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Abstract Exchange of water between streams and their hyporheic zones is known to be dynamic in
response to hydrologic forcing, variable in space, and to exist in a framework with nested flow cells. The
expected result of heterogeneous geomorphic setting, hydrologic forcing, and between-feature interaction
is hyporheic transit times that are highly variable in both space and time. Transit time distributions (TTDs)
are important as they reflect the potential for hyporheic processes to impact biogeochemical transforma-
tions and ecosystems. In this study we simulate time-variable transit time distributions based on dynamic
vertical exchange in a headwater mountain stream with observed, heterogeneous step-pool morphology.
Our simulations include hyporheic exchange over a 600 m river corridor reach driven by continuously
observed, time-variable hydrologic conditions for more than 1 year. We found that spatial variability at an
instance in time is typically larger than temporal variation for the reach. Furthermore, we found reach-scale
TTDs were marginally variable under all but the most extreme hydrologic conditions, indicating that TTDs
are highly transferable in time. Finally, we found that aggregation of annual variation in space and time into
a ‘‘master TTD’’ reasonably represents most of the hydrologic dynamics simulated, suggesting that this
aggregation approach may provide a relevant basis for scaling from features or short reaches to entire
networks.

Plain Language Summary The exchange of water between streams and the shallow subsurface
of their valleys is important to ecological functions, many of which depend upon the time it takes water to
travel down the valley. For decades, researchers have focused on how river form affects this travel time,
leaving a limited understanding of how travel times may change throughout the year due to different wet-
ness conditions. Here we directly address this limitation by estimating travel times through a stream and its
entire valley for a period of more than 1 year. We found that change in travel times caused by different wet-
ness conditions throughout the year was smaller than variation caused by river form. Exceptions to this rule
are during very dry times of year when streamflow is low or during very wet times of the year when stream-
flow is high such as those resulting from spring snowmelt flooding.

1. Introduction

Transit times in the hyporheic zone are the time scales over which ecological processes and functions asso-
ciated with hyporheic exchange can occur (Findlay, 1995; Gooseff et al., 2003; Zarnetske et al., 2011). Thus,
prediction of hyporheic transit time distributions (TTDs) is required for prediction of hyporheic functions
(Boulton et al., 1998; Brunke et al., 1997; Krause et al., 2011; Merill & Tonjes, 2014). An emerging predictive
challenge arises from the growing recognition that these TTDs can be time-variable (Harman et al., 2016).
Empirical and numerical studies have documented time-variable TTDs at the reach-scale in response to
base flow recession (Ward et al., 2013c, 2017), storm events (Dudley-Southern & Binley, 2015; Ward et al.,
2013a), and diurnal fluctuations (Gerecht et al., 2011; Harman et al., 2016; Sawyer et al., 2015; Schmadel
et al., 2016a). However, others have observed hyporheic transit times are essentially constant over a wide
range of stream discharges (Ward et al., 2016, 2017). Given these conflicting results, it remains unclear how
reach-scale TTDs vary in response to hydrologic forcing, and how transferable an observed TTD is to other
time periods, stream discharge conditions, and locations.
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Hyporheic TTDs reflect interactions between geomorphic setting and dynamic hydrologic forcing (Ward
et al., 2012; Wondzell & Gooseff, 2014). Geomorphic setting refers to the relatively static physical system,
including the spatial heterogeneity in the hydraulic conductivity field (Packman & Salehin, 2003; Salehin
et al., 2004; Sawyer & Cardenas, 2009), streambed morphology (Boano et al., 2014; Kasahara & Wondzell,
2003), lithologic structure (Ryan et al., 2004; Vaux, 1968; Ward et al., 2013b), valley constraint (D’Angelo
et al., 1993; Stanford & Ward, 1993; Ward et al., 2016, 2017; Wondzell, 2006; Wright et al., 2005), and geologic
parent material (Payn et al., 2009; Valett et al., 1997). Hydrologic forcing occurs at multiple boundaries. First,
at the stream-hyporheic interface where stream discharge interacts with streambed morphology to yield
changing hydraulic gradients (e.g., Elliott & Brooks, 1997a, 1997b; Stonedahl et al., 2010; Tonina & Buffing-
ton, 2009) and diffusion of turbulent momentum across the streambed (Boano et al., 2014; Malzone et al.,
2016; Packman et al., 2004). Next, inflows from the hillslopes and groundwater system toward the stream
may compress hyporheic zones (e.g., Cardenas & Wilson, 2007a; Storey et al., 2003). These inflows have also
been identified as truncating longer down-valley flow paths, forcing them to return to the stream in
response to focused upwelling (Schmadel et al., 2017).

Measurement of hyporheic TTDs has been a central focus of many hydrologists given the clear linkage of
these TTDs to ecological functions and pollutant legacy (e.g., Fuller & Harvey, 2000; Gandy et al., 2007; Hes-
ter & Gooseff, 2010). Indeed, instantaneous tracer injections are directly interpreted as TTDs, and constant
rate injections may be deconvolved to provide similar information (e.g., McGuire & McDonnell, 2006; Payn
et al., 2008). Such field-based approaches inherently assume that a measured TTD is both representative of
the hyporheic zone and can be used as a basis to interpret other associated processes such as nutrient
spiraling (e.g., Connor et al., 2010). However, the implicit assumption that a measured TTD is representative
across other hydrologic conditions and spatial scales is seldom tested. One strategy to account for time-
variable TTDs is to construct composite (or ‘‘master’’) TTDs that integrate all TTDs across a range of hydro-
logic conditions (Botter et al., 2011; Heidb€uchel et al., 2012; Rinaldo et al., 2011). A master TTD is assumed to
effectively represent all possible variability of the hyporheic TTD integrated over some time scale, but that
assumption has not been tested either. A second strategy is to relate characteristics of the TTD to readily
observable hydrologic conditions. For example, Harman et al. (2016) regressed characteristics of their
ranked StorAge Selection (rSAS) function against stream discharge, using this regression to simulate a con-
tinuously variable TTD along a valley segment. While they showed that younger hyporheic water was more
likely to turnover than older hyporheic water during higher stream discharge conditions, it is still not clear
what causes variation in TTDs. At present, it is impossible to know if a TTD measured at a single time or
place is representative of any other time or place because the interactions between dynamic hydrologic
forcing and geomorphic setting are poorly understood. The lack of predictive power ultimately limits our
ability to forecast ecosystem response or pollutant legacy, which depend on an approximation of the mas-
ter TTD at large scales.

Much of our current predictive power is based on studies at the scale of individual features (e.g., individual
meander bends or bed forms) under steady discharge conditions. It is commonly assumed that feature-
scale studies are representative of aggregated exchange fluxes and time scales across larger spatial scales,
where one particular scale or type of feature is assumed to be the dominant driver of hyporheic exchange.
Recent upscaling strategies rely upon the linear combination of features to make predictions at the scale of
river networks (Gomez-Velez et al., 2015; Gomez-Velez & Harvey, 2014; Kiel & Cardenas, 2014). This is at
odds with the T�othian view of a nested, multiscale groundwater system (T�oth, 1962, 1963) which is central
to high-fidelity models of hyporheic exchange (Stonedahl et al., 2010, 2013). Furthermore, scaling attempts
currently focus on steady state discharge conditions. As a result, the dynamic transitions of exchange fluxes
and time scales in response to hydrologic forcing are omitted. Thus, reach-scale dynamics remain largely
unknown, limiting prediction at these larger network scales where hydrologic conditions and geomorphic
setting vary widely.

The objectives of this study are (1) to assess the temporal variability of both instantaneous and spatially dis-
crete hyporheic TTDs through a complete annual cycle of hydrologic forcing at the reach-scale; (2) to assess
how representative a TTD at a single point in time is of other TTDs through an annual cycle; (3) to assess the
suitability of the master TTD to represent all possible time-variable TTDs; and (4) to assess the length of
study reach necessary to characterize TTDs. We expect that hyporheic TTDs will be highly variable through
a year, given the orders-of-magnitude change in stream discharge accompanied by large changes in lateral
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groundwater inflows. We anticipate that transferability on the basis of discharge will be limited because the
same discharge is observed, for example, on the rising and falling limbs of a storm where lateral inflows
may be different. Instead, we expect transferability to be most accurate across conditions based on the
time rate of change of discharge (e.g., rising-limb TTDs are representative of other rising limbs). We expect
the master TTD approach to be most suitable during steady state discharge conditions, which are the most
frequent conditions in the stream throughout the year. Finally, we expect that the master TTD will be less
representative during the less common lowest, highest, and dynamic periods. To achieve our objectives
and test our expectations, we simulated a two-dimensional (2-D) profile hyporheic zone along the thalweg
of a 600-m long, second-order headwater mountain stream segment. We calculated hyporheic transit times
for more than 44 million particles through a 1-year simulation and used these as the basis to test our
expectations and realize our objectives.

2. Methods

2.1. Field Site Description and Monitoring
The study site is Watershed 1 (WS01) of the H.J. Andrews Experimental Forest (HJA) in the western Cascades,
Oregon, USA (Figure 1a). Our focused study reach is a segment of the valley that is about 600 m in length
and includes a highly studied section instrumented with a well network (e.g., Voltz et al., 2013; Wondzell,

Figure 1. (a) The study site is a 600-m segment of a second-order stream in Watershed 1 (WS01) at the H.J. Andrews
Experimental Forest. The location of 15 water level sensors installed along the study reach are shown as are flow lines of
the lateral upslope accumulated area (UAA). Darkly shaded areas are deeply incised, narrow channels. (b) Conceptual
model of a two-dimensional profile along the stream thalweg in the study reach and implementation of boundaries in
the finite element model (modified from Figure 1 in Schmadel et al. (2017), with permission).
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2006). The catchment drains about 96 ha of forested land and is characterized by steep hillslopes (>50%)
and a steep (�12%), constrained valley bottom averaging about 10.6 m in width (range 2.6–16.8 m along
the study reach based on 30 field measurements; Schmadel et al., 2017). The study reach is constrained
below by relatively shallow, unweathered bedrock that is exposed at both the upstream and downstream
ends and at a few locations near the middle. The stream is gauged about 70 m downstream of the study
reach. Precipitation data are from the Primary Meteorological Station at the HJA. Valley bottom colluvium is
poorly sorted, deposited as the result of high-energy hillslope failures. Additional details about the HJA and
the WS01 field site are presented in several related studies (Dyrness, 1969; Swanson & James, 1975; Swan-
son & Jones, 2002; Wondzell, 2006).

Most of the longitudinal profile of the stream thalweg and water surface was topographically surveyed on
26–29 May 2015 (average stream discharge 6.7 L s21); the upstream-most 70 m was surveyed on 26 May
2016 (average stream discharge 5.8 L s21) (Schmadel et al., 2017) to extend the upstream boundary of the
topographic survey to a bedrock outcrop. A total of 15 pressure transducers (HOBO Water Level Data Log-
gers U20L-04 and U20-001-04, Onset, Bourne, MA) were installed in stilling wells along the study reach and
recorded stream stage every 15 min (Figure 1a). Sensors were installed to remain submerged through the
low-flow period. Visible inspection confirmed sensors remained submerged, though portions of the stream-
bed did become dry during summer 2016. Finally, lateral upslope accumulated area (UAA) to the valley bot-
tom was tabulated every 1 m along the stream centerline using a one-directional flow accumulation
algorithm (Schwanghart & Kuhn, 2010; Schwanghart & Scherler, 2014; Seibert & McGlynn, 2007) as applied
to a LiDAR-derived 1-m digital terrain model (Spies, 2016). Additional details of the field campaign are pre-
sented by Schmadel et al. (2017).

2.2. Numerical Modeling
The mathematical model implemented is identical to that described by Schmadel et al. (2017), where addi-
tional details can be found. The key advance in this study is the implementation of dynamic boundary con-
ditions; Schmadel et al. (2017) limited their analysis to steady state hydrologic conditions. Briefly, the model
domain is a 2-D vertical profile along the topographically surveyed stream thalweg. The bottom of the
model domain is set at an average of 3 m below the stream (after Gooseff et al., 2006) and planar (i.e., with-
out topography along the bedrock-colluvium interface; after Wondzell et al., 2009). Flow through porous
media is simulated using Richards’ equation (Richards, 1931). We specified homogeneous and isotropic
hydraulic conductivity of 7 3 1025 m s21, the geometric mean of falling head tests from WS01 and a nearby
paired watershed (Kasahara & Wondzell, 2003), and an effective porosity of 0.2 (Wondzell et al., 2009). We
parameterized the Mualem (1976) and Van Genuchten (1980) retention model to generally represent poorly
sorted colluvium. Overall, we modeled two reaches in the valley segment separated by an observed bed-
rock outcrop.

The upstream and downstream boundaries of the two reaches were set as no-flow boundaries based on
the observed, intact bedrock outcrops. The bottom boundary was defined as a spatially and temporally vari-
able influx. Inflows to the valley bottom were assigned to 1-m segments along the valley. Inflow for each
1-m segment was based on stream discharge changes proportional to changes in UAA between each
segment. This volumetric inflow rate was assigned to the valley bottom area (1 m along the stream cen-
terline by LiDAR-derived valley width) for each segment to estimate vertical fluxes. The streambed bound-
ary was parameterized as a specified head. The series of stage sensors was used to calculate deviations from
the surveyed water surface profile. The surveyed profile was adjusted by linearly interpolating the deviations.
Using the continuous records of stream discharge at the gauge, the interpolated deviations in stage, UAA, and
estimated valley bottom width, flows through both the top (streambed) and bottom (bedrock) boundaries of
the model were dynamically adjusted throughout the 1-year simulation period.

The model construction necessarily limits the elements of hydrologic forcing and geologic setting that are
considered. For example, our model isolates changing hydrostatic pressure at the streambed and inflows
from the hillslope as the dynamic drivers of hyporheic exchange, which are expected to be the dominant
mechanisms driving exchange flux in steep headwater streams (e.g., Schmadel et al., 2017; Wondzell &
Gooseff, 2013). In lower-gradient systems, other dynamic processes including diffusion of turbulent momen-
tum across the streambed (e.g., Malzone et al., 2016; Packman & Bencala, 2000; Zhou & Mendoza, 1993) and
turnover exchange due to moving bed forms (e.g., Elliott & Brooks, 1997a, 1997b). With respect to geologic
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setting, this study assumes a homogeneous and isotropic hydraulic conductivity field and a planar interface
between colluvium and bedrock, both of which simplify the model construction, but are recognized to
impact exchange geometries and time scales (e.g., Salehin et al., 2004; Wondzell et al., 2009).

The computational mesh for the simulation was generated using the general physics meshing algorithm in
COMSOL Multiphysics with the preset parameters for a fine mesh. The final mesh for the upper and lower
portions of the study segment (separated by exposed bedrock in the channel) consisted of 8,776 elements
(average area 0.069 m2) and 9,195 elements (average area 0.099 m2), respectively. This exactly matches the
mesh of Schmadel et al. (2017).

We simulated the release of massless particles every 10 cm along the streambed (total 5,025 locations) at
1-h intervals for one full year, from 12 June 2015 to 12 June 2016 (total 8,760 release times), for a total of more
than 44 million particles released (i.e., at each release time, a total of 5,025 particles were simultaneously
released across the reach). Particle tracking was implemented within COMSOL Multiphysics. The position of
each particle was tracked each hour and at the time it exited the simulation domain by upwelling back to the
stream. We tabulated the time elapsed from particle release to domain exit as the transit time for each particle.
Particles were omitted from the analysis if they were released at a location where the streambed was unsatu-
rated or where there was an upwelling flux from the streambed. Thus, only flow paths that are hyporheic
(downwelling from the saturated streambed to the subsurface domain and returning to the stream) are
included in our analyses. Due to the bedrock constraints, any particle that downwelled eventually returned to
the stream. The model simulation period was run for 100 days after the last release to ensure that all particles
returned to the stream. Notably, this model formulation limits the analysis to vertical exchange along the
stream thalweg, and to those flow paths driven by hydrostatic pressure at the bed. Shorter flow paths, for
example those arising due to diffusion of turbulent momentum into the bed or hydraulic jumps, are not
included in this study.

2.3. Construction and Analysis of Hyporheic Transit Time Distributions From Particle Tracking Results
2.3.1. Hyporheic Transit Time Distributions
For all TTDs in this study, we constructed empirical TTDs from the transit times of the particles that were
simulated. Particles were not flux-weighted in our analyses because we focus specifically on the distribu-
tions of transit times in the hyporheic zone (after Schmadel et al., 2016a, 2017; Ward et al., 2011) and those
flow paths that are most likely to change in response to hydrologic dynamics. Notably, the resultant impact
of these flow paths on, for example, reach transit times that would be observed with tracers or for predic-
tion of ecological function (as in, for example, Gomez-Velez et al., 2015) would require flux-weighted inter-
pretation. Because our focus is on the flow paths themselves and not their aggregate impact on reach-scale
transport, we need not flux-weight the distributions. As a result, all TTDs are empirically constructed.

Instantaneous TTDs were constructed by combining transit times from the 5,025 particle release locations
along the length of the study reach at each time step (i.e., integrated in space, instantaneous in time). The
TTDs were created by first binning the transit times for each release using three bins per order-of-
magnitude, and then normalizing the number of particles in each bin by the total number of particles. Thus,
the resultant value for each bin represents the relative frequency of transit times for the bin (sum of all val-
ues equal to 1). To plot a probability density function (PDF) of the TTD, we assigned the probability calcu-
lated for each bin interval to the center of the bin. Thus, all PDFs presented for instantaneous TTDs are
empirical, constructed from the tracked particle data and reflecting the unweighted distributions of time
scales in the hyporheic zone. We used this methodology to construct an instantaneous TTD for the segment
for each hour throughout the 1-year simulation (8,760 total instantaneous TTDs, with each TTD made up of
5,025 particle tracks). For each instantaneous TTD, we tabulated the discharge as the measured gauge dis-
charge at the time of particle release. We also estimated the time rate of change of discharge (dQ/dt) as a
predictor variable by smoothing gauged stream discharge using a moving average across a 2-h window,
and then tabulated dQ/dt at the time of each instantaneous release time.

Additionally, a series of spatially discrete TTDs were calculated for the maximum, median, and minimum
gauge discharge releases. To construct these TTDs, we applied moving spatial windows ranging from 1 to
500 m in length. All particles that both originated and returned to the stream within the moving window
were binned using three bins per order-of-magnitude. As with instantaneous TTDs, the bins were normal-
ized by the total number of particles to produce the relative frequency of particles with transit times
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between the bin edges and all particles were equally weighted in the analysis. To plot a PDF of the TTD, we
assigned the probability calculated for each bin interval to the center of the bin. Thus, all PDFs presented
for spatially discrete TTDs are empirical, constructed from the tracked particle data. This spatial subsetting
reflects the common field practice of stream solute tracers (e.g., Stream Solute Workshop, 1990), where a
selected study reach will not capture underflow (e.g., Harvey et al., 1996; Payn et al., 2009). We calculated
the TTDs for all possible moving window locations where at least one flow path originated from and
returned to the stream within the moving window.

Finally, a master TTD was constructed by combining every particle released in space and time to produce a
single, master TTD, integrating both spatial and temporal variation (after Heidb€uchel et al., 2012). To construct
a probability density function for the master TTD, we used the same approach as for instantaneous and spa-
tially discrete TTDs (i.e., binned all particles into three bins per order-of-magnitude, normalized by the total
number of particles to yield a probability of particles in each bin, particles equally weighted for analysis, plot-
ted by assigning the probabilities to the center of each bin interval). Thus, the PDF presented for the master
TTD is empirical, constructed from the tracked particle data. We calculated the cumulative TTD by sorting all
particles by transit time and constructing a normalized, cumulative summation:

MasterCDF5

PN
i51 T ið Þ

N
(1)

where MasterCDF is the cumulative probability of the sorted TTDs considering all particles released (i.e., the
cumulative version of the empirical Master TTD), N is the total number of particles released, and T(i) is the
transit time for the ith particle tracked.
2.3.2. Transferability of TTDs in Space and Time
We define the transferability of a TTD as how representative a TTD measured at one time or location is of
other times or locations. Specifically, differences between pairs of TTDs were calculated to test how repre-
sentative an instantaneous TTD is of other times, how representative a spatially discrete TTD is of the com-
plete TTD at a given time step, and how representative the master TTD is of both instantaneous and
spatially discrete TTDs. To test transferability of instantaneous TTDs in time, we calculated the root mean
square error (RMSE) between all possible pairs of instantaneous TTDs. To test transferability of spatially dis-
crete TTDs, we calculated the RMSE between each spatially discrete TTD and the TTD constructed from all
particles released at the time step of interest. Finally, we calculated the RMSE between the master TTD and
each instantaneous TTD as:

RMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i51 PTTD ið Þ2Pmaster ið Þð Þ2

N

s
(2)

where N is the number of bins used to construct TTDs, PTTD(i) is the probability in the ith bin used to con-
struct the TTDs for each time step, and Pmaster(i) is the probability in the ith bin used to construct the master
TTD. We used a similar formulation of calculating RMSE between bin probabilities for the transferability in
space and time.

In all cases, we interpret higher RMSE between pairs of TTDs as an indicator of poor transferability, meaning
that a TTD from one time or place is not likely to accurately represent a TTD at a different time or place.
Because the comparisons are between probability distributions, the units of the calculated RMSE are proba-
bility (e.g., RMSE of 0.01 is a mean error of 1% probability across the distribution).
2.3.3. Statistical Tests to Compare Variation in Space to Variation in Time
Variation in space and time was assessed by comparing the coefficient of variation (CV) for each spatial loca-
tion or time step, calculated as:

CV5
r
l

(3)

where r is the standard deviation of transit times calculated for all time steps at a place or spatial locations
at a time, and l is the arithmetic mean for the same data used to calculate r. The CV represents a measure
of spread relative to the mean value.

To compare TTD variation in space to TTD variation in time, we treat the CV for each instantaneous TTD as
one sample population, and the CV for each spatially discrete TTD as the second sample population. We
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compare the sample populations using a standard one-way analysis of variance (ANOVA), a nonparametric
Kruskal-Wallis ANOVA, and a Mann-Whitney-Wilcoxon rank sum test. For all comparisons, we consider
p< 0.05 to indicate a statistically significant difference between variation in space and time.

2.4. Experimental Field Data as Comparison to Simulations
We compared simulated transit time distributions with those measured in a series of stream solute tracer
studies conducted through base flow recession in 2012 (discharge ranging from 38.5 to 1.8 L s21 at the
WS01 gauge). These experiments are detailed extensively in related publications (Voltz et al., 2013; Ward
et al., 2016, 2017). Briefly, a series of four 48-h constant rate injections of sodium chloride into the stream
were conducted about 200 m upstream of the gauging station and monitored both in-stream and in a net-
work of shallow monitoring wells detailed in Wondzell (2006). For observations in the monitoring well net-
work, we used the hyporheic travel times reported by Ward et al. (2017) who separated transit times in the
stream from those in the hyporheic zone. We note here these travel times are from the stream to the obser-
vation well, meaning they are truncated (assuming random truncation, these should average 50% of the
true hyporheic transit times).

For in-stream observations, we used solute tracer time series measured at the well-mixed location about
10 m downstream of the injection location and at the downstream end of our modeled study reach. Back-
ground corrected tracer time series were analyzed using the time domain smoothing deconvolution
scheme of Cirpka et al. (2007) following the implementation of Payn et al. (2008). We determined the maxi-
mum limit for the temporal domain for each injection by increasing the maximum time scale until the prob-
ability at the latest time was near-zero, indicating the transfer function is fully contained within the time
scale selected. The result of the deconvolution is a transfer function describing the time scales for an instan-
taneous release into the stream channel at the upstream monitoring location to reach the downstream
monitoring location, including advective, dispersive, and short-term storage processes (i.e., those storage
flow paths recovered above detection limits, Ward et al., 2013a). We contend this is a reasonable compari-
son to qualitatively assess time scales in the system because the short-term storage component is part of
the transfer function, though we emphasize here that reach-scale TTDs (which integrate both in-stream and
hyporheic transport) are not themselves hyporheic TTDs.

3. Results

Through a 1-year simulation, hyporheic transit times varied in response to changes in stream discharge and
lateral inflows (Figure 2). For individual particles, hyporheic transit times range from about 2.3 s to 100 d.
For all particles tracked, the overall mean and median transit times are 31.2 h and 9.3 h, respectively.

3.1. Time Variability in Instantaneous Transit Time Distributions
Instantaneous TTDs (Figure 3b, showing data combined along columns in Figure 2a) show strong seasonal
trends, with the longest mean transit times and largest standard deviations occurring during the lowest
stream discharge conditions (June – September 2015; Figure 2e). Over base flow periods, instantaneous
TTDs are almost always bimodal (Figures 3b and 3c). The faster mode is typically between 0.04 and 0.4 h,
representing the shorter flow paths that downwell and upwell at the scale of individual features (minimum
Q in Figures 3b and 3c). The slower mode is between 10 and 100 h, typically representing flow paths that
span multiple features (i.e., underflow; Bencala et al., 1984; Castro & Hornberger, 1991; Ward et al., 2016).
Under the lowest discharge conditions, the long down-valley flow paths are not forced to the stream by
upwelling groundwater, resulting in an increase in the longest time scale flow paths (more than 1,000 h). In
contrast, high discharge conditions are associated with largest inflows through the bottom boundary of the
model. These strong upwelling fluxes cause down-valley flow paths to return to the stream, generally trun-
cating the longer time scale flow paths. During periods of rapid increases in discharge, inflows are strong
enough to cause the longest transit times to disappear (e.g., rise to maximum Q in Figures 3a–3c). Dynamic
simulation results—that the longer time scale flow paths are the most sensitive to changing inflows—are
consistent with the steady state simulations of Schmadel et al. (2017). Variation in instantaneous TTDs
through the year is generally not explained by discharge (Figure 4c) or dQ/dt (Figure 4d). However, variation
was slightly smaller during intermediate discharge conditions, with increased variation at both low and
high discharges (Figure 4c).

Water Resources Research 10.1002/2017WR021502

WARD ET AL. HYPORHEIC TRANSIT TIME DYNAMICS 2023



Instantaneous transit time distributions are generally transferable across a broad range of base flow dis-
charges. For all possible pairs of instantaneous TTDs, we find an average RMSE of 0.0091 (median 0.0067;
maximum 0.071; minimum 3.2E-4; Supplemental Figure S1). We found that the time elapsed between two
instantaneous TTDs is unrelated to the transferability of the TTD in time (supporting information Figure
S1A). However, we did find that transferability of instantaneous TTDs was generally more prone to error as
differences in discharge increase (supporting information Figure S1B). Finally, we found that transferability
of instantaneous TTDs was also prone to large errors with differences in dQ/dt (supporting information Fig-
ure S1C). For example, an instantaneous TTD from steady discharge conditions (dQ/dt 5 0) yielded the high-
est RMSE when compared to steeply rising or falling discharge conditions.

Figure 2. (a) Transit times for each of the >44 million particles tracked. Color denotes transit time; white pixels represent
places and times where the streambed was upwelling or unsaturated. The black bar represents an observed bedrock out-
crop where no hyporheic flow is simulated. (b) Detrended streambed topography along the study reach. (c) Mean and
standard deviation for TTDs calculated every 10 cm release location along the study reach, integrating all time steps (i.e.,
along a row in plot a). (d) Hydrograph at the WS01 stream gauge. (e) Mean and standard deviation for TTDs calculated
every hour through the 1-year study period, integrated along the entire study reach (i.e., down a column in plot a). (f) Box-
plot summarizing distributions of the coefficient of variation for the data presented when aggregated through (plot e)
space and (plot c) time.
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3.2. Spatial Variability in Transit Times
Hyporheic transit times vary with location along the study reach, but are relatively constant through time at
any individual location (horizontal bands in Figure 2a). The heterogeneity in transit times among locations
along the study reach, averaged over time, ranges from <0.01 to 874.6 h (Figure 2c). This heterogeneity
arises because the TTDs at a single point reflect the morphology and upwelling conditions at the local parti-
cle release location as well as the hydraulics of the broader system through which the particle travels. Most
spatially discrete TTDs exhibit narrow ranges through the simulation period, as evidenced by the relatively
high probability of narrow ranges of time scales. Thus, the coefficient of variation at individual locations is
low, averaging 0.35 (range 0.0013–93.6, median 0.21). Variation in TTDs at a point is generally related to
streambed morphology.

3.3. Comparison of Variation in Space and Time
Variation in instantaneous TTDs through time is significantly smaller than the variation in spatially discrete
TTDs with location along the reach (p � 0.001 for one-way ANOVA, Kruskal-Wallis, and Mann-Whitney-
Wilcoxson tests on coefficient of variation; Figure 2f). This finding agrees with the steady state results that
demonstrated little variation in hyporheic transit times across three different discharge conditions

Figure 3. (a) Hydrograph at the Watershed 1 (WS01) stream gauge, with vertical dashed lines denoting the maximum
(blue), minimum (red), and an intermediate (black) discharge condition. (b) Instantaneous TTDs constructed from all par-
ticles released each hour along the study reach. The pattern of shading moving down a column represents the probability
distribution, with darker colors indicating higher probability. (c) Probability distributions associated with the three dashed
lines in plots a and b, plus a master TTD constructed from all transit times in the study.
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(Schmadel et al., 2017). Although we find heterogeneity in spatially discrete TTDs along the study reach,
these TTDs are generally consistent through time at individual locations, which Schmadel et al. (2017) attri-
bute to large hydraulic gradients across steep features. The largest changes are associated with the most
extreme hydrologic conditions.

3.4. Master Transit Time Distribution Approach
The master TTD reflects all of the particle transit times tabulated from the simulations at all times and at all
release locations. The master TTD reflects the bimodal shape of the distribution observed in the instanta-
neous TTDs (Figure 3c). The master TTD effectively represents the instantaneous TTDs for the most frequent
discharge conditions, with overall mean RMSE of 0.0067 (median 0.0058; maximum 0.049, minimum 0.0015;
Figures 5a and 5b). The largest errors occurred during the highest stream discharge periods when the
instantaneous TTDs became unimodal (Figures 3c and 5c). The maximum deviation between the master
TTD and any of the instantaneous TTDs is a deviation in probability of about 20%, reflecting cases where
the longest transit times diverge from the master TTD. Overall, error using the master TTD was largest for
discharges above about 20 L s21, and increased as discharge increased (Figure 5c). The master TTD was also
most error-prone (i.e., least representative of instantaneous TTDs) during more rapid changes in discharge
(Figures 5a and 5b).

3.5. Spatial Averaging of TTDs
Overall, longer study reaches better integrate spatial variation and capture a representative suite of flow
paths (Figure 6). Across all discharges, median RMSE decreases from about 0.09 (i.e., an average of 9% error
in the TTD across all time scales) for study reaches of 1 m to less than 0.01 for reaches longer than 100 m.
The longer reaches are more representative of the complete TTD for the reach because they capture more

Figure 4. Root mean square error (RMSE; top row) and transit time distribution coefficient of variation (TTD; bottom row)
as a function of discharge (left column) and time rate of change of discharge (right column).
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heterogeneity in morphologic features and nested flow paths (i.e., integrating several pool-step features
rather than isolating one feature). Shorter reaches are biased toward shorter and faster flow paths. Addition-
ally, longer reaches allow the flow paths that span multiple features to return within the study reach,
extending the longer time scales included in the distribution (Figures 6a, 6c, and 6e) and improving the
overall representation (decreasing RMSE with increasing length; Figures 6b, 6d, and 6f).

4. Discussion

4.1. How Representative is a Measured TTD of System Behavior at Other Times or Locations?
Many solute tracer studies and modeling efforts have attempted to measure TTDs to describe exchanges
between streams and their catchments. These TTDs are most commonly akin to our instantaneous TTDs,
where field experiments are integrated in space at a given time of experimentation. An implicit assumption

Figure 5. (a) Deviation between the master TTD and instantaneous TTDs for all time steps. (b) RMSE between the master
TTD and individual instantaneous TTDs. (c) Hydrograph at the WS01 stream gauge through the 1-year simulation period.
Vertical dashed lines in all plots correspond to those in Figure 3. Deviations from the master TTD of less 0.005 are not
shown in panel A.
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of such field-based efforts, which are time and effort intensive and necessarily limited in scope, is that a
measured reach-scale TTD is representative of the system being studied. Indeed, these measured transit
times are commonly used as the basis for describing physical transport processes and for subsequent inter-
pretation of additional reactive processes, such as biogeochemical transformations of solutes (e.g., Triska
et al., 1989), thermal energy regulation (e.g., Arrigoni et al., 2008), or any other reactive processes occurring
along subsurface flow paths (e.g., Gandy et al., 2007; Larson et al., 2013). The results presented here demon-
strate that—for our study system—a TTD estimated during steady discharge conditions is likely to be repre-
sentative of system behavior under a wide range (from low to intermediate discharge) of base flow
conditions. This finding is encouraging as significant effort has been focused on reach-scale studies, which
integrate spatial heterogeneity at a given time similarly to our instantaneous TTDs.

Figure 6. Error between spatial subsets of flow paths and the complete TTD as a function of study reach length
(1–500 m) for maximum (plots a and b), median (plots c and d), and minimum (plots e and f) discharge conditions. The
left column shows cumulative distributions for all 2, 20, and 200 m distributions along with the complete, entire reach
TTD for the time step. The right column shows boxplots of RMSE as a function of spatial window size.
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TTDs at individual locations (spatially discrete and lumped in time) tend to have a low coefficient of varia-
tion because transit times do not vary substantially despite the orders-of-magnitude change in discharge.
The largest changes are generally associated with a streambed location becoming dry and the flow path
‘‘turning off’’ for a period of time. Spatial heterogeneity in these TTDs is much greater than temporal vari-
ability. Consequently, measurement of temporal variability of an individual flow path—for example, by
repeated down-well tracer injections (Menichino et al., 2014)—is unlikely to generate a TTD that is represen-
tative of the larger reach-scale TTD. Clearly, measuring TTDs at a single well, or from a network of wells, pri-
marily yields flow path-specific information. This is likely the reason that studies seeking to generalize flow
path-scale information to reach-scale models struggle to represent the observed, spatially integrated transit
times (e.g., Zarnetske et al., 2015).

Instantaneous TTDs are relatively consistent over a wide range of base flow discharges and exhibit a consis-
tent bimodal distribution for all but the most extreme discharge conditions (Figure 3b). Under the most
strongly gaining conditions (i.e., fastest time rate of change in discharge at the gauge), the large inflows to
the valley bottom are sufficient to force longer time scale down-valley flow paths to upwell, shifting the
instantaneous TTD toward the shorter modes. Strongly upwelling conditions are generally associated with
the least variable instantaneous TTDs (lowest coefficient of variation), where the longer down-valley mode
is truncated. This is consistent with published conceptual and mathematical models (Baxter & Hauer, 2000;
Dent et al., 2001; Stonedahl et al., 2010, 2013; Tonina & Buffington, 2009; Winter et al., 1998). In contrast, the
lowest discharge conditions are associated with the most variable (i.e., highest coefficient of variation)
instantaneous transit time distributions. During the lowest discharge conditions, spatially intermittent sur-
face flow corresponds with more flow paths that travel down-valley below the dry streambed, increasing
the representation of the longest flow paths in the probability distribution (Figures 3b and 3c).

The master TTD approach is not a good strategy for flow path-scale interests, such as detailed geochemical
processes occurring along a flow path (e.g., Zarnetske et al., 2011). In this application, the integration of
space and time to form the master TTD is a hindrance, capturing reach-scale representation at the expense
of the granular detail required for interpreting process dynamics. However, the master TTD approach is a
reasonable representation of instantaneous TTDs for the reach under most discharge conditions. With
exceptions of the highest and lowest discharge conditions, the master TTD exhibits low error. Inversely,
most instantaneous TTDs—particularly those collected under steady discharge conditions during intermedi-
ate or low base flow—are good approximations of the master TTD. Given this finding, it is reasonable to
consider an instantaneous TTD as a feasible first approximation of reach-scale dynamics for most of the
year (RMSE less than 1% probability for about 88% of time steps). An additional application of a master TTD
would be with respect to the role of subsurface processes through an annual cycle along a study reach. If a
process rate remained constant through the year and homogeneous in space, the master TTD could be
used to infer the aggregated impact of subsurface flow paths on reach-scale processes. Such an application
would also require construction of a TTD using flux-weighting of each particle, which is readily possible
using the model results.

Finally, study reaches of 100 m and longer are representative of the distributions of time scales within the
study reach, which is in good agreement with typical spatial scales of solute tracer studies in headwater
streams (Runkel, 2002; Ward, 2015). This assessment assumes that a solute tracer study can be designed to
minimize artificial truncation due to detection limits (i.e., the window of detection problem; Harvey et al.,
1996). Furthermore, we note that this finding is unique to our modeled system. Scaling to other systems based
on transit times (e.g., standardizing for a uniform travel time as suggested by Schmadel et al., 2016b) or mor-
phology (e.g., standardizing to a fixed number of channel widths; Anderson et al., 2005) could be used to
guide the design of comparable tracer studies. Still, our study confirms that typical reaches of 50–200 m that
are common in headwater mountain streams are likely reasonable to capture TTDs if the window of detection
problem can be overcome with either improved sensitivity to tracers (e.g., using tracers that are detectible at
lower concentrations, such as DNA, e.g., Foppen et al., 2011 or fluorescent tracers, e.g., Aubeneau et al., 2015)
or by extending the recovered data to complete the TTD (e.g., Drummond et al., 2012).

4.2. Matching Transit Time Distributions to Conditions and Processes of Interest
Key to collecting a meaningful and representative TTD is to match those characterizations to the processes
of interest (Hester & Gooseff, 2010, 2011; Ward et al., 2011). Our argument above suggests that a base flow
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TTD is reasonably representative of other base flow TTDs and will be useful as a basis to enable estimates of
other reactive processes. For example, an instantaneous TTD collected under base flow conditions will likely
provide a representative basis for the physical processes associated with estimates of biochemical transfor-
mations under similar discharge conditions. However, not all processes of interest are associated with base
flow conditions.

One possible application of time-variable TTDs in the river corridor is the mobilization of contaminants from
the subsurface to the stream channel in response to storm-melt or snowmelt-generated peak flow events.
Consider the role of TTDs in two high-profile cases of pollution of the river corridor. First, the East Fork Poplar
Creek (Oak Ridge, TN, USA) drains the US DOE’s Oak Ridge Y-12 National Security Complex, the primary site
for US manufacture and storage of enriched uranium. Spills, leaks, emissions, and losses of elemental mercury
from 1950 to 1963 totaled more than 920 metric tons and resulted in extensive environmental contamination
(USDOE, 2013), with the site being placed on the USEPA’s Superfund Program’s National Priorities List in 1989.
At present, the most significant mercury exports from the site are associated with storm events, where Hg
stored in the floodplains is mobilized to the stream (Southworth et al., 2010). Second, the remediation plan for
the Gold King Mine spill (near Silverton, CO, USA) relies upon a ‘‘wait and see’’ monitoring approach, wherein
the responses to snowmelt and storms are key monitoring periods to assess contaminant storage and the sys-
tem wet-weather loading (USEPA, 2016). This approach is reactionary, requiring monitoring and subsequent
action because tools to forecast water quality responses to dynamic hydrological forcing are lacking. In both
cases, responses during peak flow periods are critical for predicting system behavior. Unfortunately, these are
the conditions where our study demonstrates the least ability to transfer either an instantaneous TTD or mas-
ter TTD and make accurate predictions.

Observed, instantaneous TTDs are similarly limited in their potential usefulness under the lowest discharge
conditions if the stream becomes spatially intermittent. These low-flow conditions represent the times and
places where down-valley subsurface flow and/or hyporheic exchange are highest relative to surface flow
(Wondzell, 2011). Under these low-discharge conditions, the use of a TTD from higher discharge conditions
would underestimate the longest time scale flow paths.

4.3. Hyporheic TTDs Reflect Nested Scales of Exchange Flow Paths Described in Conceptual,
Numerical, and Field-Based Studies
Hyporheic exchange flow paths have commonly been conceptualized as occurring at nested scales (Wond-
zell & Gooseff, 2014), directly paralleling the framework of nested flow paths at local, intermediate, and
regional scales by T�oth (1962, 1963). In our simulations, the bimodal, spatially integrated TTDs directly
reflect this conceptual model. The faster mode typically occurs at time scales of less than 1 h, reflecting rela-
tively short-distance exchanges driven by steep hydraulic gradients along the longitudinal profile of the
stream. The slower mode is typically 10–100 h, reflecting flow paths that span multiple features. These lon-
ger flow paths are the characteristic down-valley flow that has been described at the study site (Voltz et al.,
2013; Ward et al., 2016, 2017) and other mountain streams (Castro & Hornberger, 1991; Kennedy et al.,
1984). Although these nested flow paths are commonly conceptualized and simulated, their documentation
in field studies is typically limited to being lumped into ‘‘long-term storage’’ with no defined distribution of
time scales.

Based on field studies in this system, Ward et al. (2013a) have described these two modes as short-term
storage (those flow paths detectable by solute tracer studies) and long-term storage (those flow paths
accounting for mass losses of stream solute tracers). Instantaneous tracer releases (commonly ‘‘pulse,’’
‘‘slug,’’ or ‘‘gulp’’ injections) can be interpreted as TTDs. The bias of these methods toward the shortest and
fastest flow paths (commonly the ‘‘window of detection’’ problem) is well recognized (Harvey et al., 1996;
Wagner & Harvey, 1997). Still, researchers use these studies as the basis for scaling from short study reaches
to networks despite a clear recognition that these TTDs are incomplete (Covino et al., 2011; Mallard et al.,
2014). As a result, these upscaling strategies fail to account for the longer mode of down-valley transport in
the subsurface, which may be important in some systems or for certain applications. For processes whose
characteristic time scales are longer (e.g., denitirifcation or respiration along flow paths), these upscaling
strategies will bias potential interpretations of ecosystem processes. Possible strategies to more completely
describe both fast and slow modes of down-valley transport include the application of models that account
for longer-than-observable flow paths through the subsurface (e.g., Ward et al., 2017) or extension of
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observational data including TTDs (Drummond et al., 2012) or Ranked StoraAge Selection functions (Har-
man, 2015; Harman et al., 2016). Finally, we note here that the bimodal distribution observed may be
unique to this site, where bedrock constraint interacts with stream morphology to set the TTD. Future study
in systems with larger alluvial deposits or different morphology will be important to inform TTD dynamics
and heterogeneity in other systems.

4.4. Limitations in Model and Field Approaches to Measure TTDs
As simulated, the short time scale TTDs arise due to feature-scale variation in streambed topography and pres-
sure head at the streambed. We acknowledge here there is a nested, smaller-scale of exchange driven by tur-
bulence at the streambed and interactions between in-stream flow fields with cobbles and large woody
debris. While these are likely not the dominant drivers of exchange in our study reach (Wondzell & Gooseff,
2014), it is important to note that these finer-scale TTDs were beyond the scope of this study but could be
evaluated using hydrostatic and hydrodynamic model comparisons (after Endreny et al., 2011a, 2011b). Inter-
mediate scale TTDs were generally lacking because this high-gradient mountain stream has a relatively linear
planform, generally lacking secondary channels, meander bends, and other morphologic features that would
generate intermediate scale TTDs. The longest TTDs would be generated by the largest steps in the channel’s
longitudinal gradient, which are common in this step-pool channel. The largest steps generate the largest
hydrostatic gradients, driving at least some hyporheic exchange deep into colluvium and this water must flow
along relatively long flow paths to generate the longest proportion of the TTD. In addition to simplifying the
processes represented, the model is also limited by the assumptions related to physical setting and structure.
For example, the assumption of homogeneous and isotropic porous media simplified flow path geometries
that are known to be more complex in heterogeneous sediment (Salehin et al., 2004; Sawyer & Cardenas,
2009). Additionally, the nature of the 2-D profile along the stream centerline omits down-valley flow paths in
the valley margins which are known to exist at the site (e.g., Ward et al., 2017).

Very likely, the single most limiting factor in applying the TTD approach will be the ability to simulate or mea-
sure an unbiased estimate of the actual TTD. Simulations of TTDs are likely to have substantial limitations due
to the inability to accurately characterize heterogeneity in geomorphic setting at fine scales (e.g., subsurface
heterogeneity, cobbles on the streambed). Furthermore, models are limited in the processes which can be
represented—even advanced feature-scale simulations lack a full two-way coupling of stream turbulence in
open channels with hyporheic domains (Cardenas & Wilson, 2007b; Malzone et al., 2016).

The values in the stream and wells span distinctly different time periods because they are sensitive to differ-
ent suites of flow paths. In field studies, stream solute tracers are perhaps the most common technique to
assess exchange between streams and their hyporheic zones (Stream Solute Workshop, 1990), despite their
demonstrated bias toward the shortest and fastest flow paths (e.g., Harvey et al., 1996; Harvey & Wagner,
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2000; Wagner & Harvey, 1997). The 2012 TTDs derived from stream solute tracer studies clearly demonstrate
this bias, with their overall time scales most closely aligned with the shorter mode of transport times in the
simulation (Figure 7). However, we note that our model does not simulate in-channel flows so the abun-
dance of short transit times are due to an abundance of short transit time hyporheic flow paths and not in-
channel transient storage. In-stream tracer studies reflect the reactively short flow paths that may span just
a few features in space, resulting from exchanges due to hydrostatic gradients across steep streambed loca-
tions (Wondzell & Gooseff, 2014). In contrast, the monitoring well observations are best aligned with the
longer down-valley mode of transport (Figure 7). These findings are consistent with reports by Ward et al.
(2012, 2014) who found time scales of down-valley transport in the subsurface were substantially longer
than would be expected from in-stream signals alone. These flow paths span many features and are more
sensitive to changes in valley width and gradient, governed by Darcy’s law applied in the down-valley direc-
tion (Ward et al., 2017). Perhaps most promising finding from the comparison of model and field data is the
potential to employ multiple methods to collect complimentary data about a system of interest, each of
which will have its own strengths and limitations (Gonz�alez-Pinz�on et al., 2015).

The monitoring wells with the fastest transit times are those nearest the stream channel, sampling the
shorter flow paths that are associated with the feature-scale exchanges (Ward et al., 2017). The master TTD
generally represents the scales of exchange measured in the field. The shorter mode that we attribute to
feature-scale exchange (1022 to 108 h transit times; Figure 7) are well-aligned with the time scales measured
by the stream solute tracers. Thus, our study provides one of the first clear visualizations of which flow paths
are measured by stream solute tracers.

5. Conclusions

The overarching goal of this study was to characterize time-variable TTDs at the spatial scale of our study
segment, incorporating the hydrological variation occurring over a 1-year period. We expected TTDs to be
highly variable in time given the orders-of-magnitude variation in hydrologic forcing (e.g., stream dis-
charge). Instead, we found that segment-scale instantaneous TTDs were nearly constant through the period
simulated. The limited variation in time was significantly less than spatial variability along the study seg-
ment (p� 0.001 for one-way ANOVA, Kruskal-Wallis, and Mann-Whitney-Wilcoxson rank sum tests). Further-
more, the near-constant instantaneous TTDs suggest that—contrary to our expectations—the master TTD
approach is representative of all but the most extreme low-discharge conditions (e.g., when surface flow
becomes spatially intermittent) and high discharge conditions (e.g., when groundwater inflows are strong
enough to effectively eliminate down-valley underflow). Understanding the conditions for which a steady
state TTD is and is not representative is an important contribution of this study. Finally, we found that an
instantaneous TTD collected under one discharge condition is highly transferable in time. However, reaches
of 100 m or longer in our system appear to capture reach-representative variation in the TTD. Taken
together, results of this study demonstrate that vertical exchange processes in steep, confined headwater
mountain streams are generally constant in time and highly heterogeneous in space. Ultimately, we call for
improved understanding of how features aggregate and interact at the reach-scale, particularly during peri-
ods of dynamic hydrologic forcing, as a requisite step to improved forecasting of ecological functions asso-
ciated with hyporheic exchange.
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