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Abstract 14 

Interactions between mobile stream water and transient storage zones have been the subject of careful 15 

attention for decades. However, few studies have considered explicitly the influence of water exchanges 16 

between the channel and neighbouring hydrological units when modelling transient storage processes, 17 

especially the lateral inflow coming from hillslope contributions and outflow to a deep aquifer or to 18 

hyporheic flow paths extending beyond the study reach. The objective of this study was to explore the 19 

influence of different conceptualizations of these hydrologic exchanges on the estimation of transient 20 

storage parameters. Slug injections of sodium chloride (NaCl) were carried out in eight contiguous 21 

reaches in the Cotton Creek Experimental Watershed (CCEW), located in south-east British Columbia. 22 

Resulting breakthrough curves (BTC) were subsequently analysed using the Transient Storage Model 23 

(TSM) in an inverse modelling framework. We estimated parameters using three distinct, hypothetical 24 

spatial patterns of lateral inflow and outflow. Differences in parameter estimates across configurations 25 
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were statistically significant, except for the transient storage exchange rate coefficient , for which 26 

unique determination was problematic. We also based our analysis on
200

medF , the fraction of median 27 

transport time due to transient storage.  
200

medF  is believed to best represent the influence of transient 28 

storage on downstream solute transport. Differences across configurations in 
200

medF  estimates were 29 

consistent but small when compared to the variability of 
200

medF  among reaches. The determination of 30 

lateral fluxes prior to conducting a study on transient storage processes is necessary, as assuming a certain 31 

spatial organization of these fluxes might lead to a significant bias in estimated model parameters. 32 

Keywords transient storage, flow loss, flow gain, tracer experiment, OTIS, parameter optimization 33 

 34 

1 Introduction 35 

The transient storage zone surrounding the stream network is an important region of biological activity 36 

and affects nutrient and pollutant cycling both chemically and mechanically as it provides increased 37 

opportunity for riparian ecosystems to interact with dissolved solutes {{176 Lowrance,R. 2000; }}. Water 38 

and solute fluxes between the stream and the transient storage zone are controlled at the bedform scale by 39 

head gradients associated with pressure differences between the upstream and downstream faces of the 40 

bed unit {{101 Thibodeaux,L.J. 1987 ;  95 Elliott,A.H. 1997; }}. At the reach scale, longitudinal 41 

sequences of step, pool or riffle channel units are usually responsible for driving water from the stream to 42 

the bed sediment (downwelling) and inversely (upwelling), but it has been also found that tight meanders 43 

have the same influence as vertical head gradients on exchange with the transient zone {{92 Lautz,Laura 44 

K. 2006 ; 53 Cardenas,M.B. 2004 ; 44 Anderson,Justin K. 2005;}}. Macro-scale head gradients induced 45 

by gravity have also been found to control mixing processes {{90 Wondzell, Steven,M. 2006;}}. 46 

Monitoring of the hydraulic head with piezometer networks and accurate delineation and characterization 47 

of the channel and groundwater domains are necessary to achieve a three dimensional model of fluxes and 48 

solute transport for a given system. Such an approach is labour and time intensive, and its inherently 49 
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invasive nature might affect riparian ecosystems {{43 Gooseff,Michael N. 2005;}}. Alternatively, stream 50 

tracer experiments and transient storage conceptual models offer a measure of exchange between the 51 

stream and the transient storage zone and have been widely used to infer solute residence time distribution 52 

in the transient storage zone. Downstream solute transport is often estimated by means of optimized 53 

model parameter or metrics values based on analysis of tracer breakthrough curves (BTC’s).  54 

Exchange processes inferred from tracer experiments have been modeled with a first order mass transfer 55 

{{152 Bencala,K.E. 1983;}}, a one dimensional diffusive flux {{153 Jackman,A.P. 1984 ; 123 56 

Worman,A. 2000;}} or various probability density functions for residence time distribution such as power 57 

law or gamma distributions {{54 Haggerty,R. 2000;}}. All models show similar results for shorter time 58 

scales, but power law or gamma residence time distributions perform better for longer time periods {{54 59 

Haggerty,R. 2000;}}. However, due to the spatially integrated nature of tracer experiments, it is difficult 60 

to separate the effects of the subsurface saturated zone connected to the stream (often referred to as 61 

hyporheic zone) from that of the surface transient zones such as in-stream pools and dead water zones on 62 

downstream solute transport. Recent work addressed this issue and proposed tracer-based alternative 63 

models to differentiate magnitude and timing of exchange with surface versus subsurface transient storage 64 

zones {{204 Hall,R.O. 2002 ;  202 Gooseff,M.N. 2005 ; 207 Gooseff,Michael N. 2008;}}. These studies 65 

improved the prediction of solute fate by refining the representation of exchange processes between 66 

stream and transient storage domains, but only a few accounted for neighbouring hydrological units. For 67 

instance, sources of nutrients are rarely mentioned let alone considered when modeling hyporheic 68 

exchange flows from a hydrological point of view, despite the fact that numerous studies revealed a 69 

strong coupling between stream, hyporheic zone and hillslope {{38 Buttle,J.M. 2004 ; 178 70 

Hornberger,G.M. 1991 ; 209 McGlynn,B.L. 2003; 174 Weiler,M. 2006; }}. Indeed, nutrient mobilization 71 

from the hillslopes reduces the amount of minerals available for tree growth and soil ecosystems in 72 

general or affects stream ecosystems by transporting pollutants to the stream network. Previous studies 73 

used trench experiments or discharge increments as a proxy for lateral fluxes to estimate water 74 

contribution from individual hillslopes. Their variability in space and time has been highlighted across a 75 
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broad range of landscapes and land uses {{115 Genereux,D.P. 1993 ; 117 Huff,D.D. 1982 ; 42 Shaman, 76 

Jeffrey,Marc Stieglitz Doug Burns 2004;}}. 77 

This study focuses on solute transport processes at the reach scale. We define lateral inflow as the 78 

discharge from the hillslopes to the reach unit and lateral outflow as the flow from the reach to deep 79 

infiltration into the substratum or the flow through hyporheic flow paths that extend beyond the lower end 80 

of the reach unit. Integrated measurements of lateral fluxes were computed at the reach scale through 81 

discharge increments along the stream network, thus only their net budget was known; the gross lateral 82 

fluxes, inflow and outflow, as well as their spatial organization were unknown at sub-reach scales. To 83 

overcome this problem, we aimed at bracketing all possible spatial organization of lateral fluxes when 84 

building a conceptual model of the reach unit. This led to three distinct model configurations. For all three 85 

configurations, the reach unit was divided into two sub-reaches with same geometric, hydraulic and 86 

transient storage properties. Only the spatial organization of lateral fluxes differed between the upper and 87 

lower sub-reaches. 88 

The first configuration called InBh (Inflow Both sub-reaches) is that implemented by default in OTIS 89 

{{155 Runkel,R.L. 1998;}}, a computer program that will be used hereafter to model exchange with the 90 

transient storage zone; it assumes that both lateral inflow and outflow occur at the same locations 91 

distributed along the channel (Figure 1a). However, fluxes entering or exiting the channel are driven by 92 

local head gradients and studies of hyporheic exchange flow at the plot scale showed that both 93 

downwelling and upwelling rarely occur at the same time and location {{44 Anderson,Justin K. 94 

2005;}}.This consideration led to two alternative configurations for the reach unit. One called InUp 95 

(Inflow Upstream), in which the lateral inflow is concentrated in the upper sub-reach whereas the lower 96 

half is featured with lateral outflow only. Conversely, the third configuration called InDn (Inflow 97 

Downstream) is characterized by lateral inflow concentrated in the lower sub-reach whereas its upper half 98 

features lateral outflow only (Figure 1b and 1c). 99 

Figure 1 100 
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The objective of the present work is to integrate the knowledge gained on lateral fluxes when modeling 101 

transient storage processes. It is important to notice that all three configurations defined above are 102 

hypothetical and not based on actual measurements. Configurations InDn and InUp were designed so as 103 

to maximize the influence of lateral fluxes on solute concentration at the sampling location. The choice of 104 

these configurations enabled us to answer the following questions: (1) Do the fitted transient storage 105 

parameters depend on the specification of the spatial pattern of lateral fluxes? (2) How does the 106 

uncertainty on lateral fluxes propagate when estimating hyporheic fluxes? Nine reaches have been 107 

selected in a morphologically varied channel. All three configurations have been implemented and 108 

compared for each reach. 109 

 110 

2 Methods 111 

2.1 Study site description 112 

Investigations were carried out in the 17.4 km2 Cotton Creek Experimental Watershed (CCEW) located in 113 

the Kootenay Mountains, in south-eastern British Columbia, Canada (Figure 2). This study is part of a 114 

larger research project investigating snowmelt, runoff and sediment transport processes under forest 115 

disturbance (including logging practices and the ongoing mountain pine beetle epidemic). Mean annual 116 

precipitation in the area is 650 mm, with snow accumulation and melt being the dominant hydrological 117 

processes {{191 Jost,G. 2007; }}. 118 

Figure 2 119 

Stage is recorded at several locations within CCEW. Streamflow is measured using slug injections of salt 120 

following Moore {{118 Moore,R.D. 2005/a;}}, and rating curves were developed to convert stage records 121 

to streamflow. The streamflow regime is characterized by a snowmelt-induced freshet with peak flows 122 

typically occurring in May, followed by a prolonged recession limb ending between September and 123 

October. Responses to rainfall events are superimposed on the main recession limb, with time scales 124 

ranging between a day and a week (Figure 3). The months of September and October are normally 125 

dominated by a baseflow period with no major rain events and fairly constant streamflow. 126 
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Figure 3 127 

The stream network of a 5.7 km2 sub-watershed has been selected to carry out the present study. It 128 

encompasses two first-order streams draining two headwaters which merge into a second-order stream. 129 

Water level has been continuously recorded on a 15 min time step at three stream gauges since May 2005, 130 

above the confluence at the bottom of the two headwaters and below the confluence (Figure 4). 131 

Figure 4 132 

The stream channel features a step-pool-riffle sequence in the two headwaters and pool-riffle morphology 133 

in the lower main channel. Despite intensive logging activity in the whole CCEW, most of the riparian 134 

vegetation has been preserved in its original state. It is mainly composed of Engelmann spruce (Picea 135 

engelmannii), and balsam fir (Abies lasiocarpa) at higher elevations where the foothills are steep and the 136 

riparian zone poorly developed, and western red cedar (Thuja plicata) in the wetter and flatter lower part 137 

of the sub-basin. Deciduous trees such as alder (Alnus tenuifolia), trembling aspen (Populus tremuloide) 138 

and willow (Salix sp.) will often be the dominant understory riparian vegetation, especially in disturbed 139 

areas (old logging roadbeds and skid trails). Large woody debris is current in the riparian zone and 140 

controls the stream morphology. 141 

 142 

2.2 Data collection 143 

2.2.1 Delineation of study reaches 144 

The active stream network at the time of the freshet 2005 was divided into 24 contiguous reaches, each 145 

roughly 250 m long (Figure 4). This length had been set a priori, based on parameter estimates found in 146 

the literature and available streamflow observations during the freshet 2005, with the objective of 147 

maintaining the Damköhler index (DaI) near unity to increase the probability of robust estimates of solute 148 

transport parameters and more specifically exchange parameters between the stream and the transient 149 

storage zone, as suggested by Wagner and Harvey {{157 Wagner,B.J. 1997/a}}. The DaI is the ratio 150 

between in-stream travel time and the time scale of solute exchange with the transient storage zone, 151 

computed as: 152 
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The variables A, AS and  are respectively the channel cross-sectional area [m2], transient storage cross-154 

sectional area [m
2
], and exchange rate coefficient [s

-1
]. All these quantities are reach-averaged. Q and L 155 

are respectively the discharge [m
3
.s

-1
] and reach length [m]. 156 

A DaI much smaller than unity indicates that little solute penetrates the hyporheic zone, leading to 157 

unreliable estimates of exchange parameters. A DaI much larger that unity indicates that the solute 158 

completely enters transient storage zone and the effects of in-stream dispersion become similar to that of 159 

exchange processes with the transient storage zone. Either way, a departure from unity of more than one 160 

order of magnitude dramatically increases the uncertainty of exchange parameter estimates. 161 

Tracer tests were carried out over the first two consecutive days of September 2006 to measure solute 162 

transport parameters. The study period fell within the baseflow period characterized by minimum 163 

fluctuations in streamflow and therefore more reliable estimates of discharge. The upper part of the 164 

stream network dried out over the summer and the analysis focuses on the nine lowest adjacent reaches 165 

that composed the active stream network at that time of the year (Figure 4). We experienced technical 166 

issues with the electric conductivity meter while recording data related to the first reach EL01. These data 167 

were judged unreliable and thus discarded. For the eight remaining reaches, EL02-EL09, mean stream 168 

longitudinal gradient ranged from 5.9 to 15.9%. The bed sediments were composed of 10-20 cm of 169 

alluvial deposit, overlying a compact yet permeable glacial till layer (Table 1). 170 

Table1 171 

Discharge at both ends of every reach was measured on September 05, 2006, using slug injections of table 172 

salt to allow computation of net lateral inflow {{118 Moore,R.D. 2005; }} (Table 1). There was no 173 

substantial change in the temporal pattern of the hydrological regime between September 01 and 174 

September 05, which supported the use of flow data from September 05 for the September 01-02 175 

measurements (Figure 5). No rain was recorded during the experiment and streamflow fluctuations were 176 

mainly due to transpiration and evaporation processes. Moreover, the time between discharge 177 
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measurements at each end of a given reach never exceeded 25 min. In that time span, streamflow varied 178 

less than 1.5%, making discharge measurements and calculation of discharge increments reliable. 179 

Figure 5 180 

 181 

2.2.2 Tracer injection 182 

One breakthrough curve (BTC) was recorded for every reach following these steps: 183 

i. A tracer pulse was created at the upper end of the lowest reach with a slug injection of sodium 184 

chloride (NaCl) lasting between 10 and 20 seconds (time needed to rinse the salt off the injection 185 

bucket). 186 

ii.  The BTC was recorded continuously with an electric conductivity meter every 15 seconds until 187 

readings were back to background. 188 

iii. Steps i. and ii. were repeated over the next reach upstream until the eight reaches were covered. 189 

 190 

Electrical conductivity was used as a surrogate for salt concentration. All measurements were corrected 191 

for temperature with the logger’s built-in compensation curve. A global rating curve between electric 192 

conductivity and salt concentration was developed to compute the salt BTC for every reach. Sodium 193 

chloride was chosen over organic dye alternatives because of its insensitivity to light and its low 194 

adsorption onto bed sediments and organic matter, which made it a most suitable tracer for this study. 195 

Slug injection of salt was chosen over constant rate injection to minimize the overall duration of the 196 

experimental campaign and the magnitude of flow changes over the duration of the experiment (Figure 5). 197 

We acknowledge that the information available for parameter determination in the BTC resulting from a 198 

pulse injection is lower than that contained in its constant rate counterpart {{157 Wagner,B.J. 1997;}}. 199 

However, considering the numerous publications based on pulse tracer injections {{94 Haggerty,R. 2002 200 

; 32 Gooseff,Michael N. 2003 ; 210 Zarnetske,Jay P. 2007; }}, parameter identification has been proven 201 

possible, although with greater uncertainty. 202 

 203 
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2.3 Solute transport modelling 204 

Solute transport processes are represented by two differential equations developed by Bencala {{152 205 

Bencala,K.E. 1983/a;}}. 206 
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The variables C, CS and CL are the solute concentrations in the stream, transient storage zone and lateral 209 

inflow [g.m-3], respectively, while D is the channel dispersion coefficient [m2.s-1]. Solute transport in the 210 

stream domain is modelled with the advection dispersion (2) while the solute concentration in the 211 

transient zone depends only on the magnitude and timing of solute exchange with the stream domain (3). 212 

Equations (2) and (3) have been implemented in OTIS {{155 Runkel,R.L. 1998; }}, a 1-D finite 213 

difference numerical model. Two other processes are accounted for in OTIS: the lateral inflow per reach 214 

unit length QLatIn [m
3.s-1.m-1] to the stream, and the losses to deeper groundwater recharge per reach unit 215 

length QLatOut [m
3.s-1.m-1]. The latter does not alter the solute concentration in the stream and thus doesn’t 216 

appear in equation (2). However, both lateral fluxes are accounted for internally when computing the 217 

water mass balance. The lateral outflow QLatOut, related to groundwater recharge, varies directly with the 218 

lateral inflow QLatIn through the water mass balance: QLatIn - QLatOut = QOut - QIn, where QOut and QIn are 219 

respectively reach outflow and reach inflow (Figure 1), both specified based on measurements. Therefore, 220 

there are five parameters to be estimated: θ=(A,D,AS,) and QLatOut. 221 

 222 

2.4 Estimation of parameters and derived metrics  223 

One output of OTIS is a modelled BTC. Parameters in equations (2) and (3) were determined by matching 224 

the modelled BTC to the observed one in an inverse modelling framework. In OTIS, all parameters of θ 225 

are reach-averaged, which means that spatial variability of parameters cannot be implemented for sub-226 

reach spatial scales. To account for the spatial variability of lateral fluxes in OTIS, the physical reach has 227 
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been divided into two numerical sub-reaches. Indices 1 and 2 refer respectively to the upstream and 228 

downstream sub-reaches. We can then define a parameter vector for each sub-reach, θ1 and θ2. Since the 229 

two sub-reaches belong to the same physical reach, they have equal parameter vector: θ1=θ2. The only 230 

difference in parameterization between the two sub-reaches depends on the chosen configuration i.e. the 231 

spatial organization of lateral fluxes (Figure 1, Table 2). 232 

Table 2 233 

Parameters were estimated using UCODE_2005, a non-linear optimization package developed by Poeter 234 

et al. {{192 Poeter, E.P. 2005/a;}}. It was first aimed at solving groundwater inverse modelling problems 235 

but has been further developed to accommodate a wide range of process models. Scott et al. {{193 236 

Scott,D.T. 2003/a; }} used UCODE_2005 in its former version (UCODE), coupled with OTIS, to 237 

estimate solute transport parameters from a tracer experiment. They demonstrated the power of the 238 

optimization package and its compatibility with OTIS. UCODE_2005 has several advantages compared 239 

to alternative calibration methods. It is much less computationally intensive than Monte Carlo simulations 240 

and more objective and faster than manual calibration. Moreover, UCODE_2005 yields information on 241 

the optimization process such as parameter confidence intervals, sensitivity of the model to parameters, 242 

correlation between parameters and analysis of residuals, which are powerful tools to assess the 243 

robustness of parameters. 244 

Solute transport parameters to be determined are gathered in the parameter vector Θ=(θ, QLatOut). The 245 

magnitude of QLatOut controls the amount of solute mass exiting the system to a deep aquifer or to 246 

hyporheic flow paths extending beyond the lower end of the study reach. Therefore, its value was also 247 

optimized to match the solute mass observed in the system during the time of the experiment. The 248 

goodness of fit between observed and modelled BTCs’ was assessed with the built-in least squares 249 

objective function: 250 
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where ci is the ith concentration reading of the observed BTC; c’i is the modelled counterpart of ci; wi is 252 

the weight associated with observation ci; and should reflect the uncertainty on observation ci. Ideally, wi 253 

should be set equal to the reciprocal of the variance of ci {{196 Hill, M.C. 2007 ;}}. Since all 254 

measurements of salt concentration comprising the observed BTC have been recorded with the same 255 

meter and show equal uncertainty, all wi were set equal to 1. 256 

The parameters output from OTIS through the optimization process could be used directly to assess the 257 

influence of the spatial organization of lateral fluxes on exchange processes between stream and transient 258 

storage zone. However, metrics based on solute transport parameters have been preferred over the 259 

parameters themselves because they have been found to better represent in-stream and exchange 260 

processes {{198 Harvey,J.W. 1996 ; 199 Runkel,R.L. 2002 ;}} (Table 3). We based our analysis on both 261 

the OTIS parameters and derived metrics. All three configurations were implemented for every reach, 262 

yielding three sets of optimized parameters for each BTC: ΘInBh, ΘInDn, ΘInUp. 263 

Table 3 264 

 265 

2.5 Assessment of parameter estimates 266 

In addition to the Damköhler index, the reliability and robustness of the parameter estimates can be 267 

assessed using outputs from UCODE_2005, including the composite scale sensitivity (css). The css is a 268 

measure of the total information provided by the regression (here, the BTC) about a parameter value 269 

{{196 Hill, M.C. 2007;}}. Here, the css value for each parameter is expressed as a percentage of the css 270 

of the parameter to which the model is the most sensitive. Hill and Tiedeman {{196 Hill, M.C. 2007/a;}} 271 

p166, stated that insensitive or problematic parameters, in an optimization sense, show css values of about 272 

or less than 1% relative to the most sensitive parameter. 273 

While scaled sensitivity is an essential tool to investigate the model structure and quality of the 274 

regression, it does not account for interactions between parameters or the fact that coordinated changes 275 

between two or more of them may produce the same fit to observed BTC. Depending on the complexity 276 

of the observed BTC, the number of physical processes to be represented in the theoretical model and the 277 



12 

number of parameters, models can be over parameterized. In that case, high correlation between 278 

parameters arises and there is no longer a unique optimum value for every parameter. A standard output 279 

from UCODE_2005 is a set of parameter correlation coefficients (pcc) and users can check not only for 280 

uniqueness of the optimized parameter vector but also for identification of an ill-posed problem such as 281 

wrong model structure or model over parameterization. Hill and Tiedman {{196 Hill, M.C. 2007/a; }} 282 

p53, stated that parameters are likely to be estimated uniquely if pcc absolute values are less than about 283 

0.95. The quality of parameter estimates will be discussed in the light of DaI, css and pcc values. 284 

 285 

2.6 Statistical analysis 286 

The statistical analysis addressed whether the fitted parameters for the different inflow patterns, ΘInBh, 287 

ΘInDn, ΘInUp belong to the same population. Formally, the analysis tested the following null and alternative 288 

hypotheses: 289 

 290 

H0:  There is no influence of spatial pattern of lateral fluxes on estimated transient storage 291 

parameters.  292 

Ha:  The estimated transient storage parameters vary systematically with the assumed configuration 293 

of lateral fluxes. 294 

 295 

The hypotheses were tested using an analysis of variance (ANOVA) based on a randomized complete 296 

block design (RCB) with one fixed factor: the spatial organization of lateral fluxes. Stream reach was 297 

considered a random blocking factor. Where the analysis indicated a significant effect of lateral flow 298 

pattern on the parameter estimates, we followed up with pairwise t-tests to identify which configurations 299 

produced estimates that differed from the others. Because we had no a priori reason to hypothesise which 300 

configuration yielded the largest or the smallest parameter estimates, all pairwise comparisons were based 301 

on two-tailed t-tests. Moreover, we did not test for any block effect (i.e., differences among reaches) as 302 
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the purpose of blocking was to decrease the noise and highlight potential differences across 303 

configurations.  304 

The general form of the statistical model is: 305 

ijjiij by                (5) 306 

Where yij is the parameter estimate from configuration i and reach j; βi is the fixed effect, [InBh, InDn, 307 

InUp]; bj is the block (stream reach), [EL02-EL09]; and εij ≈ N(0,2).  308 

All statistical analysis and plotting were done in R, a language and environment for statistical computing 309 

and graphics (http://www.r-project.org/index.html). Whiskers in all boxplots presented in this paper 310 

extend to the most extreme data point that is no more than 1.5 times the interquartile range. 311 

The statistical significance of differences in estimated parameter values was assessed using a significance 312 

level of c = 0.05. For parameters for which the ANOVA revealed a significant difference among lateral 313 

flow patterns, pairwise t-tests were used to assess which configurations differed from each other. Because 314 

this procedure requires multiple t-tests for each parameter, the p-values resulting from the t-tests were 315 

adjusted using the Bonferroni procedure and then compared to c /2 {{200 Kutner, Mickael 2004;}}. 316 

 317 

3 Results 318 

Optimized solute transport parameters for all three configurations and eight reaches are summarized in 319 

Table 4. 320 

Table 4 321 

Visual inspection of the whisker plots suggests that the distributions of A, AS and QLatOut estimates were 322 

indeed influenced by the choice of the spatial organization of lateral fluxes along the reach (Figure 6). 323 

Configuration InUp showed the largest variability among reaches with regard to parameter estimates. A 324 

and AS were systematically larger for configuration InUp and smaller for configuration InDn. QLatOut was 325 

systematically larger for configuration InUp and smaller for configuration InBh. For these three 326 

parameters, pairiwise comparisons of parameter distributions between configurations showed statistically 327 
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significant differences (all adjusted p-values were lower than 0.0045, Table 5). Estimates of D and  328 

showed little difference across configurations. Their variability among reaches was similar from one 329 

configuration to another. While distributions of estimates of  did not show statistically significant 330 

differences for all three pairwise comparisons (adjusted p-values = 0.076, 0.073 and 1, for respectively 331 

pairs InBh-InDn, InBh-InUp and InDn-InUp, Table 5), t-tests related to the dispersion coefficient showed 332 

mixed results. Distribution of estimates of D from configuration InBh was significantly different from 333 

that of the two other configurations (both p-values <0.0001). However, estimates of D between 334 

configurations InUp and InDn were not found statistically different (adjusted p-value=1.0). 335 

Figure 6 336 

Estimates of the fraction of median travel time due to transient storage, 200

medF  showed marked differences 337 

between configurations; variability was large and similar from one configuration to another (Figure 7). 338 

Estimates related to configuration InUp were usually larger (3.0 to 8.0%), intermediate for configuration 339 

InBh (3.4 to 7.9%) and systematically smaller for configuration InDn (2.5 to 6.9%). Statistically 340 

significant differences were found for all three pairwise comparisons (p-values <0.017, Table 5). 200

medF  341 

average values and coefficients of variation (CV) across all three configurations and for every reach are 342 

summarized in Table 6. Average values ranged from 3% to 7.2% and CV’s ranged from 4.2 to 20%, 343 

depending on the reach. Estimates of the average solute residence time, TS, showed little difference 344 

between configurations and its variability among reaches was similar from one configuration to another 345 

(Figure 7). However, estimates related to configuration InBh were statistically different from that related 346 

to InDn (p-value=0.0054) and to InUp (p-value=0.0014) (Table 5). The solute exchange length, LS, 347 

showed substantial differences across configurations although it was characterized by a large variability 348 

between reaches. It was systematically larger for configuration “InDn” and smaller for configuration InUp 349 

(Figure 7). 350 

Figure 7 351 

Table 5 352 
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Based on the composite scaled sensitivities, OTIS was most sensitive to cross-sectional area A, followed 353 

by QLatOut, AS, D and  (Figure 8 and Table 7). Relative sensitivity to QLatOut ranged from 3 to 35% with a 354 

mean value of 14%. Relative sensitivity to AS ranged from 3 to 8%. Although all relative css values were 355 

greater than 1%, relative css values for  remained low (3.3-4.5%). 356 

Figure 8 357 

Table 7 358 

Absolute value of parameter correlation coefficients (pcc) were binned into two intervals of unequal 359 

width: [0,0.95] and [0.95,1] (Figure 9). Out of the 240 pcc’s, (10 pairwise correlations, 24 experimental 360 

runs), 31 indicated a dependency between two parameters for a given run. Most often (19 out of 31),  361 

was highly correlated with other parameters. 362 

Figure 9 363 

Table 8 summarizes the Damkohler indices. Configuration InUp consistently showed larger DaI, while 364 

configuration InDn consistently showed smaller DaI. All 24 values ranged from 4.3 to 31.1 and the three 365 

configurations showed marked variability. Median values were 9.25, 11.05 and 13.10, respectively, for 366 

configurations “InDn”, “InBh” and “InUp”. 367 

Table 8 368 

 369 

4 Discussion 370 

Pattern of parameter estimates 371 

Estimates of A were greater for configuration InUp, smaller for configuration InDn and intermediate for 372 

configuration InBh (Figure 6). In configuration InUp, lateral contributions occur in the upper half of the 373 

reach, increasing the discharge as water particles travel downstream. Discharge decreases along the lower 374 

half of the reach due to water losses. In configuration InBh, lateral inflow and outflow occur along both 375 

reach halves, generating discharge values that are smaller in any cross section than that generated by 376 
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configuration InUp, except, naturally for the two ends of the reach. Similarly, configuration InDn 377 

generates discharge values that are smaller than that generated by configuration InBh. 378 

In OTIS, water particle velocity U(x) averaged over the stream cross-section is defined as the ratio 379 

Q(x)/A. Water particle velocity controls the advection term in equation (2). Its harmonic mean along the 380 

reach, 
L

xU

dx

0
)(

 is to be directly related to mean solute travelling time and, therefore, to time to peak of the 381 

BTC. For each reach, the same BTC was used to estimate parameters for all three configurations of lateral 382 

fluxes. Although the longitudinal profiles of U(x) varied, depending on the configuration of lateral fluxes, 383 

their harmonic means were similar because they were constrained by the time to peak of the BTC. Since 384 

 

LL

cst
xU

dx

xQ

dx
A

00
)()(

. , configuration InUp, characterized by greater values for Q(x) relative to both 385 

configurations InBh and InDn would yield a coordinated increase in A. Therefore, configuration InUp 386 

showed greater estimates for A, followed by configuration InBh and then configuration InDn (Figure 10). 387 

In contrast to the situation for A, where the variations with flow configuration could be interpreted 388 

mechanistically, we could not find any satisfactory explanation that would shed some light on the patterns 389 

of QLatout and AS estimates between configurations. We can only speculate that differences in parameter 390 

estimates are due to internal computations in OTIS. 391 

Figure 10 392 

 393 

Magnitude of parameter estimates 394 

In this study, we conceptualized three distinct configurations of spatial organization of lateral fluxes. All 395 

three were hypothetical; no physical measurements of head gradient and hydraulic conductivity were 396 

carried out to derive the magnitude of lateral fluxes. However, all estimated parameters and derived 397 

metrics, with the exception of , were significantly influenced by the choice of the spatial configuration 398 

of lateral fluxes (Table 5) 399 
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We believe that the lack of a significant difference among configurations for  results from the difficulty 400 

in generating reliable estimates from analysis of the BTC’s rather than a true lack of sensitivity to the 401 

specified pattern of inflows and outflows. Of all of the parameters, OTIS was least sensitive to , even 402 

though relative composite scale sensitivity values were above the critical threshold of 1% (Figure 8). This 403 

lack of sensitivity, coupled with the fact that  was often highly correlated with other parameters during 404 

the optimization process (pcc > 0.95, Figure 9), support the hypothesis that estimates of  might not have 405 

been determined uniquely, even though OTIS_2005 was successful in converging toward a solution. 406 

Moreover, Damköhler indices were outside of the range suggested by Wagner and Harvey {{157 407 

Wagner,B.J. 1997/a;}}. Even though large DaI’s do not introduce a bias in parameter estimates, it 408 

increases substantially their uncertainty, especially for parameters related to solute exchange with the 409 

transient storage zone,  and AS. Given these apparent problems in estimating , it is likely that, even if 410 

the estimates of  were truly related to the choice of the configuration of lateral fluxes, this relation would 411 

have been hidden by the uncertainty characterizing estimates of . 412 

The spatial pattern of lateral fluxes had a significant influence on the estimates of
200

medF . However, even 413 

though statistically significant, the differences in 
200

medF  across configurations remained small. The 414 

coefficient of variation (CV), a measure of the difference between metric estimates across the three 415 

configurations, ranged from 4.2% to 20% depending on the reach. We selected four previous studies to 416 

compare the inter-configuration variability of 
200

medF  estimates (in terms of CV) to those found from inter-417 

reach comparisons (Table 6) 418 

Table 6 419 

 The CV ranged from 56% to 149% depending on the study. These values were far beyond the range of 420 

inter-configuration variability found in the present study, which might indicate that, even though 421 

statistically significant, the variability in 
200

medF  estimates related to the choice of lateral fluxes 422 

configuration is small compared to the inherent inter-reach variability of 
200

medF  estimates. It is important 423 



18 

to note that, in their studies, reach units were usually chosen so as to maximize the difference among 424 

them, in terms of hydraulic or morphological properties. Therefore, CV’s of 
200

medF  estimates were 425 

probably artificially increased by the search for maximum contrasts among reaches. Moreover, the eight 426 

contiguous reaches selected in the Cotton Creek Experimental Watershed were likely to be under a 427 

geographic and climatic “blocking effect”. Individual reaches showed distinct morphological 428 

characteristics but experiments for all reaches were carried out under very similar hydrological regime 429 

and geological settings. The low CV’s of 
200

medF  estimates found across configurations could also be 430 

attributed to the generally low 
200

medF  values characterizing this study. Estimates ranged from 2.5 to 7.9% 431 

across all configurations and reaches, indicating an overall weak influence of transient storage on 432 

downstream solute transport. 
200

medF  values found in the above-mentioned studies were generally larger, 433 

indicating a stronger influence of transient storage on solute transport than in the present study. It is 434 

possible that the small differences in 
200

medF  estimates across configurations were due to a generally weak 435 

influence of transient storage on downstream solute transport. For reaches showing a much stronger 436 

coupling with their neighbouring transient storage zones, the difference in 
200

medF  estimates across 437 

configurations may increase. In other terms, the variability in 
200

medF  estimates due to various 438 

configurations of lateral fluxes may be a positive function of
200

medF . 439 

 440 

5 Conclusion  441 

This study showed that the parameters describing in-stream solute dynamics, estimated by inverse 442 

modelling of breakthrough curves using OTIS, depend on the specified spatial pattern of lateral inflow 443 

and outflow. In particular, the stream cross-sectional area (A), the cross-sectional area of the transient 444 

storage zone (AS) and the lateral outflow rate (QLatOut) exhibited statistically significant and systematic 445 

dependence on the assumed pattern of inflows and outflows. These differences also influenced a number 446 



19 

of derived quantities, especially the 200

medF  metric, which has been considered the index the most 447 

representative of the influence of exchange with transient storage zones on downstream solute transport. 448 

The transient storage exchange coefficient,  proved to be insensitive to the specified pattern of lateral 449 

flows, possibly because its estimates had great uncertainty. This study has shown that comparisons of 450 

solute transport parameters among reaches or as a function of time at a single reach may be confounded 451 

not only by the currently recognized sources of uncertainty in analysing BTC’s, but also by incorrect 452 

specification of the spatial patterns of inflow and outflows. This supports the recent findings by Gooseff 453 

et al. {{207 Gooseff,Michael N. 2008/a;}} that the spatial organization of transient storage zones affects 454 

the end-of-reach solute BTC, especially in the case of tracer pulse injections. Determining the spatial 455 

patterns of lateral inflow and outflow in the field can be difficult, but deployment of piezometers to 456 

quantify hydraulic gradients in the stream bed, wells in the riparian zone, and longitudinal surveys of 457 

water temperature and electrical conductivity can provide at least qualitative information {{201 Story,A. 458 

2003;}}. This information would also be useful when applying 3-D groundwater models to simulate 459 

fluxes between the stream and the transient storage domains, in order to better define the boundary 460 

conditions. 461 

 462 
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Table 1 : Reach characteristics. Qout refers to the discharge at the lower end of the reach while net budget 472 

refers to the integrated value of both gross lateral inflow and gross lateral outflow along the reach. 473 

Gaining reaches are characterized by net budget positive values; loosing reaches are identified by net 474 

budget negative values. 475 

Reach 

Length 

[m] 

Sinuosity 

[-] 

Mean 

gradient [%] 

Qout 

[l.s
-1

] 

Net budget 

[l.s
-1

] 

EL01 248 1.12 9.5 18.5 1.5 

EL02 300 1.09 10.8 17.0 -0.2 

EL03 263 1.35 6.5 17.2 0.9 

EL04 355 1.09 10.0 16.3 0.9 

EL05 251 1.09 6.2 15.4 0.5 

EL06 256 1.09 5.7 15.0 0.7 

EL07 82 1.05 15.9 14.2 1.7 

EL08 249 1.12 9.5 12.6 3.6 

EL09 277 1.13 8.3 8.9 1.9 

 476 

477 
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Table 2 : Lateral fluxes parameterization for each configuration. 478 

Configuration  Sub-reach 1 Sub-reach 2 

InBh ½ QLatOut, ½ QLatIn ½ QLatOut, ½ QLatIn 

InDn QLatOut, QLatIn=0 QLatOut=0, QLatIn 

InUp QLatOut=0, QLatIn QLatOut, QLatIn=0 

 479 

480 
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Table 3 : Metrics derived from solute transport parameters and their significance. L is the reach length 481 

(m). 200

medF  has been normalized to a reach length of 200m for inter-reach comparison purposes. 482 

Metrics Formulation Signification 

TS 
A

AS


 [T]  Average solute residence time 

LS 
A

Q


 

[L]  In stream solute travel length before interactions with the 

transient storage zone 

DaI 
AQ

LAA S

/

)./1.(   [-]  Ratio of in stream travel time to exchange processes time 

scales 

200

medF  



























Q

A

S

s e
AA

A


200

1.  [%]  Fraction of median transport time due to transient 

storage normalized to a reach length of 200 m 

 483 

484 

Formatted Table
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Table 4 : Solute transport parameter values estimated by the optimization package UCODE_2005. 485 

Reach Configuration A D AS   QLatOut 

  [m2] [m2.s-1] [m2] [s-1] [m3.s-1.m-1] 

E02 InBh 0.125 0.141 9.60E-03 3.76E-04 2.27E-05 

 InDn 0.104 0.1378 7.87E-03 3.65E-04 3.77E-05 

 InUp 0.153 0.1378 1.16E-02 3.63E-04 5.57E-05 

E03 InBh 0.132 0.1063 1.16E-02 7.71E-04 2.67E-05 

 InDn 0.114 0.1049 9.80E-03 7.49E-04 4.39E-05 

 InUp 0.156 0.1049 1.34E-02 7.49E-04 6.44E-05 

E04 InBh 0.14 0.1174 1.24E-02 3.46E-04 1.92E-05 

 InDn 0.113 0.1132 9.79E-03 3.36E-04 3.02E-05 

 InUp 0.181 0.1135 1.57E-02 3.37E-04 4.51E-05 

E05 InBh 0.162 8.18E-02 1.27E-02 2.98E-04 1.86E-05 

 InDn 0.139 8.03E-02 1.09E-02 2.93E-04 3.14E-05 

 InUp 0.191 8.03E-02 1.49E-02 2.93E-04 4.45E-05 

E06 InBh 0.151 9.44E-02 1.57E-02 8.97E-04 3.12E-05 

 InDn 0.118 9.14E-02 1.14E-02 8.25E-04 4.73E-05 

 InUp 0.202 9.13E-02 1.96E-02 8.24E-04 8.51E-05 

E07 InBh 0.135 6.70E-02 1.30E-02 8.61E-04 2.11E-05 

 InDn 0.123 6.66E-02 1.18E-02 8.50E-04 3.57E-05 

 InUp 0.149 6.67E-02 1.43E-02 8.52E-04 4.92E-05 

E08 InBh 0.1274 7.75E-02 1.54E-02 2.25E-04 1.61E-05 

 InDn 9.86E-02 7.36E-02 1.18E-02 2.22E-04 2.24E-05 

 InUp 0.1678 7.40E-02 2.01E-02 2.20E-04 4.70E-05 

E09 InBh 9.87E-02 8.17E-02 1.23E-02 2.10E-04 8.84E-06 

 InDn 8.28E-02 7.96E-02 1.03E-02 2.08E-04 1.37E-05 

 InUp 0.1188 7.99E-02 1.48E-02 2.07E-04 2.30E-05 

 486 

487 

Formatted Table
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Table 5 : Comparisons of parameter estimates and derived metrics between lateral fluxes configurations. 488 

p-values arising from pairwise t-tests are adjusted according to the Bonferroni procedure. Since we used 489 

two-tailed t-tests, they have to be compared to c/2=0.025. df=14. p-values leading to failure to reject H0 490 

are highlighted in bold. 491 

 InBh – InDn InBh - InUp InDn - InUp 

Interaction t-value Pr (>|t|) t-value Pr (>|t|) t-value Pr (>|t|) 

A 8.98 < 0.0001 -7.12 < 0.0001 7.81 < 0.0001 

QLatOut -3.93 0.0045 -10.03 < 0.0001 -6.01 < 0.0001 

AS 4.36 0.002 -4.96 0.0006 -9.32 < 0.0001 

  2.54 0.076 2.59 0.073 0.056 1.0 

D 6.55 < 0.0001 6.22 < 0.0001 -0.33 1.0 

TS -3.84 0.0054 -4.55 0.0014 -0.71 1.0 

LS -4.27 0.0023 2.96 0.031 7.23 <0.001 

200

medF
 5.58 0.002 -3.25 0.017 -8.83 <0.001 

 492 

493 

Formatted Table
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Table 6 : Comparison of 
200

medF  inter-reach variability from previous studies and variability across 494 

configurations for every reach of the present study. 495 

200

medF
 n Mean (%) CV (%) 

{{199 Runkel,R.L. 2002;}} 53 10.2 149 

{{208 Ensign,S.H. 2005;}} 8 15.2 63.2 

{{92 Lautz,Laura K. 2006;}} 3 14.8 91.2 

{{90 Wondzell, Steven M. 2006;}} 8 46.9 56.1 

EL02 3 3 16.7 

EL03 3 5.6 8.9 

EL04 3 3.7 18.9 

EL05 3 3.4 11.8 

EL06 3 7.5 10.7 

EL07 3 7.2 4.2 

EL08 3 4.5 20 

EL09 3 4.5 13.3 

496 

Formatted Table
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Table 7 : Composite scaled sensitivities (css) statistics, expressed as the fraction of the css of the most 497 

sensitive parameter (A) in percents. n=24 (3 configurations, 8 reaches). 498 

   AS D QLatOut 

Min 3 3 4 3 

Max 5 8 7 35 

Mean 4 5 5 14 

CV 12 31 17 61 

 499 

500 

Formatted Table
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Table 8 : Damköhler indices (DaI) for every configuration and reach. Maximum precision for  and AS re 501 

reached for DaI respectively equal to about 0.1 and 1. 502 

DaI InBh InDn InUp 

EL02 11.3 9.3 13.6 

EL03 13.9 11.8 16.3 

EL04 13.4 10.6 17.1 

EL05 10.8 9.2 12.6 

EL06 23.8 18.1 31.1 

EL07 8.2 7.5 9.1 

EL08 5.8 4.4 7.4 

EL09 5.2 4.3 6.2 

  503 

504 

Formatted Table
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Figure 1 :  Selected configurations of spatial patterns of lateral fluxes. Qin, QOut, QLatIn and QLatOut refer 505 

respectively to reach inflow, outflow, gross lateral inflow and gross lateral outflow. For each 506 

configuration, both sub-reaches feature equal geometric, hydraulic and hyporheic properties. 507 

Only differs the way lateral fluxes are applied along the reach length. (a) InBh, lateral inflow 508 

and outflow are both applied to the whole length of the reach. (b) InDn, lateral inflow is 509 

applied to the lower half reach while lateral inflow is applied to the upper half reach. (c) 510 

InUp, lateral inflow is applied to the upper half of the reach while lateral outflow is applied to 511 

the lower half of the reach. 512 

Figure 2:  Cotton Creek Experimental Watershed. 513 

Figure 3:  Hydrographs at the outlet of the two head water sub-basins showing a. the response to 514 

snowmelt for years 2006 and 2007 and b. the response to a rainfall event. 515 

Figure 4:  Location of reaches of interest. The shaded area encompasses the two headwaters and the 516 

ephemeral fraction of the stream network. 517 

Figure 5:  Streamflow daily fluctuations at the time of the experiments. 518 

Figure 6:  Optimized parameter estimates for all three configurations. n=8.  519 

Figure 7:  Estimates of derived metrics for all three configurations. n=8. 520 

Figure 8:  Composite scale sensitivity (css) across all three configurations and eight reaches. Values are 521 

expressed relative to the sensitivity of the parameter to which the model was the most 522 

sensitive (A). 523 

Figure 9:  Parameter correlation coefficients (pcc) across all three configurations and eight reaches. 524 

Figure 10:  Comparison of discharge longitudinal profiles between configurations. Example shows reach 525 

EL08, characterized by inflow and outflow equal respectively to 8.9 l.s-1 and 12.6l.s-1. 526 

Integrated QLatOut over the length of a half reach were equal to 5.9l.s-1, 2. 9 l.s-1 and 2. 9 527 

l.s-1 for respectively configurations InUp, InBh and InDn. 528 

529 
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Figure 1 530 
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Figure 10 559 
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