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s u m m a r y

Little work has been done to assess parameterizations and related interpretations (i.e., metrics of
exchange) of transient storage modeling (TSM) over multiple spatial scales in streams. In this paper,
we simulate conservative solute transport in a small mountain stream over combinations of five consec-
utive sub-reaches (38 m, 105 m, 281 m, 433 m, and 619 m below injection point) to (1) determine how
optimized parameter estimates vary with reach length and reach combination, and (2) evaluate whether
equally well-optimized simulations of solute transport in the channel result in varying interpretations of
tracer exchange with the storage zone. Each simulated stream solute concentration breakthrough curve
(BTC) showed consistently accurate fits to observations. However, our results indicate approximate equif-
inality (similar fits from different parameter sets) in the simulations of concentrations of stream tracer
across individual sub-reaches and combined reaches leading to varying interpretations of transient stor-
age exchange parameterization (i.e., variable optimized parameter estimates) and concentration time
series of tracer in the storage zone. These results suggest strong reach-length dependence in simulated
exchange. Based on stream BTCs alone, the TSM is useful in characterizing the influence of transient stor-
age on in-stream solute transport, though it does not consistently reproduce storage zone dynamics.
Characterization of the solute exchange between the stream and the storage zones remains problematic,
and the effects of transient storage cannot be directly compared within overlapping stream reaches, an
important consideration in designing and interpreting stream solute transport experiments.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

An understanding of solute fate and transport through stream
environments is important for many reasons, from quantifying
time of travel for contaminant dispersal and fate to examining bio-
geochemical transformations (e.g., Bencala, 1984; Gooseff et al.,
2004). One common approach to exploring hydrologic and biogeo-
chemical transport and fate is to model physical transport pro-
cesses (i.e., advection, dispersion, and transient storage) using
tracer data from in-stream injection experiments. Transient stor-
age models (TSMs) are popular tools for such simulations because
they can account for solute transport (advection and dispersion),
transient storage (the exchange of solute between the main chan-
nel and in-channel dead zones and/or the hyporheic zone), and
ll rights reserved.
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dilution. Several studies have compared characterizations of solute
transport processes in streams, generally by comparing either TSM
best-fit parameter estimates from multiple stream tracer experi-
ment simulations or metrics that are computed from the parame-
ter estimates. For example, Lautz and Siegel (2007) found that for
inter-site comparisons among streams with large differences in
specific discharge and transient storage area these parameters par-
tially explained variability in nitrate uptake length. In streams ob-
structed with solid objects, Stofleth et al. (2008) found total solute
retention to be related to flow velocity. However, Lautz and Siegel
(2007) also concluded that in intra-site comparisons, the transport
variables were not sufficient to interpret nitrate uptake and
Stofleth et al. (2008) found that in streams without solid object
obstructions their observed relations essentially vanished. Com-
parisons of solute transport parameters are not necessarily useful,
partly because it has been shown that the TSM does not always
represent hydrodynamic exchange processes (Zaramella et al.,
2003). Furthermore, even for repeated experiments on the same
reach, TSM parameterizations are often confounding. For example,
in a study of repeated conservative solute tracer experiments in a
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Fig. 1. Comparative reach lengths for all simulations. Sub-reaches are identified
along the left side of the figure. Note that the combined reaches are noted along the
x-axis, and that the nomenclature is X–Y where X is the first sub-reach within that
combined reach, and Y is the last (e.g., 2–4 is a single combined reach of sub-
reaches 2–4).
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single stream reach, Jin and Ward (2005) found wide ranging opti-
mal parameter estimates, with variance at similar discharges,
though they determined that discharge and the presence of abun-
dant allochthonous organic matter (i.e., leaf-fall) explained much
of this variability.

Several studies have addressed the optimization and interpreta-
tion of TSM parameter values. Harvey et al. (1996) showed that
TSM parameter values were sensitive to particular portions of sol-
ute breakthrough curves (BTCs), and further demonstrated that
TSM formulation and stream tracer experiment design directly im-
pact the time scales detectable in the analysis of field data. Wagner
and Harvey (1997) assessed the reliability of the stream tracer
experiment and subsequent simulation typically used to estimate
transient storage exchange. They suggested that the Damkohler
number (DaI) can be used to evaluate the balance between the
time scales of advection and transient storage over the total length
of the stream reach to be studied. Additionally, several studies
have explored the advantages of TSM parameter optimization
techniques for simulation of conservative (Scott et al., 2003) and
reactive solute transport (Gooseff et al., 2005). Building off of Wag-
ner and Harvey (1997), these studies have primarily focused on the
information available in tracer BTCs collected from stream thalweg
to optimize a robust (unique) set of parameter values of a TSM.

In a study of changes to solute transport in a desert stream that
was experiencing proliferation of aquatic vegetation over several
years, Harvey et al. (2003) conducted repeat stream tracer experi-
ments annually over sequentially shorter lengths of stream reach
(starting at 1140 m, dropping to 83 m over 6 years), noting the in-
creased retention of the channel due to changes in dead zone (sur-
face) storage. Their goals were to characterize the changing nature
of the stream reach, and also optimize study design for most robust
transient storage (TS) estimation techniques by optimizing the DaI
for a particular experiment (and reach length). Wörman and Wach-
niew (2007) compared several different methods of TSM parame-
terization and noted that, in general, accuracy of the evaluation
of TS parameters decreases with increasing distance downstream,
though their assessment was of stream tracer experiments con-
ducted at the scale of several km in length, whereas most stream
reach-scale experiments occur over hundreds of meters. Despite
these studies, little research has addressed the impact of reach
length and parameter estimation over varying reach lengths in
stream TSM research.

In this paper, we simulate conservative solute transport over
combinations of five sub-reaches to (1) determine how optimized
parameter estimates vary with reach length, and (2) evaluate
whether optimized simulations of solute transport in the channel
result in varying interpretations of tracer exchange with the stor-
age zone. Scale dependency in groundwater solute transport mod-
eling is well-recognized (e.g., Carrera, 1993). Here we demonstrate
the influences of such dependencies on the relatively short (com-
pared to groundwater transport situations) scale of transient stor-
age modeling in a stream. We use UCODE (Poeter and Hill, 1998) to
optimize parameter estimates within the model and evaluate
parameter sensitivity in our optimized simulations. Our results
indicate that approximate equifinality (nearly similar simulations
from different parameter sets) in the simulations of concentrations
of stream tracer result in varying interpretations of transient stor-
age exchange parameterization (i.e., variable optimized parameter
estimates) and concentration time series of tracer in the storage
zone. Thus, our interpretations of stream-storage zone exchange
are open to considerable uncertainty when solely based upon the
BTC observed in the stream channel. This suggests a scale depen-
dence of observation for interpreting and characterizing transient
storage. Our analysis with the Uvas Creek field data supports the
prognostication of Smith et al. (2008) that in the study of
groundwater–surface water interactions ‘‘upscaling spatially and
temporally variable processes remains difficult and may hinder
translation of research at micro-scales (molecular to grain size)
into macro-scale (reach to catchment) decision-making’’.

2. Methods

The field data sets used here have been published previously
and were collected as part of a stream tracer injection experiment
in Uvas Creek, California, USA. Experiment details and data are
summarized by Avanzino et al. (1984) and Zand et al. (1976).
The stream tracer injection began at 08:00 on 26 September
1972, and ran for 3 h. The tracer solution was composed of concen-
trated dissolved NaCl. At that time, discharge was approximately
12.5 L s�1 at the head of the reach, and background [Cl�] was
3.7 mg L�1. Stream water was sampled at 38, 105, 281, 433, and
619 m downstream to characterize the transport of injected tracer.
These breakthrough curves (BTCs) define the ends of each of these
experimental sub-reaches 1–5 (0–38 m, 38–105 m, etc.). Previ-
ously, Bencala and Walters (1983) characterized Cl� transport
within these five reaches using a TSM, though parameters were
manually adjusted to visually fit the simulation to the observa-
tions. More recently, Scott et al. (2003) simulated these data using
an automated parameter optimization and sensitivity analysis
scheme to determine an objective set of ‘best fit’ solutions.

We performed simulations of conservative Cl� transport in
independent sub-reaches, referred to here as reaches 1–5, and for
all combinations of these sub-reaches. Through the rest of this pa-
per, we refer to the sub-reaches individually (e.g., sub-reach 3), and
combined reaches by denoting the first and last of the sub-reaches
that make up that combined reach. For example, reach 2–4 is a sin-
gle reach that includes sub-reaches 2–4, sequentially (Fig. 1). For
all simulations (including sub-reach simulations) that do not start
at the injection point, we used the observed Cl� BTC at the up-
stream point as the boundary condition for the simulation, and
computed the appropriate discharge for that starting location,
based on optimized simulations of upstream sub-reaches.

We used the One-dimensional Transport with Inflow and Stor-
age (OTIS) TSM model to simulate three conservative stream solute
transport processes (advection, dispersion, and transient storage)
and the influence of lateral inflow on downstream solute transport
(Runkel, 1998):
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dCS

dt
¼ a

A
AS
ðC � CSÞ ð2Þ

where C is the solute concentration in the stream (M L�3), Q is vol-
umetric flow rate (L3 T�1), A is cross-sectional area of the main
channel (L2), D is dispersion coefficient (L2 T�1), CS is solute concen-
tration in the storage zone (M L�3), AS is cross-sectional area of the
storage zone (L2), a is stream storage exchange coefficient (T�1), qL

is lateral inflow rate (L3 T�1 L�1 length of stream, or L2 T�1), CL is lat-
eral inflow solute concentration (taken to be the same as the back-
ground [Cl�], 3.7 mg L�1), t is time (T), and x is the distance
downstream (L). OTIS incorporates a Crank–Nicolson method to
solve Eqs. (1) and (2) numerically. At initial conditions, CS values
are set to be in equilibrium with C values. Parameters D, A, AS,
and a were optimized. Values of qL were estimated by computing
the mass flux of Cl� passing each sampling point in the stream,
assuming conservative transport (i.e., dilution gauging), as previ-
ously reported for this experiment by Scott et al. (2003). These val-
ues were fixed for each simulation, such that the additive effect of
combined sub-reaches was distributed over the combined reach
simulation (i.e., for a simulation of a combination of sub-reaches
3–5, the value of qL in the simulation was the sum of the sub-reach
qL values).

The objective of our optimizations was to determine the best fit
to the BTC observed at the downstream end of each reach. In addi-
tion to presenting the optimized parameters for each simulation,
for the combined reach simulations we also present the length-
weighted average parameter values of the optimized sub-reach
parameter values. We interpret length-weighted average values
to represent the potential to, in the simplest way, add the influence
of one sub-reach to another to estimate the effective output of a
combined reach. Potentially, the set of length-weighted parame-
ters could be useful (1) in summarizing the transport characteris-
tics of a length of stream for which detailed sub-reach values are
known, or (2) in estimating the transport characteristics of a length
of stream for which only the details of selected sub-reach values
are known.

We calculate the time of travel in the channel (tTR) for each sim-
ulation to assess possible differences among the multiple parame-
terizations of transport over varying reach length. Time of travel
will be dependent upon discharge in the channel and the cross-sec-
tional area of the channel (A). The OTIS model simulates lateral
inflowing water (qL) as a linear incremental increase of water along
the simulated reach. Thus,

QðxÞ ¼ Q 0 þ ðqL � xÞ ð3Þ

where Q0 is the stream discharge at the head of the reach (L3/T).
Consequently, tTR is computed as

tTRðxÞ ¼
Z x

0

A
Q 0 þ ðqL � xÞ dx ð4Þ

which has the following solution:

tTRðxÞ ¼
A
qL

ln 1þ qLL
Q 0

� �
ð5Þ

where L is the reach (or sub-reach) length (L). We also computed
the mean storage residence times of transient storage (TSTO) (T)
for each simulation as

TSTO ¼
AS

Aa
ð6Þ

consistent with Thackston and Schnelle (1970).
To assess the differences in interpretation of the TSM simula-

tions, we computed the Damkohler number (DaI) for each simula-
tion as
DaI ¼ að1þ A=ASÞL
u

ð7Þ

where u is the mean advection rate in the channel (L T�1), equiva-
lent to Q/A. Wagner and Harvey (1997) suggest that an optimal
DaI value of 1.0 would result in fairly reliable characterization of
transient storage within a stream reach, though an acceptable range
would be 0.1–10. Thus, a comparison of DaI values for sub-reach
and combined reaches will allow us to determine whether the sim-
ulations are appropriate for comparison. We also calculated FMED, a
metric that indicates the relative influence of transient storage on
the median transport time of solute along a reach. We used the
functional relationship defined by Runkel (2002):

FMED ffi ð1� e�Lða=uÞÞ AS

Aþ AS
ð8Þ

where FMED is dimensionless (a proportion). The comparison of FMED

values for sub-reaches, length-weighted averages for sub-reaches,
and single values for combined reaches will serve as another assess-
ment of differences in interpretation of stream tracer experiments
at varying spatial scales.

We performed parameter optimizations and sensitivity analy-
ses for each simulation using UCODE (Poeter and Hill, 1998), sim-
ilar to the process outlined by Scott et al. (2003). Parameters D, A,
a, and AS were optimized for each reach configuration using
UCODE. Estimates of qL were constrained within the model by
using estimates derived from applying the technique of dilution
gauging for each BTC at each sampling location, assuming that all
injected Cl� mass was recovered at each site (Kilpatrick and Cobb,
1985). This assumes no losses of stream water from the reach, for
which we do not have empirical evidence to support. From the
UCODE sensitivity simulations we compared composite scaled sen-
sitivities (CSSs), which represent the entire amount of information
provided by observation data for optimization of a parameter,
which are computed as

CSSj ¼
XND

i¼1

ðDSSijÞ2
���

b

ND

2
64

3
75

1=2

ð9Þ

where DSS is a dimensionless scaled sensitivity calculated for each
observation and compared to the simulated value at the same time,
i denotes the observation index, j denotes the parameter number in-
dex, b is the set of parameter estimates, and ND is the total number
of observations. Whereas a DSS value is calculated for every obser-
vation for a given parameter, a single CSS value is computed for each
parameter and is sensitive to all observations. Comparatively, large
CSS values suggest that there is more information pertaining to a
particular parameter from the set of observations considered, or,
that a particular parameter has the greatest potential influence
(sensitivity) on the overall simulation. We also made note of covar-
iances (cov(y,z)) and correlation coefficients for all possible pairs of
parameters in each simulation, both computed by UCODE. Correla-
tion coefficients are computed as

corðy; zÞ ¼ covðy; zÞ
varðyÞ1=2varðzÞ1=2 ð10Þ

where cov(y,z) is the covariance of parameters y and z, and var(y) is
the variance of parameter y. Values of cor vary from �1.0 to 1.0.
Higher magnitude cor values indicate higher covariance between
the two parameters, which suggests that neither can be indepen-
dently optimized with confidence. In this work, we assume that cor-
relation coefficient magnitudes greater than 0.85 are significant
enough to indicate strong covariance among parameters.
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3. Results

3.1. Optimized parameter values

All optimized parameter values for sub-reach and combined
reach transport simulations and length-weighted averages are pre-
sented in Fig. 2, organized by combined reach for graphical com-
parison. The specific values of reach lengths and optimized
parameter values for both sub-reaches and combined reaches are
presented in the Appendix for additional reference. The optimized
parameter values for the sub-reaches were found to be slightly dif-
ferent than those reported for the same stream tracer experiment
by Scott et al. (2003) because these simulations were re-run with
each sub-reach as an independent unit, unlike the Scott et al.
(2003) parameterization which simulated all five sub-reaches to-
gether, and therefore allowed for inter-reach sensitivities of
parameters and data.

3.1.1. Dispersion results
Optimized D values for the sub-reaches 1–5 ranged from

0.026 m2 s�1 in sub-reach 1–0.120 m2 s�1 in sub-reach 3. In most
of the combined reach simulations, optimized D values were great-
er than the length-weighted average D values (Fig. 2A). This differ-
ence is as expected; dispersion is inherently scale dependent, even
in 1-dimensional systems (Supplemental material). Exceptions are
combined reaches 1–3, and 2–3, which are two of the shorter
Fig. 2. Optimized TSM parameter estimates for simulations of each sub-reach (black cro
comparison in reporting each results of each combined reach), optimized TSM paramet
average of parameter values of sub-reaches (circles) for (A) dispersion, (B) area, (C) storag
along the y-axis, and that the nomenclature is X–Y where X is the first sub-reach with
sub-reaches 2–4).
simulated reaches and both have in common sub-reaches 2 and
3. All optimized D values from combined reaches fall within the
range of corresponding sub-reach D values, except in reach 3–4.

3.1.2. Cross-sectional area results
Optimized A values for the sub-reaches range from 0.339 m2 in

sub-reach 1–0.567 m2 in sub-reach 5, but do not progressively in-
crease downstream (Fig. 2B). In all combined reach simulations the
combined reach optimized A value is greater than the correspond-
ing length-weighted average of the sub-reach A values. In all but
combined reach 4–5, optimized A values fall within the range of
A values of the corresponding sub-reaches.

3.1.3. Storage zone area results
Optimized AS values for the sub-reaches range from negligible

values for sub-reaches 1 and 2, where no transient storage was
identified (see Scott et al. (2003) for details), to 0.102 m2 in sub-
reach 5. In most of the combined reaches (here we exclude com-
bined reach 1–2 because there was no transient storage identified
for both reaches), the combined reach optimized value of AS was
found to be less than the length-weighted average of the corre-
sponding sub-reach optimized values (Fig. 2C). Combined reaches
2–5, 3–5, and 4–5 are the exceptions. All sub-reach and combined
reach optimized AS values were <0.11 m2. All combined reach opti-
mized values of AS were found to be within the range of corre-
sponding sub-reach optimized AS values, except in combined
sses in gray boxes identified by numbers next to them, repeated as gray dashes for
er estimates for simulations of combined reaches (triangles), and length-weighted
e zone area, and (D) exchange coefficient. Note that the combined reaches are noted
in that combined reach, and Y is the last (e.g., 2–4 is a single combined reach of
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reach 3–4, where the optimized value of AS was less than the range
defined by the two sub-reach optimized values.

3.1.4. Exchange coefficient results
Optimized a values for the sub-reaches range from negligible

values for sub-reaches 1 and 2 (no transient storage) to
5.89 � 10�5 s�1 in sub-reach 4. Optimized values of a in combined
reaches are consistently within the range of optimized a values for
corresponding sub-reaches, with the exception of reach 4–5, and
they are generally less than length-weighted average values of
sub-reach a values (Fig. 2D). The highest optimized a value of the
combined reaches, 3.32 � 10�5 s�1, occurs in combined reach 4–5.

The resulting simulations of stream Cl� breakthrough curves for
all simulations are strong, with no correlation coefficient between
simulated and observed values being less than 0.99 (Appendix).
Damkohler numbers are generally between 0.1 and 10, except for
sub-reaches 1 and 2 (which is expected as they have no apparent
transient storage), and reach 1–2 (Fig. 3A), indicating that for all
of the other spatial scales, our estimates of transient storage
parameters are likely reliable (Harvey et al., 1996; Wagner and
Harvey, 1997). In simulations of all combined reaches except 3–4
and 4–5, DaI values were computed to be higher than any of the
single-reach simulations of the sub-reaches, and, as expected, com-
bined reach DaI values were generally greater than those calcu-
lated for weighted averages of the sub-reaches. However, the DaI
of combined reach 3–4 is computed to be less than the sub-reach
DaI values, and less than the length-weighted average DaI for the
corresponding sub-reaches.
Fig. 3. Comparisons of individual (crosses), reach-averaged (diamonds) and com-
bined reach optimized parameter values (circles) for (A) Damkohler number (dotted
line represents optimal DaI value) and (B) fraction of median transport distribution
due to transient storage. Note that the combined reaches are noted along the y-axis,
and that the nomenclature is X–Y where X is the first sub-reach within that
combined reach, and Y is the last (e.g., 2–4 is a single combined reach of sub-
reaches 2–4). Sub-reaches 1 and 2 displayed no evidence of transient storage and
therefore have no DaI values.
3.2. Transport metrics

Estimated tTR values for sub-reaches increased downstream
from 0.28 h in sub-reach 1–0.60, 1.21, 1.31, and 1.59 h in sub-
reaches 2–5, respectively (Table 1). Corresponding mean velocities
(estimated as the quotient of sub-reach length and tTR) of the sub-
reaches are 0.037, 0.031, 0.040, 0.032, and 0.033 m s�1, respec-
tively. In the combined reach simulations, tTR values vary from
0.88 h (reach 1–2) to 4.98 h (reach 1–5), generally increasing with
increasing length (Table 2). Despite varied parameter estimates,
the tTR values estimated from combined reach simulations are,
for all cases, very similar to the sum of coincident sub-reach tTR val-
ues, with the minimum difference being 0.0 h (reach 2–4) and the
maximum difference being 0.17 h (reach 4–5) (Table 2).

Differences in the optimized parameter estimates of the com-
bined reaches as compared to the sub-reaches, lead to obvious
changes to the estimated TSTO and FMED values for simulations in
combined reaches. In the sub-reach simulations, TSTO is estimated
to be minimal in sub-reach 4 (0.80 h) and maximum in sub-reach
3 (2.38 h) with no storage occurring in sub-reaches 1 and 2 (Fig. 4).
In the combined reaches, estimates of TSTO are all less than 2 h, with
the minimum being 0.95 h in reach 1–4 (neglecting reach 1–2), and
the maximum being 1.79 h in reaches 3–4 and 3–5 (Fig. 4). In all
cases except in reach 3–4, the FMED values computed for combined
reaches are greater than those estimated for the length weighted
averages of the sub-reaches that make up the combined reaches
(Fig. 3B). This is likely due to the fact that reach length, L, is in
the exponent of Eq. (8), and the generally larger length-weighted
values of AS and a, which would also contribute to a larger
length-weighted FMED than that of the optimized values of the
combined reach simulations.

3.3. Sensitivity analyses

Covariances of parameter pairs were computed during our sen-
sitivity analysis, and for all pairs of parameters in any simulation
covariance was <0.70. We did find, however, several sets of highly
correlated (|cor| > 0.90) parameter pairs in the simulations of the
sub-reaches and the combined reaches: A3 and a3 (�0.97), A5 and
a5 (�0.97), A1–3 and a1–3 (�0.91), A1–4 and a1–4 (�0.96), A1–5 and
a1–5 (�0.96), A2–5 and a2–5 (�0.94), a3–4 and A3–4 (�0.93), a3–5

and A3–5 (�0.95), a4–5 and A4–5 (�0.96). All of these pairs include
a and A.

We also calculated CSS values for all parameters for all simula-
tions, in order to compare the relative influence of each parameter
on the quality of each simulation fit to the observed data. In sub-
reach simulations, A has the greatest CSS in reaches 1, 2, and 3,
whereas a is the most influential parameter in sub-reaches 4 and
5, according to the comparison of CSS values (Fig. 5A). In all com-
bined reaches except reach 4–5, simulations are most sensitive to
A, and are less sensitive to a, AS, and finally to D, generally in
decreasing order (Fig. 5B). Simulation in reach 4–5, is most sensitive
to a. The CSS values of D diminish consistently in progressive
increasing length scale for sets of combined reaches that begin with
Table 1
Discharge change and time of travel (tTR) estimates from optimized simulations of
conservative solute transport in sub-reaches 1–5. START and END refer to the
beginning and end of each sub-reach.

Sub-
reach

Length
(m)

QSTART

(m3 s�1)
qL

(�10�5 m2 s�1)
QEND

(m3 s�1)
A
(m2)

tTR

(h)

1 38 0.0125 0.921 0.0129 0.339 0.28
2 67 0.0129 0.209 0.0130 0.415 0.60
3 176 0.0130 1.22 0.0151 0.347 1.21
4 152 0.0151 0.757 0.0163 0.468 1.31
5 186 0.0163 2.43 0.0208 0.567 1.59



Table 2
Discharge change and time of travel (tTR) estimates from optimized simulations of conservative solute transport in combined reaches. START and END refer to the beginning and
end of each combined reach.

Combined reach Length (m) QSTART (m3 s�1) qLAT (�10�5 m2 s�1) QEND (m3 s�1) A (m2) tTR (h) RtTR sub-reaches (h)

1–2 105 0.0125 0.467 0.0130 0.389 0.89 0.88
1–3 281 0.0125 0.940 0.0151 0.372 2.11 2.09
1–4 433 0.0125 0.875 0.0163 0.405 3.40 3.39
1–5 619 0.0125 1.342 0.0208 0.493 5.20 4.98
2–3 243 0.0129 0.942 0.0151 0.371 1.79 1.81
2–4 395 0.0129 0.871 0.0163 0.411 3.11 3.11
2–5 581 0.0129 1.370 0.0208 0.497 4.86 4.70
3–4 328 0.0130 1.006 0.0163 0.405 2.53 2.51
3–5 514 0.0130 1.521 0.0208 0.498 4.28 4.10
4–5 338 0.0151 1.678 0.0208 0.580 3.06 2.89

Fig. 4. Mean storage residence times (TSTO) for all sub-reach and combined reach
simulations, estimated from optimized parameter values and Eq. (6).

Fig. 6. Tracer (Cl�) breakthrough curves as observed and simulated in the stream
and in the storage zone at the end of reach 4 for both the sub-reach 4 simulation
(152 m long), and combined reach 3–4 (328 m long). The simulated concentrations
of tracer in the stream agree very well with the observed stream solute
breakthrough curve. The simulated storage zone concentration time series are very
different for the two simulations however.
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sub-reach 1, and the sets of reaches that begin with sub-reach 3.
The two other consistent patterns for CSS values are (1) a consistent
increase of CSS values for a in combined reaches that begin at sub-
reach 1, and (2) in combined reaches that begin at sub-reach 2,.

3.4. Comparison of transient storage interpretations

Despite the excellent fits of simulated stream Cl� concentra-
tions to observed, the simulations of concentration time series in
the storage zone from different simulations that end at the same
location are not in agreement. We illustrate this with a comparison
of stream and storage zone simulations at the end of sub-reach 4
for simulations of sub-reach 4 compared to reach 3–4 (Fig. 6). Both
Fig. 5. Composite scaled sensitivities (CSSs) for (A) simulations of sub-reaches, and (B) co
first sub-reach within that combined reach, and Y is the last (e.g., 2–4 is a single combined
and reach 1–2 are zero and therefore do not plot on this figure.
simulations match the observed stream concentration data very
well. However, the predictions of storage zone Cl� concentrations
are substantially different. The combined reach simulation indi-
cates a weaker connection between the stream and storage zone
than the sub-reach simulation, due to the higher predicted peak
concentrations in the storage zone that occur slightly earlier than
in the combined reach simulation.

4. Discussion

The typical application of the TSM is almost completely reliant
upon accurately simulating observed stream solute concentrations
mbined reaches. Note that the combined reach nomenclature is X–Y where X is the
reach of sub-reaches 2–4). Note that CSS values for a and AS for sub-reaches 1 and 2,
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(though additional information may include measurements of Q, CL,
etc.). Such time series data are sometimes sparse due to limitations
related to sample acquisition or processing. However, even with a
dense BTC characterization (see for example, analysis in Gooseff
and McGlynn, 2005), TSM simulations are sensitive to, but do not
explicitly characterize the dynamics of storage zones. That is, be-
cause the goal of TSM simulations is to optimize a fit of channel tra-
cer concentrations, storage zone dynamics (size and exchange
rates) are necessarily inferred from the shape of the channel BTC.
Therefore, we argue that the TSM is best-suited to characterizing
the effect of transient storage on stream solute transport in a gross
manner, and from the perspective of the stream. In this paper, we
have shown that several different simulations of solute transport
that result in excellent fits to channel BTCs at particular locations
are generated with different characterizations of storage zone con-
centrations (Fig. 7), differing characterizations of the fraction of the
median transport time due to storage (Fig. 3B), and different esti-
mates of mean storage residence time (Fig. 4). Our comparison of
multiple stream and storage BTCs for varying reach lengths ending
at the same location indicates that TSM results obtained using so-
lely in-stream tracer data, and therefore interpretations of storage
zone properties, are scale dependent.

4.1. Longer reaches are not simply sub-reaches added together

Transient storage models of stream solute transport simulate
transport processes as fluxes of solute. Advection, dispersion, and
lateral inflow are all solute fluxes along the simulated reach, and
transient storage is a bi-directional flux into and out of the stream.
The simulated BTCs are the result of simulating these several
simultaneous fluxes, each of which is dependent upon a spatial
or temporal gradient in tracer concentration. Therefore, it is rea-
sonable to expect that any change in reach characteristics (i.e., sim-
ulated length) will necessarily change the simulated spatial and
temporal gradients of tracer concentration, given specific input
and output BTCs. Thus, the optimized values of parameters will
necessarily be different. There is no reason that the length
weighted average parameter estimates for sub-reaches should be
the same as for the combined reaches because the spatial and tem-
poral gradients that are simulated at the sub-reach scale are not
simply additive at larger or longer scales.

In designing and interpreting solute injection experiments the
questions are often whether or not an experiment over a given
reach of stream (1) characterizes the experimental reach, (2) is rep-
resentative of the processes of a longer reach and (3) captures de-
tails of processes of a shorter reach. Although travel-time, in the
strict advective system, accurately averages well over combined
reach lengths, there is no a priori reason for dispersion or storage
parameters to do so. Nevertheless, ‘length-averaging’ is a first
Fig. 7. Tracer (Cl�) breakthrough curves as observed and simulated in the stream and in
combined reach 1–4, and (B) reach 5 for both the simulated transport over combined re
optimized parameter values. The optimized parameter values provide a better simulatio
approximation in considering the questions of parameterization
of ‘longer’ and ‘shorter’ reaches. In this paper, we show examples
of the degree to which TSM parameters vary as the length of the
study reach is varied.

The processing of solute by differing transport characteristics in
sequential reaches will, of course, influence BTCs that are observed
downstream. If the processes of solute transport from sub-reach
simulations could simply be successively added together, then
the reach length-weighted average values of sub-reach parameter
values would agree well with optimized parameter values from
combined reach simulations. The closest agreement was found
for A1–2, A3–4, and AS,2–3 (Fig. 2B and C), and all others demonstrated
comparatively substantial disagreement. As expected, this effect
carried over to interpretations of FMED and TSTO, as they are com-
puted from optimized parameter values from each simulation.
Simulations of solute transport over combined reach lengths using
length-weighted average values of individual sub-reach parameter
values do not agree both in the stream and in the storage zone (e.g.,
Fig. 7), compared to optimized combined reach simulations. This
indicates that the effects of TSM-simulated solute transport are
not simply additive at the reach scales observed here, and yet, all
optimized simulations of stream tracer BTCs were excellent
(R2 > 0.99 in all cases).

We chose to fix qL within sub-reaches and aggregate sub-reach
values for combined reaches, based on tracer mass recovery,
assuming that no tracer is lost from the stream. This resulted in
an increased number of highly correlated parameter pairs, com-
pared to the optimizations of the sub-reaches reported by Scott
et al. (2003). Our approach has the effect of ‘‘smoothing’’ of lateral
inflows over combined reach lengths, despite the distributed lat-
eral inflow characterization that was found in the sub-reach opti-
mizations. Both Q and qL influence solute transport in streams, as
they affect the time scale of advection (along with A, in Eq. (1)),
but they also affect the dilution of all simulated stream concentra-
tion values. Thus, simulations of Cl� transport are most sensitive to
qL (Scott et al., 2003).

Recent work on stream flow mass balances (Covino and McG-
lynn, 2007; Payn et al., 2009) suggest that the conceptual model
of only net gains influencing stream tracer concentrations is naïve.
Furthermore, it has been shown that ignoring these stream water
(and solute) exchanges influences transient storage modeling re-
sults (Szeftel et al., 2011). However, there is not enough additional
information to constrain gross gains and losses of stream flow for
sub-reaches or the entire experimental reach at this site. Inasmuch
as the simulations of solute transport from this experiment are
considered valid (as reported in Bencala and Walters, 1983; Scott
et al., 2003), we propose that this assessment and comparison of
stream solute transport provides a reasonable test of relationship
between sub-reach and combined reach transport characteristics.
the storage zone at the end of (A) sub-reach 4 for both the simulated transport over
ach 1–5 using (1) the length-weighted average (LWA) parameter values and (2) the
n fit to the observed tracer breakthrough curve in the stream.
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4.2. Stream tracer experiment design and simulation interpretations

These findings indicate that while the spatial extent of stream
tracer experiments are often driven by assumptions related to the
processes under investigation (e.g., specific effects of inflows,
etc.), the interpretations of storage zone processes from TSM simu-
lations are not definitive. For example, our multiple simulations of
storage zone concentrations at the end of sub-reach 4 (i.e., simula-
tions of 1–4, 2–4, and 3–4) are different (two examples provided in
Fig. 6), yet all of the stream concentration simulations are excellent.
At least two interpretations are possible when comparing the sub-
reach optimized parameterizations to those of the combined
reaches. The first is that the sub-reach parameter optimizations
should be considered the most reliable for examining storage zone
dynamics, because they simulate transport processes over the
shortest stream length and specific stream water additions or losses
and transient storage zones (i.e., individual pools, eddies, hyporheic
flowpaths, etc.). We would then expect the combined reach simula-
tions should inherently be related to the sub-reach simulations be-
cause the represented stream reaches overlap. TSM limitations
exist though, regardless of the scale of stream represented by the
model. It then follows that the combined reach simulations could
lose sensitivity to the sub-reach specific processes that were indi-
cated by the sub-reach simulations. This is supported by the incon-
sistent trends in optimized parameter sets, going from sub-reaches
to combined reaches (e.g., all panels of Fig. 2).

The second interpretation of these results is that, regardless of
stream reach length, given that the objective is to simulate the ob-
served BTC, the different TSM optimizations are simply different
characterizations of the same BTCs with no required relationship
among different optimized parameter sets (equifinality). Therefore,
the combined reaches, comprised of specific sub-reaches, might
not have similar optimal parameterizations to individual sub-
reaches. This can be the result of process amalgamation and a lack
of model sensitivity to smaller scale processes when applied to
longer reaches. This interpretation would lead one to perhaps
merely assess the CSS findings as gross indications of sensitivity,
and conclude that sensitivity to A and a is the greatest for all sim-
ulations, and for D and AS, it is relatively low.

Except in reaches 1–2 and 2–4, computed DaI values for all
combined reach simulations were greater than component sub-
reach DaI values, and larger than the length-weighted average
DaI values of sub-reach simulations (Fig. 3A). In all of the combined
reaches except 1–2 and 3–4, DaI values were calculated to be be-
tween 1 and 10. Because the DaI is an indication of the balance
of exchange and advective time scales, this general increase in
DaI values suggests a shift toward greater exchange time scales,
as simulated for these reaches. This is largely due to the fact that
u does not change much (i.e., Q and A do not change much) from
simulation to simulation, but a and AS do.

It is also useful to assess the changes or differences in estima-
tions of metrics that characterize the influence of transient storage,
namely TSTO and FMED. As expected, with the differences in opti-
mized parameter values, TSTO and FMED estimates imply substantial
differences between sub-reach simulations and combined reach
simulations. As an interpretation of the ‘importance’ of transient
storage in transport along the reach, the combined reach FMED val-
ues are all fairly small, less than 0.06 and more variable than the
suite of sub-reach values (Fig. 3B). Similarly, combined reach TSTO

values for combined reaches are lower than the estimates of sub-
reach 3 (Fig. 4). Thus the influence of transient storage on both
stream median transport times and residence time distributions
is interpreted to be more important (overall) in the combined
reaches compared to the sub-reaches. Alternatively, travel times
are generally additive from sub-reach to combined reaches, as is
expected of advective transport (Tables 1 and 2).
The implications of these findings for designing stream tracer
experiments are two-fold. First, because of the incorporation of
more heterogeneity at longer stream reach scales, the predicted
storage zone concentration dynamics should not be expected to
be accurate. Thus, specific assessment of storage zone solute
dynamics should be investigated with additional sampling from
those storage zones. As Harvey et al. (1996) point out, subsurface
sampling, in the interest of determining how hyporheic exchange
contributes to transient storage, is very location-specific and there
are, to date, no good integrative measures of tracer exchange with
the subsurface. This indicates that interpretation of transient stor-
age is dependent upon the selection of reach length for the tracer
injection and the simulation analysis, and further demonstrates
the limits of the information available from in-channel BTCs. Sec-
ond, the length of reach appropriate for transient storage charac-
terization remains a function of the strength of exchange
compared to velocity (i.e., as characterized by the DaI), and will
likely remain a matter of study-specific and sites-specific objec-
tives. Our results indicate that simply extrapolating estimates of
transient storage leads to misinterpretation of the subsurface con-
centrations or exchange with the subsurface. We recognize, how-
ever, that the bulk storage zone dynamics indicated by TSM
simulations are not necessarily representative of those observed
in the real system. The implications of these findings are important
to developing useful, robust, and meaningful approaches to scaling
our understanding of solute transport at the stream segment or
network scales.

5. Conclusions

Our simulations of conservative solute transport over five sub-
reaches and all possible combined reach lengths (e.g., reaches 1–
3) of the 1972 Uvas Creek stream tracer injection experiment were
completed to compare optimized parameter values to the values
that characterize transport in the individual sub-reaches. The sim-
ulated BTCs of observed stream concentrations and travel time are
consistently accurate, despite the great range of estimated param-
eter values that characterize the storage, exchange, and lateral in-
flow. This resulted in a variety of simulated values of storage zone
Cl� concentrations at downstream locations. Thus, we conclude
that stream concentration data alone are best used to characterize
the relative influence of exchange processes on downstream trans-
port, but substantial limitations exist in interpreting storage con-
centration dynamics without specific information about the
subsurface.

In stream tracer studies and analyses of them based upon the
transient storage transport formulation have been a component
of 25 years of research which has ‘‘made obvious evidence of the
complex hydrology which is characteristic of small streams’’ (Burt
et al., 2010) and ‘‘models of transient storage have provided the
quantitative basis of a large and productive arm of stream ecology
that seeks to understand nutrient dynamics in stream corridors
based on a radial view (i.e., hydrologic linkages along axes addi-
tional to the longitudinal axis of the stream) of stream corridor
connectivity’’ (Poole, 2010). One clear implication of the results
presented here is to strengthen Poole’s (2010) call for ‘‘incorporat-
ing a more realistic and dynamic representation of stream corridor
hydrology into empirical measurements and models of stream bio-
geochemistry (which) remains an elusive yet worthwhile research
goal’’.

Transient storage concepts continue to be used to extend con-
sideration of ‘larger than hyporheic scale’ groundwater to surface
water connections (Bencala et al., 2011), for incorporation of solute
transport into river network models (Ye et al., 2012), and in devel-
opment of comprehensive systems of environmental modeling tool
packages (Soetaert and Meysman, 2012; Tych and Young, 2012).
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Recent uses of the TSM as a quantitative linkage of hydrology and
stream ecological are numerous, including Argerich et al. (2011),
Fabian et al. (2011), Hensley and Cohen (2012), Koch et al.
(2011), Powers et al. (2012), Ryan et al. (2011), and Schuetz et al.
(2012). The transient storage concept has proven to be attractive
for many applications in part due to its simplicity, both as an image
of exchange processes and mathematically in models. The many
potential applications of the transient storage concept need to be
accompanied by analysis of the limits inherent in this very
simplicity.
Parameter 1 2

Sub-reaches (this study)
Length (m) 38 67
D (m2 s�1) 0.026

(0.020–0.033)
0.099
(0.089–0.110)

A (m2) 0.339
(0.333–0.345)

0.415
(0.410–0.419)

AS (m2) 0
–

0
–

a (�10�5 s�1) 0
–

0
–

qL (10�5 m2 s�1) 0.921 0.209
Simulation R2 0.997 0.999

Parameter 1 2

Sub-reaches (Scott et al., 2003)
D (m2 s�1) 0.01

(0.01–0.02)
0.13
(0.11–0.14)

A (m2) 0.31
(0.306–0.313)

0.42
(0.41–0.43)

AS (m2) 0
–

0
–

a (�10�5 s�1) 0
–

0
–

qL (10�5 m2 s�1) 0 1.2
(0.3–4.3)

Parameter 1–2 1–3

Combined reach (this study only)
Length (m) 105 285
D (m2 s�1) 0.078

(0.070–0.088)
0.098
(0.088–0.109)

A (m2) 0.389
(0.386–0.392)

0.372
(0.368–0.375)

AS (m2) 0
–

0.026
(0.023–0.030)

a (10�5 s�1) 0
–

1.91
(1.39–2.62)

qL (10�5 m2 s�1) 0.467 0.940
Simulation R2 0.999 0.999

Parameter 2–4 2–5

Combined reach (this study only)
Length (m) 395 581
D (m2 s�1) 0.124

(0.103–0.149)
0.094
(0.073–0.120)

A (m2) 0.411
(0.405–0.417)

0.497
(0.489–0.505)

AS (m2) 0.056
(0.049–0.065)

0.082
(0.074–0.091)

a (10�5 s�1) 2.34
(1.78–3.08)

2.63
(2.07–3.34)

qL (10�5 m2 s�1) 0.871 1.37
Simulation R2 0.999 0.999
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3 4 5

176 152 186
0.120
(0.105–0.136)

0.107
(0.078–0.148)

0.049
(0.024–0.101)

0.347
(0.344–0.351)

0.468
(0.450–0.486)

0.567
(0.545–0.591)

0.070
(0.060–0.081)

0.079
(0.065–0.096)

0.102
(0.087–0.120)

2.35
(2.04–2.71)

5.89
(3.64–9.52)

4.66
(2.95–7.35)

1.22 0.757 2.43
0.999 0.999 0.999

3 4 5

0.07
(0.04–0.13)

0.20
(0.15–0.27)

0
–

0.33
(0.344–0.351)

0.50
(0.49–0.52)

0.54
(0.49–0.58)

0.054
(0.034–0.086)

0.46
(0.22–0.97)

0.12
(0.09–0.16)

3.0
(2.0–4.4)

2.5
(1.9–3.3)

7.8
(3.1–19.7)

1.3
(1.1–1.5)

0 2.4
(2.1–2.9)

1–4 1–5 2–3

433 619 243
0.112
(0.096–0.130)

0.097
(0.081–0.115)

0.107
(0.094–0.123)

0.405
(0.399–0.411)

0.493
(0.487–0.500)

0.371
(0.367–0.375)

0.041
(0.036–0.046)

0.065
(0.059–0.070)

0.049
(0.041–0.123)

2.91
(2.14–3.96)

2.62
(2.10–3.27)

2.10
(1.66–2.66)

0.875 1.34 0.942
0.999 0.999 0.999

3–4 3–5 4–5

328 514 338
0.148
(0.130–0.169)

0.110
(0.923–0.130)

0.095
(0.073–0.123)

0.405
(0.401–0.410)

0.498
(0.491–0.504)

0.580
(0.568–0.592)

0.063
(0.057–0.070)

0.088
(0.081–0.094)

0.101
(0.091–0.112)

2.43
(2.03–2.92)

2.73
(2.30–3.24)

3.32
(2.54–4.34)

1.01 1.52 1.68
0.999 0.999 0.999
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Appendix A

Optimized parameter values and 95% confidence intervals (low,
high) for all transient storage model simulations presented in this
study and sub-reach values presented from Scott et al. (2003) for
comparison. Sub-reach values in this study were determined by
simulating each reach independently using the observed conserva-
tive tracer concentration values at the head of the reach as the up-
stream boundary condition. Sub-reach values in Scott et al. (2003)
were determined using all tracer information at all locations. In
this study, qL values determined by mass balance in Scott et al.
(2003) were used, whereas the qL values reported for Scott et al.
(2003) below were optimized. Note that the combined reach
nomenclature is X–Y where X is the first sub-reach within that
combined reach, and Y is the last (e.g., 2–4 is a single combined
reach of sub-reaches 2–4). Simulation R2 is the correlation coeffi-
cient of the simulated values to the observations (not reported in
Scott et al. (2003)).
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhydrol.2012.
12.046.
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