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Abstract A theoretical analysis of transport in a controlled hydrologic volume, inclusive of two willow
trees and forced by erratic water inputs, is carried out contrasting the experimental data described in a
companion paper. The data refer to the hydrologic transport in a large lysimeter of different fluoroben-
zoic acids seen as tracers. Export of solute is modeled through a recently developed framework which
accounts for nonstationary travel time distributions where we parameterize how output fluxes (namely,
discharge and evapotranspiration) sample the available water ages in storage. The relevance of this
work lies in the study of hydrologic drivers of the nonstationary character of residence and travel time
distributions, whose definition and computation shape this theoretical transport study. Our results show
that a large fraction of the different behaviors exhibited by the tracers may be charged to the variability
of the hydrologic forcings experienced after the injection. Moreover, the results highlight the crucial,
and often overlooked, role of evapotranspiration and plant uptake in determining the transport of water
and solutes. This application also suggests that the ways evapotranspiration selects water with different
ages in storage can be inferred through model calibration contrasting only tracer concentrations in the
discharge. A view on upscaled transport volumes like hillslopes or catchments is maintained throughout
the paper.

1. Introduction

The concept of travel time has often been used in hydrology to characterize and model solute transport
processes within hillslopes, aquifers, or catchments [e.g., Kreft and Zuber, 1978; Jury et al., 1986; Maloszewski
et al., 1992; Haggerty et al., 2002]. However, only recently the travel time literature evolved so as to include a
detailed and realistic representation of the processes that drive solute circulation through the hydrologic
response. Traditional approaches such as the lumped convolution approach [e.g., Rodhe et al., 1996; Kirchner
et al., 2000; Broxton et al., 2009; McGuire and McDonnell, 2006; Seeger and Weiler, 2014] were progressively
made more general to account for the inherent time variability of fluxes and storages [Botter et al., 2010;
Hrachowitz et al., 2009, 2010; Heidb€uchel et al., 2013; Ali et al., 2014], which underlies the key differences
between backward and forward distributions in hydrologically meaningful control volumes [Niemi, 1977;
Rinaldo et al., 2011; Cvetkovic et al., 2012; Harman, 2015]. Similarly, the formalization of the differences and
relationships between travel and residence time distributions [Botter et al., 2011; van der Velde et al., 2012]
opened the way to a spatially integrated representation of the age-selection processes operated by bulk
hydrologic fluxes like discharge and evapotranspiration. The approach complemented newly available high
frequency data sets [e.g., Kirchner and Neal, 2013], which offered the opportunity to develop new methods
and test novel modeling approaches to real-world transport problems [van der Velde et al., 2010; Heidbuchel
et al., 2012; Birkel et al., 2012; McMillan et al., 2012; Hrachowitz et al., 2013; Davies et al., 2013; Harman and
Kim, 2014; van der Velde et al., 2014; Harman, 2015].

In this paper, we make use of a general transport model [Botter et al., 2010, 2011; Rinaldo et al., 2011; Ber-
tuzzo et al., 2013; Benettin et al., 2013a] to gain insight on data gathered during a controlled experiment
which is described in a companion paper [Queloz et al., 2015]. The experiment provides direct observational
evidence of the nonstationary character of transport processes in a controlled hydrologic transport volume
and highlights the key role of plant uptake and degradation processes for solute circulation dynamics.
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The significance of the present work lies in the comparative assessment of the current needs for practical
modeling tools that reconcile recent theoretical advances with field experiments—which is one of the main
goals of this paper.

Despite the small spatial scale used in the experiment, our modeling task may be considered equally signifi-
cant and challenging as larger catchment studies. Indeed, transport processes are herein modeled using
bulk measurements (output and input fluxes and storage mass at any time) of the same type of those that
can possibly be measured or inferred at catchment scale [e.g., Brutsaert and Nieber, 1977; Kirchner, 2009; Bot-
ter et al., 2009]. Moreover, at catchment scale, the overall effect of heterogeneous attributes may be
smoothed when integrated fluxes are dealt with, thereby easing a robust description of any flow path heter-
ogeneity within the travel time formulation of transport [Dagan, 1988; Botter et al., 2005; Cvetkovic et al.,
2012]. Significantly, the experiment retains key features of field studies like the random nature of rainfall
(which was added as a sequence of quasi-instantaneous inputs) and the structural difference between the
sampling of stored water particles operated by plant roots and drainage structures. On the other hand,
transport features that can possibly emerge at hillslope and catchment scales, e.g., those induced by
dynamically changing hydrological connectivity, cannot be investigated in this experiment. Despite these
limitations, modeling the outcome of a lysimeter experiment of the type handled here is deemed a chal-
lenging test for our theoretical framework.

The paper is organized as follows. Section 2.1 illustrates the experiment and the data set available. Sections
2.2 and 2.3 present the modeling framework while the application to the lysimeter experiment is described
in section 2.4. Section 3 presents the results that are then discussed in section 4. A section of conclusions,
with a view on upscaled transport volumes like hillslopes or catchments, closes the paper.

2. Methods

2.1. Experimental Data
Hydrological time series and tracer breakthrough curves were recorded during a large lysimeter experiment
running from April 2013 to July 2014. A detailed description of the setup and discussion of the experimental
data are reported in a companion paper [Queloz et al., 2015]. A 2 m deep, 1 m2 surface area lysimeter was
filled with a sandy clay loam soil and planted with two willow stems (Salix viminalis). A 50 cm saturated
gravel filter drains infiltration water to the outlet equipped with discharge flow measurement and flow-
rated sampling system. A translucent roof located beneath the canopy protects the lysimeter surface from
natural precipitation; instead, random rainfall following a marked Poisson process [Rodriguez-Iturbe et al.,
1999] was manually injected. Load cells provide an accurate reading of the weight of the system and there-
fore allow the indirect estimate of evapotranspiration fluxes. Five selected rainfall events in the beginning
of the experiment were each marked with a different tracer (various fluorobenzoic acids) that can be easily
quantified in water samples using mass spectrometry techniques. Extensive discharge flow sampling was
performed to precisely record the tracer breakthrough curves and calculate the outgoing tracer mass flux. A
conceptual scheme of the lysimeter is reported in Figure 1a. The data set used in this paper is summarized
in Figure 1b.

2.2. Travel Time Formulation of Transport and Age-Selection Schemes
Let us consider a hydrologic control volume with a single input flux J (e.g., precipitation) and two output
fluxes: discharge Q and evapotranspiration ET. The proposed framework could be readily generalized to
model more complex schemes involving multiple control volumes (in series or in parallel) [see e.g., Ber-
tuzzo et al., 2013; Benettin et al., 2013a] or multiple input/output fluxes (e.g., irrigation and pumping). We
first illustrate the theoretical approach for the simple case of a single control volume. The residence time
T (also termed age) of a tagged water particle in storage within the control volume is defined as the time
elapsed since its entrance in the control volume. Therefore, the residence time distribution (RTD)
pSðT ; tÞ—the probability density function of the residence time of the water particles contained in the
control volume at time t [Botter et al., 2011]—characterizes at any time the age composition of the stor-
age. The residence time of a particle that leaves the system as Q or ET is termed travel time (also known
as transit time). The corresponding travel time distributions (TTDs) can be seen either as forward
(p
!

QðT ; tiÞ; p
!

ET ðT ; tiÞ) or backward (p
 

QðT ; tÞ; p
 

ET ðT ; tÞ) distributions [Niemi, 1977; Rinaldo et al., 2011; Cvet-
kovic et al., 2012]. In the former case, the age distribution refers to the set of particles that simultaneously
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entered the system at a time ti, while in the latter case, the age distribution pertains to the set of particles
that are simultaneously leaving the system at time t. The forward TTD can be thought as the flux in the
outflow corresponding to an instantaneous marked injection of a unit volume at time ti. The backward
TTD represents instead the age distribution of the water sampled in the outflow at time t. If hðtiÞ is
defined as the fraction of the precipitation influx JðtiÞ that ends up exiting as outflow Q, continuity and
Niemi [1977] yield [Botter et al., 2011]:

p
 

Qðt2ti ; tÞQðtÞ5 hðtiÞJðtiÞp
!

Qðt2ti ; tiÞ ; (1)

whose physical meaning consists of equating the fraction of particles that exits as Q at time t with age t2ti

(at left-hand side) to the fraction of rainfall entered at ti that exits as Q at time t (at right-hand side [RHS]).
An analogous relation can be written for evapotranspiration TTDs.

Tracking the temporal evolution of the ages of the water particles stored within the control volume requires
the specification of how outgoing fluxes sample the available ages in the storage. This is usually done by
specifying the relationship between residence and backward TTDs through suitable selection functions [Bot-
ter et al., 2011; Botter, 2012; Benettin et al., 2013b]. Recently, van der Velde et al. [2012] proposed to
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Figure 1. (a) Conceptual scheme of the lysimeter. From a modeling viewpoint, the system is divided into two control volumes: a 2 m
deep, 1 m2 surface area soil layer and a 50 cm deep gravel filter. We term precipitation input as J(t), evapotranspiration as ET(t), flow at the
interface between soil and filter as L(t), and bottom outflow as Q(t). The system setup does not allow changes in water storage of the filter,
therefore QðtÞ5LðtÞ. (b) Time series of hydrological and chemical variables. (top) The rainfall pulses marked with the five different tracers
are displayed with different colors. (bottom) Their breakthrough curves are displayed with the corresponding color. (middle) The time
series of water storage S (black), outflow Q (blue), and ET (green).

Water Resources Research 10.1002/2014WR016508

QUELOZ ET AL. TRANSPORT OF TRACERS 2795



characterize age-selection processes by expressing the relevant distributions not as a function of age T but
rather using a ranked age PS that expresses the relationship between a certain age and all the other ages
actually in storage. Specifically, the new variable 0 � PSðT ; tÞ � 1 represents the fraction of storage younger
than T at a given time t, and it is defined by the following equation:

PSðT ; tÞ5
ðT

0
pSðs; tÞds : (2)

Therefore, at every time, there exists a unique relation between T and PS which allows backward TTDs to be
expressed in the domain of the new variable PS: p

 
QðT ; tÞ7!x

 
QðPS; tÞ and p

 
ET ðT ; tÞ7!x

 
ET ðPS; tÞ. x ðPSðT ; tÞ; tÞ

are derived distributions (i.e., distributions of a function of the random variable T) and are termed
‘‘StorAge Selection’’ (SAS) functions because they determine how the resident ages are selected by the out-
flows. Once SAS functions are specified, the related time-variant RTDs and TTDs can be derived accordingly
(see below).

The advantages of modeling age-selection through the transformed variable PS are manifold. PS can assume
values between 0 and 1, corresponding to the youngest and the oldest storage in the system, respectively.
Therefore, the support of the distribution x

 
QðPS; tÞ is also fixed and equal to the interval [0, 1]. x

 
QðPS; tÞ is

a probability distribution function and can be parameterized. In forward modeling, it is therefore possible
to specify directly the SAS functions to characterize how the output fluxes (Q and ET) select the different
ages available within the control volume and derive the corresponding backward TTDs. Moreover, the
ranked age PS arguably embodies a better proxy of the position of a particle within the system [van der
Velde et al., 2012]—where the position should not depend on the actual value of the particle age but rather
on the fraction of older particles stored within the system. In turn, the particle position in soil columns and
hillslopes may strongly control the probability of being routed to the outflow or uptaken by plants.

As highlighted by the notation, the distributions x
 ðPS; tÞ can be time variant to mirror the variability in

time of age-selection processes ruled by the outflows, e.g., depending on the external forcings and on the
state of the system. However, even if a constant SAS function is assumed (x

 ðPS; tÞ5x
 ðPSÞ), the framework

would consistently produce time-variant TTDs because the RTD (and thus the relation between T and PS,
see equation (2)) is also time variant.

A graphical representation of the modeling framework is presented in Figure 2. White bars in Figure
2a sketch an RTD as a function of the residence time T at a certain time t. We use a histogram to
illustrate the actual numerical implementation of the framework where the age domain is discretized
with finite time steps. Defining S(t) as the total storage at time t, we note that SðtÞpSðT ; tÞdT repre-
sents the volume of water injected in the system around t – T which is still inside the control volume
at time t. Notice that if at t – T no input occurred, pSðT ; tÞ50. Figure 2b shows the residence time
cumulative distribution PSðT ; tÞ which allows the transformation of variable T 7!PS. The distribution
x
 

QðPS; tÞ (Figure 2d) prescribes the age-selection processes occurring in discharge formation. The func-
tion x

 
QðPS; tÞ can hardly be directly measured because this would imply labeling with different tracers

all the different ages contained in the control volume. Therefore, the shape of this distribution needs
to be assumed and possibly calibrated. In this example, Q preferentially selects high values of PS, i.e.,
the older water in storage. As x

 
QðPSðT ; tÞ; tÞ is a derived distribution, the following relation holds:

x
 

QðPS; tÞdPS5p
 

QðT ; tÞdT . Therefore, the solid blue area in Figures 2d and 2c represents the probability
that a water particle with age around T1 is sampled for contributing to the outflow Q(t) at time t.
Repeating this procedure for all the age intervals in storage allows a proper computation of the back-
ward TTD in the age domain (p

 
QðT ; tÞ, Figure 2c). Note that even if x

 
QðPS; tÞ is smooth and regular,

the corresponding backward TTD p
 

QðT ; tÞ is highly irregular due to the irregular shape of the RTD,
which mirrors the time variability of input and output fluxes. Finally, the quantity QðtÞp QðT ; tÞ=SðtÞ
(blue shaded bars in Figure 2a) represents the fraction of storage with a certain age that is routed to
the discharge flow per unit time. An analogous procedure (Figures 2e and 2f) can be implemented to
compute the age distribution of particles that are evapotranspired. In the displayed example, evapo-
transpiration preferentially selects young water. The difference between how the two output fluxes
select different ages is evident in Figure 2a where it can be seen that Q is mainly composed by old
water while ET by new one. Different choices of x

 
QðPS; tÞ and x

 
ET ðPS; tÞ allow modeling different

age-selection schemes flexibly.
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2.3. Solute Transport
The framework described in section 2.2 deals with transport and mixing processes of water particles within
a hydrologic control volume and can be readily generalized to describe transport of solutes. If the tracer in
focus is ideal (i.e., it undergoes the same transport processes as the water carrier without degradation,
chemical, physical, or biological reactions or evapoconcentration), the concentration CJ of a parcel of water
injected in the system would travel unaltered and the concentration CQ in the discharge would be straight-
forwardly derived as

CQðtÞ5
ð1

0
CJðt2sÞp Qðs; tÞds : (3)

In equation (3), CQ is expressed as a weighted average of the concentrations of the water parcels within the
system where the weight is the relative fraction of outflow that is sampled from each parcel—the backward
TTD. However, ideal tracers do not exist. In fact, even passive tracers can exhibit a resistance to being selected
by transpiration (e.g., in case they are toxic to plants). This different resistance can cause an enrichment of sol-
ute concentration (evapoconcentration) as a parcel travels through the system [Bertuzzo et al., 2013; Hracho-
witz et al., 2013]. As the framework presented in section 2.2 tracks the fate of every particle of water traveling
through the system, evapoconcentration can be directly accounted for. Moreover many tracers can undergo
decay/degradation under field conditions. A general approach is achieved by defining C(T, t) as the solute
concentration at time t of the water input injected at time t – T and by assuming that the concentration of
water evapotranspired from such water input is a CðT ; tÞ, with a 2 ½0; 1� [Bertuzzo et al., 2013]. The two
extreme cases are a � 0, where no solute is selected and a � 1, where the solute has the same affinity of the
water to be transpired. Whenever a < 1, solute concentration changes with time. In addition to this physical
process, we account also for a linear degradation at a rate k which fairly well describes the behavior of mass
loss rates in the soil of many solutes of practical interest. By coupling mass balances of water and solute of sin-
gle water pulses, the evolution of the concentration becomes (Appendix A)

CðT ; tÞ5CJðt2TÞ exp ð12aÞ
ðT

0

ETðt2T1sÞp ET ðs; t2T1sÞ
Sðt2T1sÞpSðs; t2T1sÞ ds 2 kT

" #
; (4)

which allows generalizing equation (3) to the case of solutes that undergo evapoconcentration:

CQðtÞ5
ð1

0
Cðs; tÞp Qðs; tÞds : (5)

The algorithm used for the numerical implementation of equations (4) and (5) is described in
Appendix A.
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Figure 2. Graphical representation of the modeling scheme. For this representation, we have assumed dt 5 1. See detailed description on the main text.
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2.4. Application to the Tracer Experiments
The extensive analyses carried out in the companion paper [Queloz et al., 2015] suggest that, besides bot-
tom outflow, there are two other possible export pathways for tracer mass: plant uptake and microbial deg-
radation. All these processes can be modeled using the framework developed in section 2.3.

Because of the marked differences between the relevant physical properties of the lysimeter components,
we conceptualize the system as a series of two control volumes, the soil and the gravel filter (Figure 1). As
the geotextile placed between the soil and the filter (Figure 1) prevents willow roots to penetrate into the
filter, ET from the filter can be assumed to be null. Moreover, the lysimeter setup [Queloz et al., 2015] does
not allow changes in water storage of the filter (unless resorting to unreasonable storativity changes), so we
can assume that filter recharge, here termed L, is equal to bottom outflow, termed Q, at every time (Figure
1). Under such assumption, all water storages, input and output fluxes of the two control volumes (i.e., S(t),
J(t), ET(t), L(t), and Q(t), Figure 1b) are known from the measurements carried out. We first apply the model
described in sections 2.2 and 2.3 to the soil control volume forced by the precipitation input J(t) with tracer
concentration CJðtÞ to compute the concentration CLðtÞ of tracer in the filter recharge L(t). We then model
transport processes in the gravel filter assuming as input the flux L(t) with concentration CLðtÞ and compute
the concentration CQðtÞ in the bottom outflow.

To apply the model, SAS functions x
 ðPS; tÞmust be specified. We select them among a suite of (time-invari-

ant) power law functions: x
 

QðPSÞ5b Pb21
S . For b > 1 (b < 1), the outgoing flux has a preference for older

(younger) ages, see e.g., Figure 2d (2f); b 5 1 corresponds to the random sampling scheme where ages are
sampled according to their relative abundance in the control volume. This formulation is parsimonious yet
flexible and is able to model a wide range of age-selection behaviors.

The breakthrough curve of a single tracer is hence completely determined by five parameters: bET, bL, bQ

(the exponents of the SAS functions corresponding to the outgoing fluxes ET and L from the soil volume
and of the outflux Q from the filter, respectively), the affinity to be evapotranspired a and the degradation
rate k. To ease the interpretation of the results, in the following we will refer to the half-life of the solute
DT505ðln 2Þ=k. When multiple tracers are modeled simultaneously, each solute i is possibly characterized by
different parameters ai and DT50;i , leading to a total number of 13 parameters in this study.

We use a Monte Carlo approach to calibrate the parameters contrasting measured and modeled time series
of mean daily concentrations of the five tracers in the discharge. A criterion based on the residual sum of
squares (RSS) is used to select the behavioral simulations [in the sense of Beven, 2012] which are used to
plot the results. Further details are provided in Appendix B. The model is validated using data pertaining a
subsequent injection of two out of five tracers (Figure 1b).

3. Results

Frequency distributions of behavioral parameter sets are reported in Figure 3. The corresponding modeled
breakthrough curves and fractions of exported mass for the five tracers are compared to measured data in
Figure 4. The very different patterns of transport exhibited by the five marked injections are quite well cap-
tured by the model.

Parameter distributions (Figure 3) reveal that the exponents of the backward TTD related to the soil control
volume (bL and bET) are clearly identified, while model results are less sensitive to variations of age-selection
processes in the gravel filter (bQ). Inferred backward TTDs indicate that ET has a clear preference for young
water (bET < 1), while discharge for old water (bL > 1). The distribution of bQ is wider, such that no clear
age-selection patterns emerge. The mean value of bQ is 1.51, relatively close to a random sampling scheme
(b 5 1). Parameters describing the affinity to be transpired and degradation processes (i.e., ai and DT50;i)
could not be clearly identified because different combinations of the two processes, both representing pos-
sible sinks of tracer mass, can lead to similar export dynamics. The breakthrough curves of tracers 2, 4, and
5 can be explained not only by an almost conservative behavior (i.e., negligible degradation, high DT50;i)
and high affinities (i.e., ai close to 1) but also by progressively shorter half-lives (of the order of a hundred
days) and lower affinities (Figure 3b). Long half-lives could not be clearly identified because, given the time
scale of the experiment, any DT50;i longer than a thousand days leads to indistinguishable outcomes. Tracer
1 never broke through the bottom outflow. This null export can be explained either by fast degradation or
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by a combination of conservative behavior and plant uptake. On the contrary, the almost null export of
tracer 3 can be reproduced only by assuming a short half-life. As opposed to all other tracers, its behavior
cannot be explained only by assuming plant uptake and no degradation.

Even though the peaks of the observed breakthrough curves (Figure 4, top) are not perfectly reproduced in
some cases (e.g., tracer 4), their timing is well captured by the model. Similarly, the timing of the first sharp
increase of fluorobenzoic acid concentration is well reproduced. The temporal evolution of the fraction of
mass recovered in the discharge (Figure 4, bottom) is also well reproduced for all tracers. For comparison,
Figure 4 also reports the hypothetical export dynamics of an ideal tracer (i.e., a 5 1 and DT5051) and of a
conservative tracer which is not subject to plant uptake (i.e., a 5 0 and DT5051). The mass flux of an ideal
tracer in the outflow is proportional to the forward TTD and, as such, it depends on the time of injection.
Indeed, the total mass exported at the end of the experiment is rather different for the five injections con-
sidered (red-dashed lines in Figure 4b). The behavior of an ideal tracer, which perfectly tracks the transport
of water, is compatible with that of all tracers but tracer 3. No plant uptake (a 5 0) causes evapoconcentra-
tion of the tracer and leads to higher breakthrough curves and fractions of recovered mass close to unity by
the end of the experiment (green-dashed lines in Figure 4).

The selected behavioral parameter sets are used to model the simultaneous reinjection of tracers 1 and 4
(occurred when previously injected tracers were no longer detectable in the system, Figure 1b) without
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further calibration. Results of this validation analysis are reported in Figure 5. These two tracers exhibited
very different dynamics during the first injection: tracer 1 was never recovered at the outlet while tracer 4
had the highest fraction of exported mass (Figure 4). When injected simultaneously, the two tracers show
similar patterns (Figure 5). These very different behaviors, which depend on the different hydrologic forc-
ings occurred during the experiments, can be reproduced by the model. However, the wide distributions of
behavioral parameters a1 and DT50;1 lead to a wide spectrum of possible outcomes for the modeled export
of tracer 1. Using also the information gathered in the reinjection of tracer 1 in the calibration phase, it is
possible to better identify the parameters a1 and DT50;1 (red dots in Figure 3b).

While experimental data allows us to estimate transport dynamics only for the marked injections, a model
calibrated on measured data allows inferring the hydrologic history of every component of the storage. Fig-
ure 6 presents an overview of the time evolution of hydrological variables and of the RTD and forward and
backward TTDs. For the sake of simplicity, we refer to a single control volume: the soil component of the
lysimeter (Figure 1a). Oblique lines in Figure 6c show pairs of t and T such that at t – T an injection occurred
and thus RTDs and backward TTDs are greater than 0. Following these oblique lines, one can see the evolu-
tion of the relative contribution of a water input (injected at the intersection with the x axis) to the storage
(pSðT ; tÞ), the outflow flux (p

 
LðT ; tÞ) and the evapotranspiration flux (p

 
ET ðT ; tÞ). Forward TTDs (Figure 6d)

are instead defined for all ages but only for times when an injection took place. The different age-selection
processes occurring in the formation of Q and ET result in very different mean travel times: around 70 days
for Q and 10 for ET (Figure 6f). Note how the means of forward and backward TTDs differ. When outflow is
null, e.g., between 24 September and 12 October, p

 
LðT ; tÞ and the corresponding mean are not defined.

The time window displayed in Figure 6 spans from August to December to highlight the different transport
dynamics induced by the different magnitudes of ET (Figure 6b). During winter (low ET), the fraction of pre-
cipitation that will leave the system through outflow (hðtiÞJðtiÞ, blue bars in Figure 6a) dominates, while it is
reduced during summer. In such period a water particle is more likely to exit through the outflow. As a con-
sequence, the mean forward travel time (the mean travel time of all particles injected at a certain time) is
lower (Figure 6f). It can be noticed how large rainfall events reduce mean residence time by bringing young
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Figure 4. (top) Comparison between simulated and measured breakthrough curves and (bottom) fractions of injected mass retrieved in
the bottom outflow for the five tracers (columns). Blue circles and blue lines represent the measured data. Black lines and gray shaded
areas show the medians and the 5–95 percentile ranges of the behavioral simulations, respectively. Red and green dashed lines show the
median behavior of an ideal tracer (i.e., a 5 1 and DT5051) and of a conservative tracer which is not subject to plant uptake (i.e., a 5 0
and DT5051), respectively.

Water Resources Research 10.1002/2014WR016508

QUELOZ ET AL. TRANSPORT OF TRACERS 2800



water (with age equal to zero) into the system. The time evolution of the outflow mean backward travel
time (the mean travel time of all particles exiting as L at a certain time) follows closely that of the mean resi-
dence time (r 5 0.95), indicating that, although outflow samples preferentially old water, the average age is
controlled by the availability of ages in storage.

4. Discussion

The results presented suggest that the large variance exhibited by the transport dynamics of tracers 1, 2, 4,
and 5 can be explained by the behavior of an ideal tracer which tracks water transport features, including
transpiration, without degrading. Under these conditions, the fate of the water inputs marked with different
tracers is determined by the hydrologic signal faced by the water parcels while traveling through the sys-
tem. This is also supported by the results of the model validation. When the tracers are injected simultane-
ously, they exhibit similar transport behaviors. This provides strong experimental evidence, supported by a
robust theoretical framework, of the nonstationary character of travel time distributions.

While the initial five injections of tracer occurred within 1 month, release in the outflow lasted for almost 9
months. Therefore, a large fraction of the hydrologic conditions experienced by the marked injections were
identical. This result suggests that, in the actual system, the conditions faced immediately after injection are
crucial to determine the overall fraction of water that will leave the system through discharge outflow. In par-
ticular, the role of plant uptake for hydrochemical balance cannot be underestimated when analyzing TTDs at
any scales. Plants are able to transpire a large fraction of soil water. The amount of water withdrawn, the pres-
ence of possible fractionation processes or the age distribution of water particles incorporated by plants may
bear profound effects on catchment-scale transport features. In our modeling exercise, the fitted parameters
indicate that ET samples preferentially new water, while Q samples older water. This result was somewhat
expected given the predominantly vertical nature of the flow in the lysimeter. At catchment scales, different
results could be expected. Surface and subsurface subhorizontal flows or macropores can rapidly convey a
large amount of event water to the outlet, possibly increasing the relative importance of new water in the
catchment-scale backward TTD, particularly during high flows [van der Velde et al., 2012; Benettin et al., 2013a].
Moreover, significant geomorphological complexity, say epitomized by catchment width functions (the rela-
tive proportion of injection sites equally distant from the outlet), are known to impact mixing and sampling
patters, possibly resulting in higher degrees of mixing between different ages in stream waters.

The results presented in Figure 6 show that even time-invariant SAS functions produce time-variant trans-
port features (e.g., mean travel times) depending on the state of the system (i.e., the storage) and on the
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Figure 6. Summary of relevant distributions in the soil control volume. (a) Time series of rainfall, fraction of rainfall inputs that will leave the system through outflow L (hðtÞJðtÞ, blue
bars) and ET (ð12hðtÞÞJðtÞ, green bars). (b) Time series of water storage S (black), outflow L (blue), and ET (green). Colors in Figure 6c show RTD pSðT ; tÞ, backward TTDs p

 
ET ðT ; tÞ, and

p
 

LðT ; tÞ as a function of age (y axis) and time (x axis). Analogously, the forward TTDs p
 

LðT ; tÞ and p
 

ET ðT ; tÞ are displayed in Figures 6d and 6e, respectively. (f) Time series of mean resi-
dence time (black line), mean outflow (blue), and ET (green) travel times for forward (squares) and the backward (lines) distributions. Distributions are calculated with bL52 and bET 50:2.
To achieve precise estimates of the variables displayed, we have synthetically extended the duration of the data set available up to 3 years repeating three times the observed time
series of hydrological variables (May 2013 to May 2014), one before and one after the actual experimental period.
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external forcings (i.e., the evapotranspiration rate). We have also tested more complex, time-variant age-
selection schemes obtained assuming that the exponents b vary linearly with water storage, similarly to
Harman [2015]. No significant improvement was found for the lysimeter experiment. Nonetheless, it will be
interesting to test this hypothesis in more complex settings.

5. Conclusions

There is a growing consensus in the hydrologic community that collection of hydrologic data should be
complemented with measurements of tracers to properly understand how water moves through catch-
ments [McDonnell and Beven, 2014]. This calls for simple, flexible, and commonly accepted tools to interpret
tracer data in terms of residence and travel time distributions. We believe that the framework presented
herein fulfills such requirements.

Overall the results presented show that a framework for hydrologic transport based on time-variant travel
time distributions is able to explain the nonstationary behavior exhibited by experimental data of tracer
transport in a large lysimeter. Although the scale of the experiment is small compared to that of hillslopes
and catchments, our approach relies solely on input and output fluxes and thus general guidelines for the
application at larger scales can be drawn. The precise knowledge of the lysimeter structure allowed us to
identify two separate control volumes (the soil and the gravel filter). At larger scales, however, clear struc-
tures and boundaries can hardly be identified, let alone measured. At first instance, one could resort to a
single control volume to assess residence and travel time distributions from tracer data. In this case hetero-
geneity of flow paths, source areas and mixing in catchment storage are charged to the storage selection
functions. The application of the method needs the further specification of the time series of all hydrologi-
cal fluxes and of the storage. While the experimental setup allows the perfect knowledge of all fluxes, in
real-life applications, they would need to be measured (precipitation and discharge) or estimated through
suitable models (evapotranspiration). Once all fluxes are reasonably estimated, the storage inside the con-
trol volume can be inferred via mass balance up to an additive constant: the initial storage, which repre-
sents a crucial model parameter controlling the volume of water potentially available for mixing. If simple
power law SAS functions of the type introduced in section 2.4 are to be employed, the model requires the
calibration of three additional parameters: namely bET, bQ, and the coefficient a for the tracer in focus. For
the latter, the type of tracer (e.g., chloride and water isotopes) and information about land use and vegeta-
tion cover can be used to constrain the prior distribution of this parameter. If the tracer is expected to
undergo nonnegligible degradation at time scales comparable with the mean travel time, such process can
be accounted for at the cost of an additional parameter. However, as highlighted also by the results pre-
sented herein, degradation may hamper parameter identification. Therefore, the analysis of conservative
tracers is suggested to be more informative for characterizing transport processes. As displayed in Figure 6,
the calibrated model allows estimating in retrospect the time evolution of mean residence time and mean
forward and backward travel time for both discharge and evapotranspiration in a framework that consis-
tently accounts for nonstationary behaviors.

The procedure outlined assumes that the hydrologic forcings (precipitation, discharge, and evapotranspira-
tion) are either measured or estimated and that they are directly used as inputs for the transport model.
This allows a quick interpretation of tracer data in terms of residence and travel time distributions. However,
more complex schemes can be envisioned where the hydrologic and the transport models (possibly with
multiple control volumes) are coupled. It has been shown that the simultaneous calibration of such models
against flow and tracer data allows reducing the uncertainties on the underlying hydrological processes
[see e.g., Fenicia et al., 2010; McMillan et al., 2012; Bertuzzo et al., 2013; Hrachowitz et al., 2013].

When Botter et al. [2010] first introduced the framework adopted herein for time-variant travel time distribu-
tions, one critical point that immediately emerged was that a proper characterization of the distribution of
the age of water in the discharge cannot be decoupled from the characterization of the age distribution in
the evapotranspiration flux. However, directly measuring proxies of evapotranspiration age can experimen-
tally prove hard even at plot scale. Our modeling exercise shows that, as evapotranspiration modifies the
availability of ages in storage possibly sampled by discharge, it is possible to infer how evapotranspiration
samples the storage from measurements of discharge age composition. This has been suggested at the
lysimeter scale; however, the same approach can arguably be applied to any upscaled control volume.
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Appendix A: Details on Analytical and Numerical Methods

Let us term sðT ; tÞdT5SðtÞpSðT ; tÞdT the volume of water of residence time around T present in the system
at time t. s(T, t) is the solution of the following partial differential equation [Botter et al., 2011; van der Velde
et al., 2012; Benettin et al., 2013a]:

@sðT ; tÞ
@t

1
@sðT ; tÞ
@T

52QðtÞp QðT ; tÞ2ETðtÞp ET ðT ; tÞ ; (A1)

with boundary conditions sð0; tÞ5JðtÞ. In equation (A1), the variation in time of s(T, t) is expressed in terms
of aging (second term of the left-hand side) and removal by Q and ET (right-hand side). The partial differen-
tial equation (A1) can be reduced to a family of ordinary differential equations by looking at the solution
along characteristic curves of the type (TðzÞ; tðzÞÞ. Curves of the type T(z) 5 z and tðzÞ5z1ti are characteris-
tics, as revealed by the following equation:

dsðz; z1tiÞ
dz

5
@sðT ; tÞ
@T

dT
dz

1
@sðT ; tÞ
@t

dt
dz

5
@sðT ; tÞ
@t

1
@sðT ; tÞ
@T

: (A2)

Combining equations (A1) and (A2) and using the relations T 5 z and t5z1ti5T1ti , we finally obtain

dsðT ; T1tiÞ
dT

52QðT1tiÞp
 

QðT ; T1tiÞ2ETðT1tiÞp
 

ET ðT ; T1tiÞ ; (A3)

with initial condition sð0; tiÞ5JðtiÞ. Equation (A3) describes how the volume of a pulse of water injected in
the system at time ti evolves while aging. The difference between the approaches of equations (A1) and
(A3) is similar to the difference between Eulerian and Lagrangian approaches, the focus being the residence
time rather than the spatial position. Equation (A1) focuses on a particular residence time T and follows dif-
ferent water pulses aging through that residence time. On the contrary, equation (A3) follows the fate of a
single water pulse aging inside the system.

Analogously, the time evolution of the mass of solute mðT ; t5T1tiÞdT carried by the water pulse entered
around ti can be derived as

dmðT ; T1tiÞ
dT

5
dðsðT ; T1tiÞCðT ; T1tiÞÞ

dT
5

52CðT ; T1tiÞ½QðT1tiÞp
 

QðT ; T1tiÞ1aETðT1tiÞp
 

ET ðT ; T1tiÞ�2kT ;

(A4)

with initial condition mð0; tiÞ5JðtiÞCJðtiÞ. In equation (A4), CðT ; T1tiÞ represents the solute concentration of
the water pulse while aCðT ; T1tiÞ is the concentration in the evapotranspiration flux. The term –kT at the
RHS accounts for degradation. Coupling equations (A3) and (A4) and solving for CðT ; T1tiÞ, the solution 4
reported in section 2.3 is straightforwardly derived.

From a numerical viewpoint, first the sequence of injections is discretized at hourly time step, then the evo-
lution of the volume and of the solute mass of every single pulse of water are computed by integrating
equations (A3) and (A4). At any time, the backward TTDs p

 
ET ðT ; tÞ and p

 
QðT ; tÞ are computed as explained

in section 2.2 based on the current RTD pSðT ; tÞ5sðT ; tÞ=SðtÞ.

Water stored in the two control volumes at the beginning of the experiment (t 5 0, the injection of the first
tracer) needs to be accounted for in the simulation. This is done by considering that, at any time t, the initial
storage is older than t, and therefore contributes to the output fluxes as prescribed by the corresponding
backward TTDs (i.e., with probability

Ð 1
PSðt;tÞ x

 ðx; tÞdx).

Appendix B: Model Calibration

Parameters are calibrated by contrasting measured and modeled time series of mean daily concentrations
of the five tracers at the lysimeter outlet. We use a Monte Carlo approach randomly selecting 104 sets of
parameters controlling TTDs (bET, bL, bQ) from uniform distributions with ranges illustrated in Figure 3a. For
each parameter set and for each tracer i, we test 400 pairs of parameters ai and log 10ðDT50;iÞ randomly
selected in the intervals [0,1] and [0,4.5], respectively. As the breakthrough curves exhibit very different
behaviors, we first normalize each time series of concentration dividing it by its maximum value for all trac-
ers but 1 and 3, which show null or negligible export. The performance of each simulation is evaluated
through the residual sum of squares (RSSi).
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For each tracer i, a set of parameters (bET, bL, bQ, ai, DT50;i) is considered behavioral [in the sense of Beven,
2012] if RSSi < A, where A is a suitable threshold, and the subset of parameters controlling the TTDs (bET, bL,
bQ) is able to achieve a good performance also for all other tracers (RSSj < C8j 6¼ i). The latter constraint is
imposed because, while tracers can have specific properties (i.e., ai, DT50;i), water carrying them is obviously
subject to the same transport processes. The threshold A is arbitrarily fixed to 5, a value that corresponds to
an error that we deem acceptable.
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