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Abstract

Understanding spatial distribution of discharge can be important for water quality and
quantity modeling. Non-steady flood waves can influence small headwater streams sig-
nificantly, particularly as a result of short high intensity summer rainstorms. The aim of
this paper is to quantify the spatial and temporal dynamics of stream flow in a headwa-
ter catchment during a summer rainstorm. These dynamics include gains and losses of
stream water, the effect of bypasses that become active and hyporheic exchange fluxes
that may vary over time as a function of discharge. We use an advection-dispersion
model coupled with an energy balance model to simulate in-stream water tempera-
ture, which we confront with high resolution temperature observations obtained with
Distributed Temperature Sensing. This model was used as a learning tool to stepwise
unravel the complex puzzle of in-stream processes subject to varying discharge. Hy-
potheses were tested and rejected, which led to more insight in spatial and temporal
dynamics in discharge and hyporheic exchange processes. We showed that infiltra-
tion losses increase during a rain event, while gains of water remained constant over
time. We conclude that, eventually, part of the stream water bypassed the main chan-
nel during peak discharge. It also seems that hyporheic exchange varies with varying
discharge in the first 250 of the stream; while further downstream it remains constant.
Because we relied on solar radiation as the main energy input, we were only able to
apply this method during a small event and low flow. However, when additional (artifi-
cial) energy is available, the presented method is also applicable in larger streams, or
during higher flow conditions.

1 Introduction

Understanding discharge generation processes in headwater catchments is crucial for
water quality and quantity modeling (Bonell, 1998). However, it is often difficult to
differentiate between different runoff generation processes. A classical way to do this
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is by hydrograph separation techniques using end-member mixing analysis approach
(Sklash and Farvolden, 1979). This technique can be useful in differentiating between
different source areas or between event and pre-event water (Uhlenbrook and Hoeg,
2003). However, spatial resolution is often low, fluxes are lumped and uncertainties
can be high.

Understanding spatial distribution of discharge can be important since non-steady
flood waves can influence small headwater streams significantly, particularly as a result
of short high intensity summer rainstorms. During such events, discharge can more
than double, and side channels can become active. Also subsurface storm flow may
occur, although a certain storage threshold in the hillslope has to be passed before this
mechanism becomes active (e.g. Tromp-van Meerveld and McDonnell, 2006).

To observe the spatial and temporal distribution of lateral inflows, several researches
excavated trenches (Woods and Rowe, 1996; Weiler et al., 1998; Uchida et al., 2005;
Retter et al., 2006; Gomi et al., 2008; Tromp-van Meerveld et al., 2008). Although
these were able to give spatial and temporal flow information, installation of trenches
is destructive and limited in size (2-60 m).

Another approach was presented by Ragan (1968). He monitored all incoming water
fluxes in a 190 m long stretch, including the change of in-stream storage. He added
one term to close the water balance, which he concluded to be subsurface stormflow.
Although he is one of few who gained insights in temporal and spatial dynamics of
lateral inflow without the use of trenches or 3-D groundwater-surface water models, he
did not include infiltration losses of stream water or hyporheic exchange in his analysis
while also the location of the calibrated subsurface stormflow was unknown.

Stream water losses (or downwelling fluxes) are difficult to quantify, since it does not
influence stream water quality directly. To determine these fluxes, some researchers
observed vertical subsurface temperature profiles, which, when coupled with a vertical
advection-dispersion model gave flow rates and directions (Stallman, 1965; Lapham,
1989; Taniguchi and Sharma, 1990; Silliman et al., 1995; Constantz and Thomas,
1996; Constantz, 1998; Constantz et al., 2003; Becker et al., 2004; Niswonger et al.,
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2005; Blasch et al., 2007). However, these profiles were point measurements along
the stream, obtained during steady state discharge conditions.

Moreover, hyporheic exchange fluxes may change with varying discharge. This trig-
gered research on seasonal changes in hyporheic exchange, determined from head
differences in a vertical profile using piezometer nests (Harvey and Bencala, 1993;
Wroblicky et al., 1998; Bartolino, 2003). In addition, on the timescale of one flood wave,
coupled 3-D groundwater-surface water models were developed (Lal, 2001; Habel and
Bagtzoglou, 2005; Boano et al., 2007; Ha et al., 2008). However, these deterministic
models require an accurate description of hydraulic conductivities and bedforms while
such data are often not available. To overcome this problem, hyporheic exchange has
been quantified using in-stream tracer tests. Most studies linking hyporheic exchange
with discharge did their tracer tests during different discharge regimes (Legrand-Marcq
and Laudelout, 1985; Harvey et al., 1996; Morrice et al., 1997; Zarnetske et al., 2007;
Schmid, 2008; Schmid et al., 2010), different morphological states (Hart et al., 1999;
Harvey et al., 2003) or between different streams (D’angelo et al., 1993; Morrice et al.,
1997; Schmid et al., 2010), but always during steady state flow conditions and not
during a complete rainstorm.

The aim of this paper is to quantify the spatial and temporal dynamics of stream flow
in a headwater catchment during a summer rainstorm. These dynamics include gains
and losses of stream water, the effect of bypasses that become active and hyporheic
exchange fluxes that may vary over time as a function of dicharge. In a previous study
we showed the relation between hydraulics, in-stream temperature and hyporheic ex-
change in a first order stream during steady state discharge conditions (Westhoff et al.,
2011). In this paper we focus on the dynamic effects that occur during and after a small
intensive summer rainstorm. We use an advection-dispersion model coupled with an
energy balance model to simulate in-stream water temperature, which we confront with
high resolution temperature observations obtained with Distributed Temperature Sens-
ing (DTS). Together with upstream and downstream discharge observations, we were
able to locate and estimate the dynamics of hyporheic exchange, lateral inflows and
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bypasses. We used the method as a learning tool in which we stepwise unravel the
complex interactions and dynamics in discharge.

2 Site description and measurements
2.1 Site description

This research took place in a 565 m long branch of the Maisbich: a first order stream in
central Luxembourg (49°53' N and 6°02' E). The investigated branch drains an area of
0.34 km?. The stream has an average slope of 18%, with on both sides steep forested
hillslopes (Fig. 1).

The schist bedrock is covered by a few meter thick layer of fractured rock, with vary-
ing clay content. On top of this layer, a layer of fine sediments developed which is <1m
thick in the riparian zone and on the hillslopes. On the plateau, this layer is a couple
of meters thick. Most of the water drains from the plateau. The stream originates in a
small depression at the transition between hillslope and plateau. Around the stream,
colluvial sediments and a thin soil layer, cover the schist. The stream scoured the soll
layer, creating at many places steep banks of 0.2—1 m high. The streambed is rough
with many in-stream rock clasts. Summer storm flows are characterized by a double
peak: the first peak is mainly caused by “rain on water” and rain on saturated riparian
land (saturation overland flow), while the second peak is assumed to be subsurface
storm flow (Fig. 2).

Along the stream, 4 distinct lateral, partly submerged inflows are present at 104,
178, 350 and 414 m from the upstream V-notch wier, respectively. These inflows gen-
erally are cracks in the underlying bedrock from where water seeps to the stream. Two
smaller inflows enter the stream at 383 and 393 m, but they are <5% of the discharge
directly downstream of the inflow, and too small to monitor. During the studied period
(22 and 23 June 2008), two areas of stream water loss were identified: one area be-
tween 60 and 77 m where ~90% of water infiltrates into the subsurface and a smaller
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one between 233 and 247 m where ~45% of the water infiltrates. In-stream salt injec-
tion tests during previous field campaigns demonstrated, that at least part of the water
that infiltrates between 60 and 77 m, returns to the stream at 104 m (data not shown). A
previous study by Westhoff et al. (2011) showed that at many places along the stream
small scale hyporheic exchange is present.

2.2 Measurements

Two V-notch weirs are present at the upstream and downstream end of the studied
stream reach. They have been equipped with pressure loggers (Keller DCX22), mon-
itoring water levels at 10 min intervals. During the studied period, the pre-event dis-
charge was 0.44 and 0.65| s~ for the upstream and downstream V-notch weir, respec-
tively. Peak discharge was 1.9 and 1.81s7" (Fig. 2).

Along the entire stream, temperature was measured with a DTS system (Halo, Sen-
sornet, UK). The system gives an integrated temperature for each 2 m along a fiber op-
tic cable which is averaged over 3min. The precision, using these settings, is ~0.1°C.
Comparison with independent temperature loggers (TidbiT v2 Temp logger, HOBO,
USA) at 12, 176 and 347 m gave a Root Mean Square Error (RMSE) of 0.27 °C (for a
more detailed description about DTS see, Selker et al., 2006a,b; Tyler et al., 2009).

The water temperature of each of the 4 distinct sources was measured with indepen-
dent temperature loggers (TidbiT v2 Temp logger, HOBO, USA) at a 6 minute interval.
At the 3 most upstream inflows, also the stream water temperature just upstream and
downstream of the inflow was measured with the TidbiT temperature loggers.

In the meadow just uphill of the upper V-notch weir, a HOBO weather station was
installed, measuring incoming solar radiation, air temperature, air pressure, wind speed
and wind direction. Relative humidity was measured in Ettelbruck (~6 km from the site)
by the Administration des Services Techniques de I'Agriculture (http://www.asta.etat.
lu), with a temporal resolution of 10 min.
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3 Methods
3.1 Previous work and model description

This study builds on previous work by Westhoff et al. (2007, 2010, 2011). In this section
we only give a short description of this work. For further details, the reader is referred
to the original studies.

The used model consists of three coupled models: a hydraulic routing model, a
transport model for temperature and an energy balance model. The routing model
is based on the Saint Venant equation (Stelling and Duinmeijer, 2003) and is used
to determine the spatial and temporal varying discharge, cross-sectional area, width
and wetted perimeter of the stream, which are all input variables for the transport and
energy balance model. The relative contributions of the four distinct lateral inflows
are determined by a simple mass balance using the observed temperatures upstream
and downstream of the lateral inflow and of the inflow itself (Westhoff et al., 2010).
The infiltration losses and the two small inflows are estimated by comparing the ob-
served upstream discharge plus all inflows and losses with the observed downstream
discharge.

The transport model is based on the advection-dispersion equation with 2 transient
storage zones. One transient storage zone represents heat exchange with in-stream
rock clasts, which Westhoff et al. (2010) found to be an important mechanism in this
stream. The heat exchange with the in-stream rock clasts is assumed to be instan-
taneous, meaning that the rock clasts always have the same temperature as the sur-
rounding water.

The second transient storage zone represents the hyporheic zone (Westhoff et al.,
2011). These zones are assumed to be well mixed reservoirs and situated in the
subsurface below the stream, where they also exchange heat with the deeper soil. No
lateral hyporheic flowpaths have been taken into account. The exchange coefficient (@)
and volume of the hyporheic zone (A;dx) were calibrated by Westhoff et al. (2011) for
steady state summer baseflow. Flow conditions during their study were similar to the
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pre-event conditions of this study. The hyporheic zone is assumed to be located under
the stream and has the same width as the wetted perimeter.

The energy balance model is a sink/source term in the transport model, taking the
solar radiation, longwave radiation, latent heat, sensible heat and riverbed conduction
into account, and is determined for each time step (Westhoff et al., 2007). Westhoff
et al. (2011) made a few changes to this model: The riverbed conduction is determined
up to a depth of 1 m below the stream and the latent and sensible heat equations are
taken from Monteith (1981). This is because we observed relative humidities of up
to 100% during this study, while the Bowen ratio used in Westhoff et al. (2007) is not
suitable for such high relative humidities.

The governing equations of the transport model are:

04, 0Q

—_—t— = RW, 1
ot Tox ItiVR (1)
0A, T, oQr,, 0 or,,
Zbw —w = (-A,D=N 2
= PwCw(QLTL + RWRTR) + 0y Co @AW (Thy = Ty) + Wo P atm + A Ppeq
T, T, A, Dpog
—S - K —S2 4@ (T, -T,)- 3
ot S 622 +aAhz( w hz) Cbpbdz ( )

where Q, Aand T are the discharge [m33‘1], cross-sectional area [m2] and temperature
[°C]. R is the precipitation [ms'1], Wr the width at which the precipitation turns immedi-
ately into runoff [m] and T is the temperature of the precipitation ["C]. g, is the lateral
inflow per unit stream length [m2 3'1], p and c are the density [kg m'3] and heat capac-
ity [Jkg_1°C‘1], D is the longitudinal dispersion coefficient [m?s™'], @ is the hyporheic
exchange coefficient [3'1], W, and A, are the width [m] and the wetted perimeter [m].
®D4m and Py are the net energy exchange [Wm™2] through the water-air interface

2182

Jadeq uoissnosiq | Jeded uoissnosiq | Jadedq uoissnosiqg | Jeded uoissnosiq

HESSD
8, 2175-2205, 2011

Spatial and temporal
discharge dynamics

M. C. Westhoff et al.

: “““ I““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/2175/2011/hessd-8-2175-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/2175/2011/hessd-8-2175-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and water-streambed interface, respectively and Kj is the thermal diffusivity of the sub-
surface [m2 s_1], while #, x and z are time [s], distance along the stream [m] and depth
below the stream [m]. The subscripts w, L, s and hz stand for water, lateral inflow, sub-
surface and hyporheic zone, while b stands for the bulk of stream water and in-stream
rock clasts.

In Eq. (3), the second term on the right hand side is only taken into account for the
locations (longitudinal as well as vertical) where hyporheic exchange was identified.
The third term describes the heat exchange between the subsurface and the stream
and is therefore only applied at the top layer of the subsurface.

This model was calibrated for a 2 day period in July 2009, during steady state
discharge conditions with the aim of assessing hyporheic exchange (Westhoff et al.,
2011). For this study, we first validated the model for a 2 day period prior to a rainfall
event at 22 June 2008 20:40, during which the discharge was steady.

3.2 Stepwise improvement of dynamic discharge simulations

In this study, we follow a downward approach in which we stepwise improve the model
(Klemes, 1983; Jothityangkoon et al., 2001; Sivapalan et al., 2003). This means that
we first model a simple case, and based on the results, we stepwise increase model
complexity and develop and test new hypotheses to improve the model results. We
combine this with a multi-objective model evaluation (Fenicia et al., 2008). The ob-
jective functions are (1) the Root Mean Square Error of the downstream discharge
(RMSEy), (2) the Root Mean Square Error of the in-stream temperature (RMSE+) and
(3) the Root Mean Square Error of the relative contribution of the second lateral inflow
at 178 m (RMSE),).

For calibration, we split the observed hydrograph in two parts because different pro-
cesses are responsible for the discharge peaks: the first peak is mainly caused by rain
on water, while the second peak is assumed to be caused by subsurface storm flow.
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3.2.1 First discharge peak

In a first step we only focus on the first discharge peak (between 22 June 2008 20:40
and 23 June 2008 01:00). Here we calibrated 3 parameters. These parameters are:
(1) the losses of water which we describe as a function of discharge, (2) the area
where saturation overland flow takes place (Wg): this is the stream itself and its near
surroundings and (3) the temperature of the rain water (Tg). The first two influences
both downstream discharge and in-stream temperature, while the third parameter only
influences in-stream temperature.

3.2.2 Second discharge peak

During the second step of the calibration we focus on different processes that occur dur-
ing the second discharge peak, which we assume is subsurface storm flow orriginating
from the area upstream of the upstream V-notch weir. We first extend the simulation
period of the first step with 9 h until 23 June 2008 10:00 to cover the second discharge
peak, without changing any parameter. In this run we found a couple of mismatches
between observed and simulated discharge and temperature. For reasons of clarity we
treat these temperature and discharge mismatches separately, although we recognize
that discharge influences temperature as well.

In-stream temperature

To improve the simulated temperature, we investigated the effect of constant and vari-
able hyporheic exchange parameters (i.e. the flux between the stream and hyporheic
zone, and volume of the hyporheic zone). This results in 4 different alternatives:

1. Qnyp = @A, dx and W, = Ap,dx = P,z,,dx, where z,, is the thickness of the hy-
porheic zone, and is assumed to be constant in time. For the exchange flux we
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used the widely used expression from Runkel (1998). For the volume of the hy-
porheic zone we assumed that the thickness would remain the same, and V,
depends linearly on the wetted perimeter of the stream.

2. Both the @y, and I, are constant over time and keep the pre-event values.
3. Qnyp = A, dx and V,, is constant over time.

4. Qyp is constant over time and V,, = B,z,,dx.

Discharge

The calibrated run of the first discharge peak was used for the second peak. This
simulation resulted in a difference between simulated and observed downstream dis-
charge for the second peak. In this step we took the difference between observed and
simulated downstream discharge, and added this as a lateral inflow at distance x;. By
changing the position of this new lateral inflow, we tested 3 different hypotheses on
where this water came from.

1. As a diffuse source between 250 and 350 m. The reason for this is that when
this new water is cooler than the stream water (as a first estimate we took the
temperature of the third lateral inflow for the temperature of this new inflow), it
would cool down the stream water, which would result in a better fit.

2. As extra water from the second lateral inflow point at 178 m. Reason for this is that
when the stream discharge is higher, the water would not heat up as rapidly. The
reason for adding this new water at an already existing source is that preferential
flowpaths already direct water to this point. Extra subsurface storm flow would
then easily directed to the same place.
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3. As a new source at 117 m. During high (winter) flows, we have observed that part
of the stream water bypassed the channel between ~80 and 117 m. Here we test
if this also happens during this summer rain storm.

4 Results

Validation of the model as calibrated by Westhoff et al. (2011) was done for the period
21 June 2008 00:00 until 22 June 2008 20:40, which was just before the start of the
storm event. The validation run had a RMSE of 0.51°C (for comparison: the RMSE+
of the calibrated model was 0.66 °C for the same time span at 1 and 2 July 2009).
The difference in the RMSE; was mainly caused by the fact that during the calibration
period the fiber optic cable was not submerged at a few distinct places. During the
validation the simulated temperature downstream of 420 m was about 1°C too high
during the night.

4.1 First discharge peak

The first discharge peak was calibrated by varying the infiltration losses (g, < 0), the
width accounting for “rain on water” (Wg) and the temperature of the rain (7g). Keeping
the losses constant over time and Wy the same as the stream width W, resulted in
a simulated downstream peak discharge arriving 50 min too late (line a in Fig. 3).
Therefore we made the losses dependent on discharge (line b in Fig. 3): between
233 and 247 m the loss was set to be 45% of the discharge at 232 m. Between 60
and 77 m, the loss was set to 95% during pre-event discharge (O.4Is"1) and 88%
during peak discharge (1.9Is’1). To be able to simulate the observed downstream
discharge peak properly, we had to change W to 1.7 m for the entire stream to account
for the additional saturated overland flow. After this refinement we obtained a RMSEq

of 0.111s™" (line ¢ in Fig. 3). Good temperature simulations were obtained when Ty
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was taken 2.4°C lower than T, which can be seen as a correction for the wet bulb
temperature. This resulted in a RMSE+ of 0.34°C (Fig. 4a).

4.2 Second discharge peak

Extending the simulation period until the second discharge peak, while keeping the
same parameters as during the first discharge peak, resulted in a too low downstream
discharge between 03:00 and 10:00 h (Fig. 5). During the same period, the temper-
ature between 250 and 350 m and downstream of 420 m was also too high (Fig. 4b).
Here, we treat both discrepancies separately.

In-stream temperature

Although we recognize that discharge influences in-stream temperature as well, we
focus first on the influence of different hyporheic exchange scenarios. The 4 differ-
ent scenarios tested (Qy,, = @A, dx and W, = R,z,,dx; Qy, and V,, are constant over
time; Qy,, = @A, dx and V;,, is constant over time; and Q,,, is constant over time and
V., = B,2n,dx), gave different results for different sections in the stream. In Fig. 6a the
RMSE;- is shown for the time series between 01:00 and 10:00 h for each observation
point (a moving average over 3 points was plotted to get slightly smoother lines). Until
250 m the temperature was best simulated when both the hyporheic flux and the vol-
ume of the hyporheic zone were taken variable over time, while downstream of 250 m
best results were obtained when both were constant over time. From Fig. 6a, it is also
seen that when only V, is variable while Qy, is constant, results hardly differ from
the case where both are constant over time. The difference between a constant and
variable V4, is slightly larger when Q,, is variable.
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Discharge

During the second peak, the simulated downstream discharge is too low between 03:00
and 10:00h: apparently there is some lateral inflow, which we did not encount for
(Fig. 5). The difference between the two hydrographs (shaded area in Fig. 5) has been
added to the stream at different locations x;, while we used the RMSE; and RMSE
to test the effect of the different locations (the RMSEj are equal for each scenario,
because the same amount of water was added for each scenario). As a reference
case, we used a hyporheic exchange scenario during which @y, and V;,, are variable
between 0 and 250 m while downstream of 250 m they are constant over time. Because
the temperature downstream of 420 m was also too high during the validation, we only
focus on the area upstream of 420 m.

Between 117 and 260 m, the RMSE; is the lowest when the new source is added at
117 m. Between 260 and 320 m best results were obtained when the new source was
added at 178 m, while downstream of 320 m the diffuse source added between 250 and
350 m gave best results (Fig. 6b). Comparing the different scenarios with the observed
relative contribution of the second source, shows the best results when water is added
at 117 m, (Fig. 7, RMSE, is 4.3% for the time series between 01:00 and 10:00 h), with
slightly poorer performance for the diffuse source (RMSE, is 5.8%). Note that the
latter does not effect the seconds source compared to the reference simulation, since
the new source was added downstream of this point. The scenario where the source
was added as extra water at the second source totally mismatches the observations
(RMSE, is 18.2%), indicating that this hypothesis should be rejected.
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5 Discussion
5.1 Reality check

The presented method combines 2 sources of information: discharge observations and
temperature observations. By combining these, we were able to investigate the spatial
and temporal distribution of discharge along the whole length of the stream. In our
approach we used the method as a learning tool to test, and more important, to reject
hypotheses. In such a top-down approach, stepwise improvement of the model should
be coupled with expert knowledge. Since a large amount of different observations are
needed to constrain the different calibration parameters, all parameters and scenarios
should be discussed for their physical meaning and realism (Seibert and McDonnell,
2002).

During the first discharge peak we calibrated 3 parameters: Wy, Ty and stream
losses. In our case study Wy has limited physical meaning, since it corrects for errors
in observed rainfall and discharge. The intensive rainstorm lasted for less than 10 min,
while the logging interval of both, rainfall and discharge was also 10 min, which makes
it likely that observed discharged is underestimated. Because the ‘rain on water’ and
saturation overland flow is the main process causing the first discharge peak, a higher
Wg could easily correct for these errors in the observations. Yet, the obtained value of
1.7 m seems realistic.

The temperature of the rain Ty is difficult to measure. As a first estimate air tempera-
ture was taken. However,the simulated in-stream temperature appeared to be too high
during and just after the rainstorm, which was reason to decrease this temperature
with 2.4°C. This corresponds with the wet bulb temperature obtained with a relative
humidity of 80%, which is similar to the observed relative humidity in Ettelbruck (ca.
6 km from the site).

Another result obtained is that infiltration losses are relative to in-stream discharge,
while gains of water are constant over time. We can explain that with the fact that the
whole catchment was relatively dry during the studied period and a 5 mm rainstorm is
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not enough to increase the groundwater level or to initiate runoff from the hillslopes.
Infiltration losses, on the other hand, can be large under these conditions and can vary
with discharge. When the width of the stream increases, bank infiltration can increase.
Due to the dry initial state, this infiltrated water can be retained in the stream bank after
the water level decreases again.

From line a in Fig. 3 it is seen that when the infiltration loss between 60 and 77m
is taken constant over time, the peak in downstream discharge occurs 50 min too late.
Therefore we can conclude with high certainty that this loss increases with increas-
ing discharge. For the total amount of infiltration losses in this area, we assumed a
linear relation between losses and discharge. However, numerous other relations or
hysteretic loops may describe the infiltration loss better.

The variability of the infiltration loss between 233 and 247 m is less accurate. As-
suming a constant loss here, would result in a downstream discharge peak lasting
15-20 min longer than observed (thus making the peak wider). Although a variable
loss of 45% of upstream discharge gave better results, the difference between a con-
stant and variable loss are much smaller than for the infiltration loss between 60 and
77m.

Different hyporheic exchange scenarios were only tested during the second dis-
charge peak. Reason for this is that during the first discharge peak, the different
scenarios did not lead to significantly different temperatures. This could be caused
by the fact that the discharge peak was not long enough to influence the temperature
in the hyporheic zone significantly. The different scenarios during the second peak
indicate that between 0 and 250m Q,, and V},, are variable with varying discharge,
while downstream of 250 m they remain constant with varying discharge (Fig. 6a). A
possible explanation for this spatial variability is that between 0 and 250 m, the width of
the stream increases a lot during peak discharge: about 1.7 times during the second
discharge peak and between 75 and 90 m the width increases to 6 to 10 times the orig-
inal width, compared to a factor 1 to 1.3 for the area downstream of 250 m. This results
in a much higher contact area between the stream and hyporheic zone. Beside the
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increase in stream width, more upwelling groundwater could influence the hyporheic
exchange as well (Harvey and Bencala, 1993; Harvey et al., 1996). However, as stated
before, the catchment was dry, so in our case an increase in upwelling groundwater
was most likely not the case.

The main objective of this study is to see where and when discharge was generated.
Here we tested 3 hypotheses about the location of the missing water to close the
water balance. The tested locations were chosen after the first results of the reference
simulation of the second peak. In principle, each location could be tested, but with
knowledge of the field site, only 3 locations where considered feasible. The location of
the diffuse source (250-350 m) was chosen, since it directly influences the in-stream
temperature at this location. However, the catchment was relatively dry, making it not
so likely that a new source arises after such a small rainstorm and for such a short time.
The hypothesis of the new source at 178 m, at the location of an already existing source
would pass the realism check, since only some extra water is needed to increase the
lateral inflow. However, our model results (especially expressed in RMSE; and Fig. 7)
give reasons to reject this hypothesis .

In the third scenario, we hypothesize that a bypass becomes active during the sec-
ond discharge peak. An active bypass has been observed during higher flows, and
therefore it is likely that it happened during this event as well. It also means that a
significant amount of water that we accounted for as infiltration loss between 60 and
77 m, filled the dry bypass, and only when the whole bypass was saturated, it con-
nected to the stream again. The initial wetting up of the bypass would also explain the
time lag between the first discharge peak and the activation of the bypass. Overall, the
third scenario seems the most likely one, alhough the first scenario of a diffuse source
between 250 and 350 m cannot be fully rejected either.

5.2 Limitation of method

Because temperature is used as a natural tracer, sufficient temperature fluctuations,
both in space and time, are needed to be able to distinguish between different fluxes.
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Unfortunately, we therefore could only apply this method during low flow and warm
days as we use natural heating via solar input. During winter, we observed too small
temperature fluctuations to apply this method. Even during larger summer rainstorms,
the spatial and temporal temperature fluctuations were not large enough to differentiate
between different runoff fluxes. We have to conclude that during high water conditions,
when subsurface storm flow becomes active and hydrologically it becomes more inter-
esting, the method cannot rely on solar energy input anymore, but sufficient additional
energy has to be added to the stream.

Another interesting question was what would happen with the hyporheic exchange
during non-steady state discharge conditions. The relation between hyporheic ex-
change and discharge or cross-sectional area is not known a priori. For reasons of
simplicity, we only tested the linear relation between @, and cross-sectional area as
described by Runkel (1998), versus no relation at all, while V4, was assumed to be lin-
early dependent with the wetted perimeter. Although these relationships are arbitrary,
it gives a first estimate of how hyporheic exchange varies with discharge.

In our case study the spatial and temporal distribution of both, hyporheic exchange
and discharge had to be taken into account. In streams with limited hyporheic ex-
change, it is possible to focus only on the discharge distribution, making the method
more reliable. The same is true when limited gains and losses are present in a stream.
In such a case it may be possible to test more complex relations between hyporheic
exchange and discharge.

6 Conclusions

In this paper we demonstrate a new method to identify spatial and temporal dynamics of
in-stream discharge. We combined a routing model with an advection-dispersion model
and an energy balance model, which we confronted with both, discharge observations
and high resolution temperature observations. This model was calibrated for steady
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state discharge by Westhoff et al. (2011). During this study;, it has been used to unravel
discharge dynamics during a small but intensive summer rainstorm.

Due to the complexity in this small stream, we used the model as a learning tool,
where hypotheses were formulated, tested and rejected or accepted. We showed that
during this rainstorm gains of water remained constant for the whole simulation period,
while losses of stream water increase with increasing discharge. This resulted in large
dampening of the observed upstream peak discharge, while “rain on water” and satu-
ration overland flow in the riparian zone were the main processes responsible for the
first discharge peak. During the second discharge peak, we simulated a too low down-
stream discharge, after which we tested different hypotheses on where the additional
water came from. We conclude that most likely a bypass becomes active, which first
had to be filled, before it was connected to the stream again.

Hyporheic exchange is likely to be variable with discharge in the upstream half of
the stream, where the stream width increases significantly with increasing discharge,
while in the downstream half temperature was better simulated if a constant hyporheic
exchange was assumed.

Overall, the proposed method offers more detailed insight in spatial and temporal
discharge dynamics, but for now application of this method is limited, because large
amount of energy input is needed to create enough temperature differences in both
space and time. In our case, we used only natural temperature variations, which made
this method only applicable for a small intensive summer rainstorm, during low initial
discharge. To apply this method during higher discharge or less favorable meteoro-
logical circumstances, more (artificial) energy input is needed. A possible way forward
may be to test this method downstream of a large dam or reservoir.
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Fig. 1. Map of the studied stretch of the Maisbich. The isohypse show the altitude above
mean sea level. Distances of the lateral inflows are distances from the upstream V-noth weir

measured along the stream.
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Fig. 6. RMSE; for (a) different hyporheic exchange scenarios, and (b) different locations of the
new source. Reference refers to the simulation where Q,,,, and I, are variable between 0 and
250 m and constant between 250 and 564 m, but without the new source. The numbers of the
other solutions are the location of the new source. A moving average of 3 observation point in
space was taken for all time series between 23 June 2008 01:00 and 10:00 h.

2204

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

HESSD

8, 21752205, 2011

Spatial and temporal
discharge dynamics

M. C. Westhoff et al.

(8)
@

]
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/2175/2011/hessd-8-2175-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/2175/2011/hessd-8-2175-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

a1 o
o o
>

N
o

Relative contribution (%)
w
o

207 QLobs
10! —— 250-350m
— 178m
— 117m
0 1 1 1
21:00 00:00 03:00 06:00 09:00

Fig. 7. Observed and simulated (3 scenarios) relative contribution of the second source.
The different scenarios are the locations where the new source was added. Shaded area is

observed contribution +10.
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