn goodness 

of fit dominate s the link concentration distribution  could not  be determined.  

3.3.2.4 Measures of Shape 

Circularity ( RC) compares the watershed area (A) against the equivalent area of a circle with 

the perimeter equal to that of the watershed (Jarvis, 1976). High values of Rc indicate more 

likeness to a ôcircularõ shape (Figure B5, Appendix B ). This measure does not provide any 

discretization with respect to the performance of the analytical model. Both the lemniscate 

ratio (PLR) and elongation ratio (Er) provide non -exclusive ranges for better performance of 

the analytical model. The PLR ratio identifie s Sagehen River and Rattlesnake Flat as the most 

similar to a lemniscate shape (Figure 3-1). According to ER, the most elongated watersheds 

are Thomas Creek and Ganaraska River (Figure 3-1). A measure of compactness (C) given 

by P/A0.5 again yields a weak range for best NumAn goodness of fit: C from 5.8 to 7.25. The 

lower C gets, the closer the perimeter length is to the length of the square-root of A and 

hence the watershed becomes more square shaped.  
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    Another measure of compactness is given by the relative distance variance (RDV), which 

divides the watershed in infinitesimal areas. The variance of the distance to these areas from 

the watershed centroid is quantified  for its  estimation. A  non-exclusive range of RDV values 

is obtained when Pamilco Canyon is included in it (Figure B6, Appendix B ). These ranges, 

even though non-exclusive, indicate that best agreement between the analytical and the 

numerical models are, in general, likely to be obtained in not too elongated watersheds (Er 

and C). This result can be tied to the watershed size given that larger watersheds tend to be 

more elongated as the ratio A/L2 (i.e., form factor) falls when A increases (Bras, 1990).  This 

can be observed in the relationship  ὒ ὥϽὃ , where the exponent b is always greater than 

0.5 (Leopold et al., 1964).  

3.3.2.5 Fractal Dimensions 

The box-counting technique is applied to both stream network and watershed perimeter 

(Figure 3-8). This technique reveals a bi-fractal behavior  for both  the stream network data 

and the perimeter data. The bi-fractal behavior is characterized by two segments of different 

slope that fits the data defining distinct regions of self -similarity. The first line is traced 

along small box sizes and a great number of boxes are required to intersect the targeted 

shape (i.e., the perimeter or the stream network). This line has a mild slope with a value 

close to (-)1.0, as given by the exponent of the fitted power function. The trend of this line is 

interrupted as th e box size increases and exceeds a certain value. A steeper slope is then 

needed, as fewer boxes are required to intersect the entire stream network. The second line 

is traced along large box sizes that require a smaller number of boxes to intersect the 

network. A similar bi -fractal behavior is observed by the box counting technique applied to 

the watershedõs perimeters.  

    The steeper slope in the box-counting analysis represents the fractal dimension (DBCst) of 

the evaluated feature (Claps and Oliveto, 1996). The milder slope of the box counting data of 

the stream network approaches unity as it more closely traces the uni-dimensional aspect of 

the network ( dBCst). The steeper slope, on the other hand, has a wider range of values from 

~1.5 to 2.0. The steeper slope is interpreted by some researchers as a measure of how space-
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filling the stream network is ( Tarboton et al., 1988; Rodriguez-Iturbe & Rinaldo, 1997). The 

closer the fractal dimension is to 2 the more space filling the network is  because, 

theoretically speaking, it approaches a surface dimension. This interpretation b asically 

entails that a fractal dimension is another way of measuring texture topography using 

fractal analysis. However, this interpretation does not appear to apply to all watersheds in 

this study (Figure 3-8). Thomas Creek and Sagehen River have the largest drainage densities 

and fractal dimensions (~1.8), whereas Ganaraska River has the lowest fractal dimension. 

This does not correspond to the density of streams present in the latter watershed. The 

reason is likely that the space-filling  interpretation of  the fractal dimension of stream 

networks inherently assumes that all areas in the watershed contribute to the network, 

which is the reason why it has been challenged by other researchers (Phillips, 1993; Veltri et 

al., 1996). The mono-fractal dimensions estimated using the box-counting technique, when 

related to the respective NumAn goodness of fit, do not yield an exclusive range of values 

within which a better performance of the analytical model can be expected (Figure B7 in 

Appendix B).  

    The walking divider method is also used to estimate the fractal dimension of the 

perimeter curve. This method uses a chord length (step) and quantifies the number of 

chords required to cover the entire f ractal curve. The result is an estimate of the length of the 

entire curve for a finite number of selected steps. Plotting the estimated length against the 

step size, the data increasingly underestimates the total length as step size increases, 

depicting a negative slope with values slightly above unity. The slope of this line 

corresponds to the fractal dimension in  the walking divider method ( DWDp). Note that the 

perimeterõs fractal dimension as estimated by both box-counting (DBCp) and walking divider 

(DWDp) methods yield different results (Figure B 8). Neither method provides an exclusive 

range for better NumAn goodness of fit. However, the D-values estimated for the perimeter 

exceed unity for two watersheds using the box-counting method. This makes the box-

counting method less suited for estimating fractal dimensions o f this uni -dimensional 

feature. 
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Figure 3-8. Fractal analysis of stream network and watershed perimeter using the box counting 

technique. The analysis on the stream network is in the principal logarithmic scale. A linear scale 

for the logarithmic values of perimeter and step (box) size is presented in the secondary set of 

axes. Power function curves (y=aāxb) are fitted to the bi -fractal behavior of the stream network 

data. The coefficient of the power function (slope of the line) is shown adjacent to the curve. A 

linear function is fitted to the perimeter data. The slope of this function is shown next to the 

trendline.  






























































































































































































































































