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Abstract The biogeochemical functioning of stream ecosystems is heavily dependent on water and
water-borne nutrient fluxes between the stream itself and the streambed and banks (i.e., the hyporheic
zone). The travel time of water exchanges through the hyporheic zone has been investigated previously;
however, these studies have primarily modeled exchanges under steady state conditions assuming spatial
pressure variations. This assumes that the hydraulic gradients that drive the exchanges are maintained the
whole time the stream water remains in the bed or banks, which is unrealistic. Therefore, in this study we
use a transient approach to investigate residence time distributions (RTDs) of bank inflow and bank outflow
during both regular, diurnal stream stage variations and storm flow events. We demonstrate that RTDs
reflect the timing and magnitude bank inflows, rather than smooth RTDs. We also show that small percen-
tages of water from a given bank inflow event may be present in bank outflows for long periods of time,
due to dispersion and diffusion within the bank, and lower rates of bank outflow, relative to bank inflow.
This is apparent in the synthetic model of a single storm flow event, where 10% remained in the bank after
50 days. Additionally, residence times for a given bank inflow event are longer when repeated events occur,
because the bank outflows from one event are ‘‘interrupted’’ by an increase in stream stage during a succes-
sive event. For example, field data capturing events of variable timing and magnitude showed that 70 days
after each of three storm flow events occurred, 40, 12 and 30% of the bank inflow event remained in the
banks. These cases indicate that bank exchanges are temporally dynamic and the RTDs of return flows can
have significant tailing, which will dictate rates of nutrient exchange within the near-stream environment.

1. Introduction

Surface water-groundwater interactions are of great importance to biogeochemical functioning of streams
[Bencala et al., 2011; Boulton et al., 2010]. The time frames of these exchanges provide insight into the
potential reactions and are important to the mineralization of organic nutrients and chemical alteration due
to time spent in contact with reactive geological materials [Brunke and Gonser, 1997; Valett and Vervier,
1998; Zarnetske et al., 2011]. Surface water-groundwater exchanges can also increase the residence time of
water moving through catchments as water remains in the banks and hyporheic zone for long periods
[Cardenas, 2008a]. Increases in residence times result in a significant increase in the natural attenuation of
stream waters, improving water quality [Kirchner et al., 2000]. Moreover, exchange processes help explain
the fractal residence times observed in stream chemistry at many scales, as exchanges between a relatively
fast moving stream and the hyporheic zone result in extensive tailing in the transport of chemical com-
pounds [Kirchner et al., 2000; Haggerty et al., 2002; Cardenas, 2008a].

Typically, increased residence times have been described by assuming that spatial variations in stream
water levels drive exchanges between streams and sediments. Pressure gradients can occur under steady
state conditions due to pool and riffle sequences [Storey et al., 2003], variations in stream bed elevation
[Cardenas et al., 2004, 2008; Sawyer and Cardenas, 2009], sinuosity of streams [Boano et al., 2006; Cardenas,
2008b; Gomez et al., 2012], geomorphic structures [Hester and Doyle, 2008] and hydraulic structures [Endreny
et al., 2011]. However, steady-state analysis assumes that the gradients are maintained throughout the
entirety of residence times, which the authors demonstrate can become quite large.

Alternatively, exchanges between streams and near stream sediments can be driven by transient variations
in stream stage [Cooper and Rorabaugh, 1963]. Rises in stream stages force water into adjacent sediments
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(bank inflow), and falls result in the return of water to the stream (bank outflow). Stream stage fluctuations
can occur diurnally as a result of dam regulations [Sawyer et al., 2009; Gerecht et al., 2011], over periods of
days due to up catchment runoff events [McCallum et al., 2010] or over months due to seasonal changes in
tropical settings [Doble et al., 2012]. Exchanges caused by stream stage fluctuations are important in the
removal of nitrates in streams [Gu et al., 2012], natural stream chemistry [McCallum et al., 2010], the retarda-
tion of stream solute movement [Lin and Medina, 2003], prevention of solutes reaching streams [Squillace
et al., 1993; Squillace, 1996], heat transport in streams [Anderson et al., 2011] and near stream chemistry
[Sawyer et al., 2009; Gerecht et al., 2011; Byrne et al., 2014; Dudley-Southern and Binley, 2015]. When consider-
ing transient processes, the storage properties of the near stream sediments become important, particularly
because variably saturated banks have capacity to transmit large volumes of water relative to fully saturated
bed sediments (i.e., bank storage).

Despite the importance of the time frames of stream-groundwater interactions and the temporally dynamic
nature of these exchanges, studies of transient residence time distributions (RTDs) have been thus far
neglected. In this paper, we present simulations of RTDs of stream-groundwater interactions under transient
conditions. We focus specifically on cases where exchanges are driven by stream stage fluctuations. To
show the importance of considering transcience for RTDs of bank outflows, we present two theoretical
examples, one of a diurnally fluctuating stream and one of a stormflow event. The method is then applied
to field data that captures multiple events in the Cockburn River, Eastern Australia.

2. Method

2.1. Conceptual Model of Transient Residence Times
Characterizing surface water-groundwater exchanges with residence time is a useful exercise as it directly
infers the timescales of transport processes. Figure 1 presents the conceptual model of residence times of
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Figure 1. Concept of residence times of water returning to the stream due to transient stream stage fluctuations. (a) Fluctuations in stream
stages result in (b) exchanges between the stream and near stream sediments. (c and d) Event flows will be composed residence times
consistent with the occurrence of inflow. Only events occurring prior to the time of interest will be present in bank water. (e) The time evo-
lution of the residence time of water returning to the channel can be presented as frequencies in time-residence time space.
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water entering and leaving near stream sediments due to stream stage fluctuations. Figure 1a presents a
theoretical stream stage variation. For the purpose of this discussion, two events are depicted. The two peri-
ods of rising stream stage presented in Figure 1a generate bank inflow (Figure 1b). The volumes of water
entering the bank due to the fluctuations are equivalent to the area under the bank inflow curves. When
steady-state conditions are assumed, inflows and outflows are continuous, resulting in a wide range of resi-
dence times. This allows for transport mechanism and variations in flow paths to produce continuous distri-
butions of residence times. The largest difference between steady-state and transient residence times is
that inflows and outflows are not continuous. As residence time represents the time since water entered
near stream sediments, only residence times coinciding with bank inflow can be present in mixtures. Trans-
port mechanisms and variations in flow paths will result in the residence times of water discharging back to
the stream representing a combination of previous events and will be dependent on time.

Figures 1c and 1d represent the temporal dependence of residence times. For a time after a single bank
inflow event (Figure 1c), the residence time is only reflective of the first event. The shape of the residence
time reflects the bank inflow volumes, and is lagged by the time since bank inflow occurred. Given two con-
secutive bank inflow events (Figure 1d), the residence times reflect both events with the appropriate lags.
This means that water from both bank inflow events is still present in the banks and bank outflow. The rela-
tive proportions of the two bank inflow events will be dependent on the time between events and the mix-
ing of waters from different events in near bank sediments. It is important to note that bank outflow will
not contain only stream water, but also water from other sources such as regional groundwater, floodplain
and hillslope processes. For this reason, the zeroth moment (area under the residence time distribution
curve, Figures 1c and 1d) will represent the fraction of water originating from the stream, not the fraction of
all water [Cirpka et al., 2007; Liao et al., 2014].

The temporal evolution of residence time of the two theoretical bank inflow events in bank outflows is pre-
sented in Figure 1e. Here the blue and red lines represent frequency isobars. The isobars depict that the res-
idence time of individual bank inflow events will increase at the same rate as time leading to the
appearance of ‘‘streaks’’ at 45 degree angles. The fraction of each bank inflow event will decrease with time
after the event; however, individual bank inflows may remain persistent due to mixing with water originat-
ing from other bank inflow events and waters not originating from the stream. A vertical line at any time
value on the graph will represent a frequency distribution (Figures 1c and 1d).

2.2. Transient Residence Time Simulation
The simulation of bank outflow RTDs is very similar to the simulation of groundwater age distributions. This
is because the residence time of water increases at the same rate as time and can be implemented by intro-
ducing an additional dimension to space and time to represent residence time. The governing equation for
groundwater age is given as [Ginn, 1999; Duffy, 2010; Cornaton, 2012; Gomez and Wilson, 2013]:

@hg
@t

1rvhg2rðhDrgÞ1 @g
@s

5F (1)

where g is the mass fraction for given age/residence time (s) in space and time (t), h is the porosity or water
content, v is the water velocity, D is the dispersion tensor and F is the source of water of a given age at a
point in space and time. For groundwater age problems, it is required that the source term is implemented
at all inflow points. This results in the total mass fraction over all ages integrating to one.

In the case of stream residence times, we apply the F term only for the stream boundary. As described in
section 2.1, this means that the total mass fraction will represent the proportion of water entering the sys-
tem via the stream, as opposed to all residence times. We assume that bank inflow entering the near stream
sediments from the stream is of zero residence time because we are looking only at the residence times
induced by transient stream fluctuations.

The method chosen to simulate transient RTDs was the backward in time random walk particle tracking
method (RWPT) [Weissmann et al., 2002; Engdahl and Maxwell, 2015; Leray et al., 2014]. The RWPT method is
a Lagrangian approach to the solution of the solute transport equation. The problem discretizes the mass
into a large number of particles and simulates the time evolution of solutes by moving the particles using
drift to represent advection and Brownian motion to represent dispersion [Salamon et al., 2006]. For a large
number of particles, equation (1) is satisfied by the method [Engdahl et al., 2012]. This is achieved by using

Water Resources Research 10.1002/2015WR017441

MCCALLUM AND SHANAFIELD BANK STORAGE RESIDENCE TIMES 2061



the equations of Tompson and Gelhar
[1990] for movement in physical dimen-
sions x, y and z and with the increase in
residence time being represented as a
source that increases at the same rate as
time. In this case, particles can be tracked
in the physical and residence time dimen-
sions with time.

Diffusion at interfaces was implemented
using the one-sided reflection method
described by Bechtold et al. [2011]. The
velocity field was reversed, and particles

were flux weighted at the stream boundary. To represent the F term, the residence time of individual par-
ticles was determined as the time taken to reach the stream under conditions where bank inflow was occur-
ring. Although cumulative residence times can be estimated directly from particles [e.g., Weissmann et al.,
2002], frequency distributions were recovered from discrete points using kernel density estimation [Fern�an-
dez-Garcia and Sanchez-Vila, 2011]. A Fortran code was developed to simulate RTDs using the RWPT method
and implemented using high performance computing. The model used velocities and saturations from a
flow solution (described in section 2.3) and simulated the RTDs using 105 particles at each time step. Post
processing to produce RTDs from discrete particles was undertaken using a Python script. The parameters
used to model RTDs are presented in Table 1.

2.3. Flow Model
The velocities and saturations required for the simulation of RTDs were obtained from a numerical flow
model. The two-dimensional conceptual model is presented in Figure 2a. For all scenarios, the model
domain extended 1000 m in the x-dimension and 10 m in the z-dimension. A rectangular channel 5.5 m
deep was incised into the left hand side of the model to represent the stream channel. Two theoretical sce-
narios were simulated: exchanges due to a diurnally fluctuating stream, and exchanges due to a storm flow
event. The parameters of the simulated systems are shown in Table 1 and are informed by a previous sensi-
tivity study [McCallum et al., 2010]. For all scenarios, the aquifer was assumed to be homogeneous.

Table 1. Parameters for Aquifer Simulation

Units Value

Flow Parameter
Hydraulic Conductivity (K) md21 5
Specific Storage (SS) m21 1024

Saturated Porosity (hs) 0.4
van Genuchten a (a) m21 15
van Genuchten b (b) 3
Transport Parameter
Longitudinal dispersivity (aL) m 1.0
Transverse dispersivity (aT) m 0.01
Tortuosity (s) 1.7
Diffusion coefficient (D*) m2d21 1024

Figure 2. (a) Cross-sectional view of model set up for simulations with the stream channeled to the left and a no flow boundary to the
right at 1000 m. (b) Stream stage variation for the diurnal fluctuation case, and (c) stream stage fluctuations for the event flow scenario.
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In the case of the diurnal stream stage fluctuations, the stream varied sinusoidally over 2 m (between 4.5
and 6.5 m, Figure 2b), and was chosen to be similar to the conditions reported by Sawyer et al. [2009] and
Gerecht et al. [2011]. Exchanges are driven only by the stream stage fluctuations in this example (i.e., no
recharge is simulated).

For the scenario simulating a storm flow event, preevent conditions were assumed to be gaining (i.e., flow
toward the river under preevent conditions). This was achieved by applying constant recharge to the top of
the model between the edge of the stream and the end of the model domain. The head in the stream (HRiv)
was varied between 5.0 m and 7.0 m (from 0.5 to 2.5 m above the stream base, Figure 2c). Hydrograph
response is a function of the basin geometry (described by the catchment Peclet number), travel time distri-
butions for runoff arriving from different parts of the catchment, and the uniformity of rainfall [Rodr�ıguez-
Iturbe and Vald�es, 1979; Rinaldo and Rodr�ıguez-Iturbe, 1996]. Here streamflow response to a precipitation
event is modeled as a nonsymmetrical, two peak response, such as would be typical of a mountain river
with subbasins or a catchment receiving nonuniform rainfall.

Groundwater flows, velocities, heads and saturations were obtained using HydroGeoSphere [Therrien et al.,
2006]. Hydrogeosphere solves the transient, three-dimensional, variably saturated groundwater flow equa-
tion using the control volume finite element method. Discretization in the x-direction varied between 0.1
and 5 m. Discretization in the z direction varied from 0.4 m between z 5 0 and z 5 4.0 m to 0.1 m between
z 5 4.0 and z 5 10.0 m, where z 5 0 m is the bottom of the model and z 5 10 m is the top of the model.
Finer discretization was used close to the stream and near the water table to accurately represent the
changes in saturation and high flow rates occurring in these locations. The edge of the stream was simu-
lated using constant head nodes between the thalweg and 7.0 m. The model was initially run to steady
state with HRiv 5 5.5 m for the diurnal fluctuations and HRiv 5 5.0 m for the storm flow event scenario (the
mean value of stream stage fluctuations). The transient simulation was undertaken using these steady state
simulations as initial conditions for the transient model run.

2.4. Bank Storage Depletion Time Frames
Bank outflow RTDs represent a contribution from a number of bank inflow events (Figures 1c and 1d). This
is because dispersion in the bank sediments results in water from different bank inflow events returning to
the stream simultaneously. It is also of interest to track the time frames over which individual bank inflow
events return to the stream. This is effectively the residence time of the water entering the bank during a
single event. To demonstrate this, we define a variable to describe the fraction of an event remaining in the
bank as:

FE512

ðt

t1

QoutðxÞ
ððt2t1Þ

ðt2t2Þ
gðsÞ � ds

 !
� dx

ðt2

t1

QinðtÞ � dt
(2)

where FE is the fraction of water from the event remaining in the bank, t1 and t2 are the times when bank
inflow started and ended respectively, Qout is the flow from the bank to the stream and Qin is the flow from
the stream to the bank. The top line of the equation represents the proportion of bank outflow composed
of water from a specified event, and the bottom line describes the total volume of flow to the bank occur-
ring during the event. Examining how FE varies with time identifies how individual events contribute to the
observed RTDs.

3. Results

3.1. Diurnal Fluctuations
3.1.1. Water Exchanges
Figure 3a presents the bank inflows and outflows induced by a diurnally fluctuating stream stage (Figure
2b). The figure shows that bank inflows and outflows reflect the sinusoidal signal of the stream stage. The
frequency of the exchanges is consistent with the frequency of stream stage fluctuations. Solid lines and
positive values represent bank inflow. It is evident that the magnitude of the bank inflow is greater than
bank outflow. A maximum bank inflow of 4.2 m2d21 occurs compared to a maximum bank outflow of
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3.9 m2d21. Higher bank inflow rates are due to the filling of the variably saturated part of the aquifer as the
stream stage rises. It is also evident that the peaks associated with bank inflows are narrower than for bank
outflows. A dynamic steady state is observed hydraulically in which the same volume of water returns to
the stream each time the stage lowers.
3.1.2. Residence Times
The bank outflow RTDs induced by diurnal stream fluctuations are presented in Figure 3b. Here and elsewhere
blank spaces indicate times when bank inflow is occurring at all locations. Bank outflows are made up of com-
binations of discrete events, rather than a continuous mixture of ages. The shape of the residence time distri-
butions reflect the timing and magnitude of bank inflow events (positive values in Figure 3a). For each cycle,
water is initially composed primarily of water from the most recent bank inflow event; however, as the time
since this most recent event increases, the proportion of waters from previous events increases. For example,
if we look at Figure 3b, at the time of 13.5 days, shortly after the beginning of a recession period, 93% of the
bank outflow is composed of water from the most recent bank inflow event. Later during the same recession,
at a time of 14 days, we observe that 45% of the water is originated from the most recent bank inflow event,
12% from the event 2 days prior, 6% from the event 3 days prior, and 4% from the event 4 days prior. Near
the end of bank outflow events, a large component of young water is observed as different parts of the
stream are responding differently. Bank inflow is occurring in the variably saturated part of the aquifer, whilst
bank outflow is occurring in the saturated part of the aquifer (Figure 3a). The differences in saturation alter
the effective permeability and storage properties of the aquifer causing variations in the time taken to
respond to changes in the stream stage. The fraction of water from individual bank inflow events remains per-
sistent in bank outflows for some time. Given that the volume of water is hydraulically returned within a single
bank outflow event (i.e., bank outflow between events is equal to bank inflow during an event), the residence
times are attributable to hydrodynamic mixing of waters originating from different bank inflow events.

RTDs from individual times confirm that bank outflows are made up of combinations of bank inflow events
(Figure 3c). Between 18.8 and 20.0 days, the location of individual bank inflow events is shifted. This is

Figure 3. Results of simulations of a diurnally fluctuating stream stage (Figures 2a and 2b). (a) Exchanges between surface water and
groundwater. Positive values and solid lines represent bank inflows. Dotted lines and negative values represent bank outflows. (b) Resi-
dence time distributions of bank outflows. (c) Residence time distributions at specific times.
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evident due to the same bank
inflow times being present, but
a lateral shift in the residence
time of the inflow events. This is
consistent with the concept
that inflowing water increases
in residence time at the same
rate as time whilst in the bank.
At 20.2 days, a large portion of
water with a residence time less
than the previous event is pres-
ent, representing 30% of the
total bank outflow. This fraction
occurs because the saturated
and variable saturated parts of
the aquifer respond differently

to the flow events. As the stream stage changes there are small periods where there are spatial variations in
the direction of flux between the stream and the river. The parts of the aquifer immediately above the
active water table show the fastest response to the stream stage changes. This results in flow direction
changes propagating slightly differently along the interface and can result in a small circulation of water.
This phenomena generally occurs when the flux magnitudes are low and is likely to have little effect on the
overall process.
3.1.3. Event Return Time Frames
Figure 4 presents the return time frames of bank inflow occurring between 10 and 11 days calculated using
equation (2). Initially, 75% of the water is returned during the bank outflow immediately following the bank
inflow event. Consistent with previous results, the fraction of a bank inflow events contribution to bank out-
flows reduces with time. Figure 3a demonstrates that the magnitude of bank outflows is consistent for each
event (indicated by the steps). The figure also shows that the water from a single bank inflow event remains
persistent in the bank for a long period of time, with 9% of the water remaining in the bank after 20 days.
Figure 4 demonstrates that a fraction of the water spends a considerable time in the bank due to bank out-
flow containing a mixture of water from multiple bank inflow events and subsequent bank inflows retarding
the return of the water to the stream.

3.2. Event Flow
3.2.1. Water Exchanges
The bank inflows and outflows induced by fluctuations in stream stage from a storm flow event (Figure 2c)
are presented in Figure 5a. Prior to the flood event, the stream is hydrologically gaining due to groundwater
recharge. During the flood event, a peak bank inflow of 5.9 m2d21 coincides with a peak stream stage at a
time of 1.5 days. Bank outflow commences at approximately 6 days (Figure 5a) as the streamflow returns to
gaining conditions. Bank outflow rates are much smaller, with a maximum of 0.6 m2d21. This results in the
storage volume being depleted over a significantly longer time. It takes a further 22 days for bank outflows
to deplete the volume of water added to the banks during the flood event, compared to the 6 days of bank
inflow. The bank outflow is not interrupted by a subsequent bank inflow event, resulting in a long period
where water is discharging to the stream. The bank outflow rate remains elevated above preevent levels as
the flow event results in inflows from recharge being built up during bank inflow. The increased flow rate
will persist until this additional water has discharged to the stream.
3.2.2. Residence Times
Examination of the RTD of bank outflow after a bank storage event shows a high frequency of RTDs coincid-
ing with bank inflow times that increases in residence time after the flood event (Figure 5b). As with the
diurnally fluctuating stream stage, the shape of the RTD reflects the shape of the bank inflow rates (Figure
5a). A large component of stream water (35% of total discharge) is still present in bank outflow even after
30 days (24 days after the flow reversal), where water has been returned hydraulically to the stream. This is
due to the mixing of the stream and groundwater in the single event. In comparison to the diurnal fluctua-
tions, the return times are uninhibited by future bank inflow events. However, as bank outflow rates are
much lower than for the diurnal case, the initial depletion of water from the bank inflow event is also lower.

Figure 4. Fraction of water that entered the bank during day 10 (10 <5 t< 11) as a func-
tion of time. Calculations were made using equation (2).
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Figure 5c presents the RTDs of bank outflow at individual times. The RTDs at individual times further dem-
onstrate the role of the timing and magnitude of bank inflows on RTDs. In all cases, the RTDs reflect the pat-
terns of the bank inflows (Figure 5a). The fraction of stream water in bank outflow decreases with time,
although at a period of 30 days, the bank outflow still reflects the flux pattern of the bank inflow event (Fig-
ure 2c). At 50 and 70 days, these patterns are less obvious; however, there is still a fraction of stream water
in bank outflow (15% and 9% respectively). The bank inflow remains persistent in the bank outflow for a
long time after the event and 5% of the bank outflow is still composed of bank inflow water at 100 days.
3.2.3. Event Return Time Frames
The time frames of the return of bank inflow in bank outflow are presented in Figure 6. Without the occur-
rence of subsequent bank inflow events, the depletion of the event is much smoother than for the case
with diurnal oscillations. However, even in the absence of the subsequent bank inflows, the water remains
persistent in bank outflows. At 100 days, 94 days after the commencement of bank outflow, 3% of the bank
inflow remains in the bank. The bank outflow immediately following the event does not return as higher
fraction of the water when compared to the diurnal fluctuations. The bank outflow rates are not as high as
for the diurnal case, preventing a large portion of the bank inflow being returned over a short time. Hydro-
dynamic mixing with water that was present in the bank prior to bank inflow results in a reduced fraction of
stream water in the bank outflow, which is consistent with the observation of multiple events in bank out-
flow due to diurnal fluctuations (Figure 3b). The flow patterns and transport processes in the bank prevent
a last in, first out scenario.

3.3. Sensitivity of Dispersivity Parameter
The bank outflow RTDs presented in section 3 represent combinations of bank inflow events. The main
mechanism responsible for the mixtures in the bank is the hydrodynamic dispersion. The choice of disper-
sivity will impact how the individual bank inflow events combine to produce bank outflow RTDs. Figure 7
presents a sensitivity of RTDs induced by diurnal fluctuation in stream stages at a various points of a bank

Figure 5. Results of simulation of stream fluctuations caused by a storm flow event (Figures 2a and 2c). (a) Exchanges between surface
water and groundwater. Positive values and solid lines represent bank inflows. Dotted lines and negative values represent bank outflows.
(b) Residence time distributions of bank outflows. (c) Residence time distributions at specific times.
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outflow event (section 3.1 and
Figure 3c). The figure represents
the chosen value and values ten
times lower, and five times
higher. The diurnally fluctuating
case is presented as impacts
would be most evident, due to
the large number of individual
events present.

At the commencement of the
bank outflow event (19.8 days,
Figure 7a), a lower dispersivity
value results in a higher fraction
of bank outflows being com-
posed of the most recent bank
inflow event and a lower frac-

tion of prior bank inflow events relative to the baseline scenario. For a larger dispersivity value, a lower frac-
tion of the most recent bank inflow event is present, with a higher fraction of prior events relative to the
baseline scenario. As the time since the commencement of bank outflows increases (20.0 and 20.2 days, Fig-
ures 7b and 7c), the fraction of recent bank inflow events is more prominent in the high dispersivity sce-
nario. Conversely, the fraction of earlier bank inflow events is elevated for the low dispersivity case. This is
consistent with the findings of McCallum et al. [2010], who demonstrated that a higher dispersivity resulted
in an initially lower volume of bank inflows in bank outflows; however, bank inflow remained persistent in
outflows for longer periods. A lower dispersivity resulted in an initially high fraction of bank inflow in bank
outflow water, with the bank inflows removed in bank outflows over a shorter period.

This sensitivity analysis suggests that although the timing of bank inflows will determine the range of ages
present in bank outflow RTDs, transport characteristics of the aquifer will play an important role in the
retention times of individual events. Specifically, a higher dispersivity will increase the residence time of
some fraction of individual bank inflow events. Hence local conditions that contribute to dispersion are
important to the relative fractions of bank inflow events in bank outflow RTDs.

4. Application to Cockburn River

As a final step, the methodology for investigating the transient return flow time frames was applied to field
data. Stream levels for the Mulla Crossing gauging site on the Cockburn River, eastern Australia were used.

Figure 6. Fraction of water from the storm flow event remaining in the stream bank as a
function of time. Values calculated using equation (2).

Figure 7. Sensitivity of bank outflow residence time distributions to the dispersivity parameter. The figure is based on the same conditions
as Figure 2c. In all cases the labeled values represent longitudinal dispersivity. Transverse dispersivity is two orders of magnitude lower in
all scenarios.
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The site has been used for a number of previous studies [Cook et al., 2006; Lamontagne and Cook, 2007;
McCallum et al., 2010; Welch et al., 2013]. The flow model used was previously calibrated to stream electrical
conductivity data by McCallum et al. [2010]. River levels were obtained from New South Wales Water Infor-
mation (Figure 8a) [Realtimedata.water.nsw.gov.au, 2015]. The simulated period for groundwater flows was
215 days between 4 April and 5 November 2014. RTDs were simulated for the final 115 days.

4.1. Water Exchanges
Bank inflows occur during high stream stages over relatively short time frames at high flow rates (Figure
8a). The highest bank inflow rate of 2.03 m2d21 occurred due to stream stage rises between 100 and 120
days. A maximum bank outflow rate of 0.24 m2d21 (roughly 12% of the maximum bank inflow rate) occurs
at 214 days due to low stream stages. The discrepancy in bank inflow and outflow rates observed is similar
to the theoretical event flows presented in section 3. However, subsequent bank inflows occur irregularly,
interrupting the bank outflows composed of previous bank inflow events. Bank outflows have a much lower
magnitude than the bank inflows, consistent with previous simulations and in some cases, the hydraulic
return times are not met prior to subsequent bank inflows (i.e., the entire volume from the previous event
has not returned to the stream). This can have greater implications than the diurnal fluctuations because
larger portions of water from individual bank inflow events can be trapped in the bank by more recent
events, increasing residence time.

4.2. Residence Times
The irregular nature of the flow events is demonstrated in the RTDs (Figure 8b). As in Figure 3b, white
spaces represent periods where bank inflow is occurring in all parts of the stream. As with the theoretical
examples, the RTDs represent the timing and magnitude of bank inflows. Small bank inflow events, such as
those occurring at 135 and 175 days, are returned in bank outflows quickly. Large events remain persistent
in the bank for some time. This is consistent with the theoretical case for a single storm flow event. How-
ever, subsequent bank inflow events interrupt bank outflows, resulting in reductions in fractions of previous
bank inflows at least momentarily. Figure 8c presents the RTDs of bank outflow at specific times. Unlike the

Figure 8. (a) Stream stage from Mulla Crossing gauging station, Cockburn river (black lines), bank inflows (solid grey lines) and bank out-
flows (dotted grey lines). (b) Residence time distributions of bank outflows. (c) Residence time distributions at specific times.
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ideal events used as examples,
the composition of bank out-
flows is much more erratic. This
reflects the nature of fluctuating
stream stages in the catchment.

The RTDs in Figures 8b and 8c
show some resemblance to the
theoretical cases. The contribu-
tion of multiple bank inflow
events in the RTDs of bank out-
flow is consistent with RTDs
caused by diurnal fluctuations.
However, the persistence of
individual bank inflow events
for long periods of time is con-
sistent with RTDs generated by
a single event. Most evident is

that when the magnitude of bank inflow events and the duration of bank outflows are different, the bank
outflow RTDs are unpredictable, with the exception that only residence times corresponding to bank inflow
periods are present.

4.3. Event Return Time Frames
Figure 9 presents the fraction of water remaining in bank for the three events identified in Figure 8a. Of
note is that these events begin after a bank outflow period (in the 100 days prior to this event, there was
only one significant inflow event). Event 1 appears to have the longest return time. The return time of Event
2 is shorter. The bank inflow associated with Event 2 also stops previous events returning to the stream
momentarily. Bank outflow is initially composed of the most recent bank inflows, but over time the bank
outflow contains contributions from previous events. The bank inflow events remain persistent in the bank
due to dispersion and diffusion, preventing a pure last in, first out scenario. A large portion of bank inflows
associated with Event 3 are returned in the bank outflows that immediately follow. Unlike Events 1 and 2,
bank inflow associated with Event 3 is not significantly larger than the bank inflow from subsequent events.
For this reason, a lower proportion of bank outflow will be composed of water from this event after the
commencement of the series of small events starting at 165 days, which leads to the plateauing of the
returned fraction (Figure 8b).

In Figure 4, the regularity of bank inflow events allows for consistent patterns to occur, and in Figure 6, the
bank outflow continues uninterrupted. When the magnitude of bank inflow events and the duration of
bank outflows are varied, the retention of individual bank inflow events will be dependent on previous and
subsequent events. The results presented in Figure 9 represent cases where the magnitude of the bank
inflows and the length of the bank outflow periods are irregular. The variability between the magnitude
and return time frames of the individual events results in significant variations between events, making
behavior less predictable.

5. Discussion and Conclusions

In this paper we have applied a transient residence time approach to the investigation of exchanges occur-
ring between streams and bank groundwater. The largest difference between our work and previous work
assuming steady-state conditions is that the residence times present in the near stream sediments only rep-
resent times when bank inflow is occurring, rather than the continuous range of residence times. Steady-
state assumptions therefore focus on flow patterns and transport mechanisms. Transport mechanisms and
flow patterns are also important here as they allow for water from multiple bank inflow events to combine.
However, the most important outcome here is that the residence times induced by transient stream fluctua-
tions are dependent on the timing and magnitude of bank inflows, and these will determine the shape of
the RTD.

Figure 9. Fraction of water remaining in the bank for the time after the commencement
of bank inflows. The three events are labeled in Figure 8. Event 3 is only plotted for 70
days, as the event only occurred 70 days prior to the end of the simulation.
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The residence times investigated here can add further understanding to the phenomena observed in previ-
ous bank storage investigations. Given the long residence times in banks, it is likely that this would reduce
amounts of oxygen and nutrients in water and also retain contaminants in the banks longer; however, these
functions will also depend on the presence of microbes that consume oxygen and nutrients, the availability
of carbon, and temperature. Bank outflows would also affect assemblages living at the interface [Boulton
et al., 2010]. The period of time that water spends in banks, and the role of subsequent events can explain
long recessions of stream chemistry [McCallum et al., 2010], nitrate removal [Gu et al., 2012], contamination
buffering [Squillace et al., 1993] and stream temperature buffering [Anderson et al., 2011]. Importantly, the
use of a transient framework allows for RTDs to be deconstructed into multiple events. RTDs composed of
individual events will have important implications for stream functions.

In this study, we have focused on exemplifying the mechanisms involved in this process. In natural systems,
this process of event-based bank storage will occur at a wide variety of temporal scales. The magnitude of
waters exchanged will be dependent on ambient groundwater conditions, hydraulic conductivity, porosity
of the aquifer, hydraulic gradients, heterogeneity and the magnitude of the event [Chen and Chen, 2002;
McCallum et al., 2010; Gu et al., 2012; Welch et al., 2015]. The transient exchange is controlled in a large part
by the difference between the saturated and residual porosities, or the specific yield, as this will determine
the amount of water required to raise the water level in the bank relative to the stream. The relative magni-
tudes of the water exchanged and the water remaining in the stream are also of interest. One way to com-
pare this is to use the fraction of water remaining in the stream to the total inflow volumes. This represents
the stream volume consistent with the representations in Figures (4 and 6), and 9. A number greater than
one indicates that the volume of the stream is greater than the exchange volume. In the diurnal case, the
fraction of the volume remaining in the stream compared to total volume exchanged during a single event
is a maximum of 2.9 with a mean of 1.4 (or 290 and 140% of the total volume exchanged respectively, com-
parable to Figure 4). For the event flow case, the volume remaining in the stream as a fraction of the total
volume exchanged varies between 0.09 and 0.47 (comparable to values in Figure 6). In the field case, the
stream flow volume fractions varied between 0.03 and 0.66 of the total volume exchanged during event 1
(comparable to values from Event 1 in Figure 9). Clearly both the stream volumes and the volumes of
stream water in the near stream sediments are transient. However, a larger fraction is exchanged relative to
the stream volume where longer recession times occur between events as is evident by the relatively small
fraction of streamflow volume to exchange volumes.

The simulations undertaken here also assumed homogenous sediments. Physical heterogeneities may also
impact RTDs [Weissmann et al., 2002; Engdahl et al., 2012; McCallum et al., 2014]. Considerable heterogeneity
exists in stream bank environments. This heterogeneity has been observed to impact water exchanges and
pressure propagation [Heeren et al., 2014; Menichino and Hester, 2015; Noorduijn et al., 2014] and solute
transport [Fox et al., 2011; Newman and Keim, 2013]. Future work is needed to quantify these effects of dis-
persivity and heterogeneity more precisely.

We have not accounted for other processes that impact residence time that occur at catchment scales (e.g.,
drainage of regional groundwater [Modica et al., 1997]; hill slope processes [Fiori and Russo, 2008, 2013]). As
a result of other processes, water in these flow events may be composed of both event and preevent water
which may have implications for the residence times and hence chemistry in the near stream environments
[Glover and Johnson, 1974]. Additionally, rising stream stages will also have an impact on the exchange
processes in the stream bed as rising stream stages will alter gradients and modify the extent of the hypo-
rheic zone [Arntzen et al., 2006; Fritz and Arntzen, 2007; Zimmer and Lautz, 2014; Dudley-Southern and Binley,
2015].

Our results have shown that transient stream fluctuations will contribute to the residence times observed at
catchment scales [Kirchner et al., 2000]. However, on the timescales of applied tracer tests, these events are
unlikely to contribute to observed power-law residence time distributions [Haggerty et al., 2002]. These are
better explained by previous studies of topographical features [e.g., Cardenas, 2008a]. At a larger scale, the
time frames shown here are similar to those generated by the sinuosity of meandering streams, but greater
than bedform driven flows [Cardenas, 2008a]. Processes that lead to the exchanges investigated in this
paper are not continuous, so their contributions will depend largely on the frequency and magnitude of the
stream stage fluctuations. In places with frequent fluctuations in stream stage, these events may be a signif-
icant contribution to the lag-times of catchments.
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In this paper we have demonstrated how transient stream stage fluctuations impact on RTDs in near stream
environments. The nature of the residence times and the duration of time stream water spends in stream
banks is characterized by the relative magnitudes and durations of bank inflow and outflow events, and the
frequency of subsequent events. Bank inflows happen at a higher flow rate than bank outflows. In our
example, the maximum bank outflow rate was only 12% of the maximum bank inflow. Subsequent bank
inflows also interrupt bank outflows. In our example, between 10 and 70% of the most recent bank inflow
event was returned in bank outflows before the next bank inflow (Figure 9). This results in the residence
time of bank outflows being composed of a number of discrete residence times as opposed to continuous
residence times. In theory, these events should be quantifiable if the timings of these events are known. For
this reason, residence times may be described as a combination of these discrete events, simplifying the
process of estimating residence times. Future work should focus on the identification of bank inflows pres-
ent in near stream sediments, and their biogeochemical implications.
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