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Abstract. Understanding the spatial distribution of discharge 1  Introduction

can be important for water quality and quantity modeling.

Non-steady flood waves can, particularly as a result of shortJnderstanding discharge generation processes in headwater
high intensity summer rainstorms, influence small headwatecatchments is crucial for water quality and quantity model-
streams significantly. The aim of this paper is to quantify theing (Bonell, 1998. However, it is often difficult to differen-
spatial and temporal dynamics of stream flow in a headwatetiate between different runoff generation processes. A classi-
stream during a summer rainstorm. These dynamics includéal way to do this is by hydrograph separation using end-
gains and losses of stream water, the effect of bypasses thaiember mixing analysis approacBklash and Farvolden
become active and hyporheic exchange fluxes that may var§979. This technique can be useful in differentiating be-
over time as a function of discharge. We use an advectiontween different source areas or between event and pre-event
dispersion model coupled with an energy balance model tovater Uhlenbrook and Hogg2003. However, the spatial
simulate in-stream water temperature, which we compargesolution is often low, fluxes are lumped and uncertainties
with high resolution temperature observations obtained withcan be high.

Distributed Temperature Sensing. This model was used as a Understanding the spatial distribution of discharge can be
learning tool to stepwise unravel the complex puzzle of in-important since non-steady flood waves can influence small
stream processes subject to varying discharge. Hypothesdwadwater streams significantly, particularly as a result of
were tested and rejected, which led to more insight in theshort high intensity summer rainstorms. During such events,
spatial and temporal dynamics in discharge and hyporheidischarge can more than double, and side channels can be-
exchange processes. We showed that, for the studied streadome active. Also subsurface storm flow may occur, al-
infiltration losses increase during a small rain event, whilethough a certain storage threshold in the hillslope has to be
gains of water remained constant over time. We concludepassed before this mechanism becomes active Teogp-
that, eventually, part of the stream water bypassed the maiwan Meerveld and McDonnelP00§.

channel during peak discharge. It also seems that hyporheic To observe the spatial and temporal distribution of lateral
exchange varies with varying discharge in the first 250 m ofinflows, several researchers excavated trencWemds and

the stream; while further downstream it remains constantRowe 1996 Weiler et al, 1998 Uchida et al. 2005 Retter
Because we relied on solar radiation as the main energy inet al, 2006 Gomi et al, 2008 Tromp-van Meerveld et al.
put, we were only able to apply this method during a small2008. Although these were able to give spatial and temporal
summer storm and low flow conditions. However, when ad-flow information, installation of trenches is destructive and
ditional (artificial) energy is available, the presented methodlimited in size (2—60 m).

is also applicable in larger streams, during higher flow con- Another approach was presented Rggan(1968. He
ditions or longer storms. 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 among some oth-
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dynamics of iateral inflow without the use _of tren_ches or 3D X 790 v V notch weir

groundwater-surface water models, he did not include infil ®  Weather siation

tration losses of stream water or hyporheic exchange in his om & Laed inflow

analysis while also the location of the calibrated subsurface 4 Streamloss
60-77 m

stormflow was unknown.

Stream water losses (or downwelling fluxes) are difficult
to quantify, since they do not influence stream water qual-
ity directly. To determine these fluxes, some researchers ob-
served vertical subsurface temperature profiles, which, when
coupled with a vertical advection-dispersion model gave
flow rates and directionsStallman 1965 Lapham 1989
Taniguchi and Sharma99qQ Silliman et al, 1995 Constantz
and Thomasl1996 Constantz1998 Constantz et /2003
Becker et al. 2004 Niswonger et al.2005 Blasch et al.
2007). However, these profiles were point measurements
along the stream and obtained during steady state discharg
conditions.

Moreover, hyporheic exchange fluxes may change with
varying discharge. This triggered research on seasonal
changes in hyporheic exchange, determined from head dif-

ferences in a vertical profile using piezometer nestar{ 0’70
vey and Bencalal993 Wroblicky et al, 1998 Bartoling,

2003. In addition, on the timescale of one flood wave, cou-

pled 3-D groundwater-surface water models were developed 565 m &l
(Lal, 2002, Habel and Bagtzoglq2005 Boano et al.2007, 100m N

Ha et al, 2008. However, these deterministic models re-

quire an accu_rate description of hydraulic conductivities andFig 1. Map of the studied stretch of the Maishich. The isohypse

ggg]fgrt?iss \[I:)Vrhc;lt()alesr?icri]i;jpi[?h:ir: :xff:iinar?g(ta ?]\;aé”sgfﬁ (Eaﬁ;/i?igghow the altitude apove mean sea level. Distances of the Iaieral in-
L ' . . ._and outflows are distances from the upstream V-notch weir mea-

using in-stream tracer tests. Most studies linking hyporheic, o4 along the stream.

exchange with discharge did their tracer tests during differ-

ent discharge regimekégrand-Marcq and Laudelquit985

Harvey et al. 1996 Morrice et al, 1997 Worman and Wach-  Temperature Sensing (DTS). Together with upstream and

niew, 2007 Zarnetske et al.2007 Schmid 2008 Schmid  gownstream discharge observations, we were able to locate

etal, 2010, different morphological stateslartetal, 1999 gnq estimate the dynamics of hyporheic exchange, lateral in-

Harvey et al.2003 or between different streamB'angelo  flows and bypasses. We used the method as a learning tool

et al, 1993 Morrice et al, 1997 Schmid et al. 2010, but i which we stepwise unravel the complex interactions and
always during steady state flow conditions and not during agynamics in discharge.

complete rainstorm.

The aim of this paper is to quantify the spatial and tempo-
ral dynamics of stream flow in a headwater catchment dur2  Site description and measurements
ing a summer rainstorm. These dynamics include gains and
losses of stream water, the effect of bypasses (in our casg.1 Site description
a side channel of ca 20 m long) that become active and hy-
porheic exchange fluxes that may vary over time as a functioirhis research took place in a 565 m long reach of the Mais-
of discharge. In a previous study we showed the relation bebich: a first order stream in central Luxembourg @3 N
tween hydraulics, in-stream temperature and hyporheic exand 602 E). The investigated branch drains an area of
change in a first order stream during steady state discharg@.34knf. The stream has an average slope of 18 %, with
conditions Westhoff et al, 2011). In this paper we focus on both sides steep forested hillslopes with slopes varying
on the dynamic effects that occur during and after a smallbetween 25 and 50 % (Fid).
intensive summer rainstorm of 6.4 mm, with a maximum in-  In the whole catchment, the schist bedrock is covered with
tensity of 4.8 mm in 10 min. We use an advection-dispersiona layer of regolith consisting of fractured and weathered rock
model coupled with an energy balance model to simulate in-of a few meters thick and varying clay content. In the riparian
stream water temperature, which we compare with high reszone and at the foot of the hillslopes, thin colluvial and allu-
olution temperature observations obtained with Distributedvial deposits o<1 m thick are found. The headwater stream
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originates in a small depression below the convex transitionc o - ———

of plateau to hillslope. The steep stream scoured the soil § —=—Qd_

layer up to the fractured rock, creating at many places steep:E' 25} Qup

banks of 0.2-1m high. The streambed is rough with many £ obs
in-stream rock clasts. Summer storm flows are characterizecE 5t — Qeterence |2
by a double peak: the first peak is mainly caused by “rain g s Precipitation

on water” and rain on the saturated riparian zone (saturation
overland flow), while the second peak is assumed to be sub-
surface storm flow (FigR).

Along the stream, 4 distinct lateral, partly submerged in-
flows are present at 104, 178, 350 and 414 m from the up-
stream V-notch weir, respectively. These inflows generally
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 are5 % of the discharge directly down-
stream of the inflow, and too small to monitor. During the
studied period (22 and 23 June 2008), two areas of strearr
water loss were identified: one area between 60 and 77 m
where~95 % of water infiltrates into the subsurface and aFig. 2. Observed and simulated discharge of second peak on 22
smaller one between 233 and 247 m wherb % of the wa-  and 23 June 2008, using the same parameters as during the first
ter infiltrates. In-stream salt injection tests during previousgischarge peak. The subscripts d and up refer to downstream and
field campaigns with similar discharge regimes as this studyupstream. The shaded area is the difference between observed and
demonstrated that at least part of the water that infiltrates besimulated discharge.
tween 60 and 77 m returns to the stream at 104 m (data not
shown). A previous study bwesthoff et al.(2011) showed
that at many places along the stream small scala)(hy- wind direction. Relative humidity was measured in Ettel-

Discharge (I/s)

21:00 00:00 03:00 06:00 09:00 12:00

porheic exchange is present (see Sed. bruck (~6 km from the site) by the Administration des Ser-
vices Techniques de I'Agriculturehitp://www.asta.etat. )y
2.2 Measurements with a temporal resolution of 10 min.

At 64 places along the stream, cross-sectional riverbed

Two V-notch weirs are present at the upstream and downprofiles were measured using a pin-metafeéthoff et al,
stream end of the studied stream reach. They have beepo11). The pins were situated 2 cm from each other. The
equipped with pressure loggers (Keller DCX22), monitoring vertical displacement of each pin could be determined with
water levels at 10 min intervals. During the studied periOd,an accuracy of~2mm. To d|st|ngu|sh between in-stream
the pre-event discharge was 0.44 and 0.62Ifr the up-  rock clasts and the riverbed, we drew a contour around the
stream and downstream V-notch weir, respectively. Peak distower pins. These measurements allowed us to link water
charge was 1.9 and 1.815(Fig. 2). level directly to cross-sectional area of stream water, cross-

Along the entire stream, temperature was measured witksectional area of rock clasts, wetted perimeter, and surface
a DTS system (Halo, Sensornet, UK). The system gives aiwidth of the stream, which are all parameters needed in the
integrated temperature for each 2m along a fiber optic camodel framework.
ble which is averaged over 3 min. The precision, using these
settings, is~0.1°C. Comparison with independent tempera-
ture loggers (TidbiT v2 Temp logger, HOBO, USA) at 12, 3 Methods
176 and 347m gave a Root Mean Square Error (RMSE)
of 0.27°C (for a more detailed description about DTS see,3.1 Previous work and model description
Selker et al.2006ab; Tyler et al, 2009.

The water temperature of each of the 4 distinct sourcesThis study builds on previous work esthoff et al(2011).
was measured with independent temperature loggers (TidbiThey developed and calibrated a temperature model for the
v2 Temp logger, HOBO, USA) at a 6 min interval. At the same stream as this study. This is a 1-D advection-dispersion
3 most upstream inflows, the stream water temperature justnodel for heat transport with 2 transient storage zones cou-
upstream and downstream of the inflow was also measureg@led with an energy balance model. One transient storage
with TidbiT temperature loggers. zone represents heat exchange with in-stream rock clasts,

In the meadow just uphill of the upper V-notch weir, a which Westhoff et al.(2010 found to be an important heat
HOBO weather station was installed, measuring incomingbuffer. The second transient storage zone represents the hy-
solar radiation, air temperature, air pressure, wind speed angorheic zone and is assumed to be located below the stream
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“Hyporhéic
Zone (Ahz)

>

Fig. 3. Schematic of the 1-D advection-dispersion model with transient storage. The grey arrows are water fluxes, the black arrows are
energy fluxesgnyy is the hyporheic exchange flux per unit stream length, giveaAy. The cross-sectional area of water and rock clasts
is given byAp, = Aw + Ar, whereAy is the cross-sectional area of the rock clasts. (Figure is adapted/festhoff et al.2011)

in the regolith. Hyporheic exchange (both upwelling and sectional area [R] and temperature°C], R is the precip-
downwelling) was assumed to take place within a single lon-itation [ms™1], Wg is the width at which the precipitation
gitudinal grid cell, and lateral hyporheic flow paths are not turns immediately into runoff [m]Wgr > Wp) and TR is the
taken into account. The temperature of the hyporheic zoneemperature of the precipitatiofQ]. ¢. is the lateral inflow
was derived by simulating the temperature of the subsurfac@er unit stream length [fs~1], g is the acceleration of grav-
to a depth of 1 m, while the hyporheic exchange rate and théty [ms—2], C; is the hydraulic friction of the streambed]
size of the hyporheic zone were determined by calibration.and Ry, is the hydraulic radius [m], andc are the density
Westhoff et al.(2011) used this model to locate and quan- [kgm—3] and heat capacity [Jkg°C~1], D is the longitu-
tify hyporheic exchange with a resolution of 2 to 10 m during dinal dispersion coefficient [fs1], « is the hyporheic ex-
steady state discharge conditions, resulting in spatial variablehange coefficient [sl], Wy and Py, are the width [m] and
hyporheic exchange parameters. A conceptual sketch of thithe wetted perimeter [m].®am and $peq are the net en-
model is shown in Fig3 (the same symbols are used as in ergy exchange [Wm¢] through the water-air interface and

Egs. 0)—(4)). After calibration,Westhoff et al(2011) ended

water-streambed interface, respectively aglis the ther-

up with 13 different stream segments, varying between 9 andnal diffusivity of the subsurface [f5s1], while 7, x andz

100 m, with constant hyporheic exchange parameters.

are time [s], distance along the stream [m] and depth below

In this study we coupled this model with a dynamic routing the stream [m]. The subscripis L, s andhz stand for water,
model, which is needed to simulate in-stream temperaturéateral inflow, subsurface and hyporheic zone, whittands
during non-steady flood waves. The governing equations foffor in-stream rock clasts.

this dynamic routing and temperature model are:

0Ayw 00

—+—=qL+RW 1
oy T~ 4 R 1)
ou ile ou ulul

- - — 4+ Ci— =0 2
ar Sax TMax TRy @

0AwTw ATy 00Ty 0
— 3
Pucw— + prer o + pwew o + pwew ™ (3)
oTw

_AWDW = pwew (gL TL + RWRTR)
+pwewet Aw(Thz — Tw) + W @atm~+ PrPped

aTs Ts  Aw Phed

-_— = +a— Tw—Thy) — ——— 4
ar s 322 aAhz( w hz) CoPbdZ ( )

where 0, u and ¢ are the discharge [fs~], stream ve-
locity [ms~1] and water level [m]. A and T are the cross-
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Equations {) and @) are the mass balance for water and
the momentum equation, needed for the routing model. With
this model and with the observed cross-sectional riverbed
profiles Q, u, ¢, Aw, Ay, Wy and P, were determined over
space and time. For the pre-event conditions, the relative
contribution of the lateral inflows were determined by com-
paring observed temperature of the inflow with observed
temperature just upstream and downstream of this inflow.
The losses of water (between 60 and 77 m, and between 233
and 247 m) were determined in such a way that the observed
upstream discharge plus all inflows minus all losses equals
the observed downstream discharge, while these losses were
located during several field visits: e.g. during extreme low
flow these parts of the stream fell dry.

The advection-dispersion model is represented by 8q. (
The first two terms on the left-hand side represent stor-
age of heat in water and storage of heat in in-stream rock
clasts, while the third and fourth terms represent advection

www.hydrol-earth-syst-sci.net/15/1945/2011/
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and dispersion of heat. The terms on the right hand sidaneteorological conditions during validation were similar to
represent the heat budgets of lateral inflows and outflowghose during the calibration period/ésthoff et al.2011).

of stream water, hyporheic exchange, energy exchange be-

tween the water-air interface and energy exchange betweef2 Stepwise improvement of dynamic discharge

the water-streambed interface, respectivaljesthoff et al. simulations

(2011 showed that the exchange between water and rock

clasts is fast enough to assume that it is instantaneous, mealf! this study, we follow a downward approach in which we
ing that the temperature of water and in-stream rock clasts iS€PWise improve the modeiiemes, 1983 Jothityangkoon

always the same. Using this assumption, Bycan then be €t @, 2001 Sivapalan et a].2003. This means that we
first model a simple case, and based on the results, we step-

simplified to: T .
wise increase model complexity and develop and test new hy-
0ApTw 00Ty 0 AD 0Tw 5 potheses to improve the model results. We combine this with
Poco o Pwew—  F wew | —AwD T ®) 3 multi-objective model evaluatiofr¢€nicia et al.2008. The
= pwew(qLTL + RWRTR) + pwewat Aw(Thz — Tw)+ objective functions are (1) the Root Mean Square Error of the
downstream discharge (RMQF (2) the Root Mean Square
Wh®atm+ PoPped

Error of the in-stream temperature (RMJEnd (3) the Root

where Ay, is the combined cross-sectional area of water andVean Square Error of the relative contribution of the second
in-stream rock clasts, whilg, andcp, are the weighted aver-  lateral inflow at 178 m (RMSE. _
ages of density and heat capacity of water and in-stream rock For calibration, we split the observed hydrograph in two
clasts. parts because different processes are responsible for the dis-
The net energy exchange between water and atmosphefdarge pgaks: the first peak IS mainly caused by rain on
(datm) is the sum of solar radiation (corrected for shadow ef-Water, while the second peak is assumed to be caused by
fects) and longwave radiation (taken frowesthoff et al. subsurface storm flow. By first calibrating on the first dis-
2007) and latent and sensible heat (taken frdfonteith ~ Charge peak, we could test that parameter set on the second
1981). The latent heat and sensible heat were taken fronflischarge peak, which allowed us to formulate different hy-
Monteith (1981) because periods of 100 % relative humidity POtheses to improve our understanding of the discharge dy-
were measured. namics (Sect3.2.2.
The change of subsurface temperature is taken as the su . .
of vertical heat conduction and hyporheic exchange and isg]'z'1 First discharge peak
gescr!l;ed Vr\]"th Eq_.4).| l'ql'he flrstéerm on thﬁlrlgl?t-hand Sd'de In a first step we only focus on the first discharge peak (be-
escribes t ° Vﬁ”'cah eat con “Ct'or%’h"" o the secon t‘:l",r een 22 June 2008 20:40 and 23 June 2008 01:00 GMT+1).
;eprﬁ sents t T ygor IFIC exc angﬁ ' E atter is c_)n()j/ a;_pp:je ere we calibrated 3 parameters. These parameters are: (1)
or the vertical grid cells were the hyporheic zone Is defined. o 155565 of waterg( < 0) which we describe as a func-

Note t:at at the;e Ilocalnqﬂiaz =Ts (l?g. 3). hori | tion of discharge, (2) the area where saturation overland flow
In the numerical so ““9” we defined 25 horizontal sub- takes place WR): this is the stream itself and its near sur-
surface layers with a vertical thickness of 4cm each. At theroundings and (3) the temperature of the rain waa).(The

lower bour;dary (a';ll mh_dfpth) er rz]issr,]ume?]g constaptéemﬂrst two influence both downstream discharge and in-stream
pera.tureo 14C. The thickness of the hyporheic zone is e- temperature, while the third parameter only influences in-
termined as/ = Anz/ Pp. The temperature of the hyporheic ;..o temperature

return flow (f;,z) is taken as the average temperature of all
subsurface grid cells in 1 vertical where hyporheic exchange3 2.2 Second discharge peak
was determined.
The third term on the right-hand side of E4) (epresents  During the second step of the calibration we focus on differ-
a sink/source term removing/adding heat to the subsurfaceent processes that occur during the second discharge peak,
However, in our model setugppeq represents shortwave ra- which we assume is subsurface storm flow originating from
diation reaching the streambed, and is therefore only appliethe area upstream of the upstream V-notch weir. We first
to the top layer in the numerical scheme. extend the simulation period of the first step with 9 h until
This model was calibrated for a 2 day period in July 2009, 23 June 2008, 10:00 GMT+1 to cover the second discharge
during steady state discharge conditions (upstream angeak, without changing any parameters. In this run we found
downstream discharge was 0.35 and 0.47) svith the aim  a couple of mismatches between observed and simulated dis-
of assessing hyporheic exchanyéesthoff et al,2011). For ~ charge and temperature. For reasons of clarity we treat these
this study, we first validated the model for a 2 day period temperature and discharge mismatches separately, although
prior to a rainfall event at 22 June 2008, 20:40 GMT+1, dur- we recognize that discharge influences temperature as well.
ing which the discharge was steady, with upstream and down-
stream discharge of 0.44 and 0.62%s The discharge and
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In-stream temperature — 0 2
Qdobs g
To improve the simulated temperature, we investigated the ol Qup 253
effect of constant and variable hyporheic exchange param- a obs E
eters (i.e. the flux between the stream and hyporheic zone a q=CW=W, | 3
and volume of the hyporheic zone: both are presented per & | s _b_ q=f(Q ) 5 gj
unit stream length). This results in 4 different alternatives: 7151 C\\ c Lo o
o - = f+WR=l.7m
1. gnyp=0orAw andAnz = Pyznz, Wherezp is the thickness & ¥ \ Precipitation
of the hyporheic zone, and is assumed to be constant in.2 !
time. For the exchange flux we used the widely used e 1t
expression fromRunkel(1998. For the volume of the I LV vy
hyporheic zone we assumed that the thickness would re- NS
main the same, andy; depends linearly on the wetted T
perimeter of the stream. 05p] . ) : .
2. Both thegnyp and Ap; are constant over time and keep 21:00 2200  23:00 00:00  01:00

the pre-event values. Fig. 4. Observed and simulated first discharge peak on

3. ghyp=a Ay and Ay is constant over time. 22 June 2008. The subscripts d and up refer to downstream and
upstream.
4. gnyp is constant over time andh; = Pyozhz.

4 Results
Discharge

) ] . Validation of the model as calibrated Bifesthoff et al.
The calibrated parameter set for the first discharge peak wag011) was done for the period 21 June 2008, 00:00 until

used for the second peak. This reference simulation resultedy jyne 2008, 20:40 GMT+1, which was just before the start
in a difference between simulated and observed downstreargs the storm event. During this validation, the 4 major lateral
discharge for the second peak. In this step we took the differinfiows (at 104, 178, 350 and 414 m from the upstream V-
ence between observed and simulated downstream discharggetch weir, respectively) were determined to bg23-0.013,

and added this as a lateral inflow at distamceBy changing 27+ 0.016, 011+ 0.008 and 016+ 0.0641s 1, the 2

the position of this new lateral inflow, we tested 3 different gmaller inflows at 383 and 393 m were estimated to be 0 and
hypotheses on where this water came from. 0.011s°%, and the 2 losses between 60 and 77 m and between

1. As a diffuse source between 250 and 350m. The rea235 and 247m were determined to be 0.41 and 0-271s

son for this is that when this new water is cooler than It_o mf”“"{)‘ ttrt'e observled d_I(_);]antrle_:gn:_ dlschar%ed(’ﬁgglue E
the stream water (as a first estimate we took the temper—'?% 'Qlog (%rr? pIgnMeS). ¢ ?] vall I'?J lon (;un da : g MS
ature of the third lateral inflow for the temperature of or u. - 1he & of the calibrated model bijest-

this new inflow), it would cool down the stream water, hoff et al. (2011) was 0'56)0 for the same time span at 1
which would result in a better fit. and 2 July 2009. The difference in the RMS&as mainly

caused by the fact that during the calibration period the fiber
2. As extra water from the second lateral inflow point at optic cable was not submerged at a few distinct places. Dur-
178 m. The reason for this is that when the stream dis-ng the validation the simulated temperature downstream of
charge is higher, the water would not heat up as rapidly.420 m was about 1C too high during the night.
The reason for adding this new water at an already ex-
isting source is that preferential flowpaths already direct4-1 ~ First discharge peak

water to this point. Extra subsurface storm flow would ) . ) i ,
then easily be directed to the same place. The first discharge peak was calibrated by varying the in-

filtration losses 4. < 0), the width accounting for “rain on
3. As a new source at 117m. This source is actually awater” (Wr) and the temperature of the raifig). Keep-

bypass or side channel, bypassing the stream betweeimg the losses constant over time aik the same as the
~80 and 117 m. It has a similar bedform as the stream stream widthWy, resulted in a simulated downstream peak
and is completely shaded by vegetation. During highdischarge arriving 50 min too late (linein Fig. 4). There-
(winter) flows, we have observed that part of the streamfore we made the losses dependent on discharge &line
water flowed through this bypass. Here we test if this Fig. 4): between 233 and 247 m the loss was set to be 45%
also happens during this summer rainstorm. of the discharge at 232 m. Between 60 and 77 m, the loss

was set to 95% during pre-event discharge (0-4)sand
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Fig. 5. Observed and simulated temperature and simulated discharge dayifigst discharge peak (after calibration) afm) second
discharge peak using the same parameters as during the first dischargg,pgakd A are variable over time.

88% during peak discharge (1.919. To be able to sim- In-stream temperature

ulate the observed downstream discharge peak properly, we

had to changéVg to 1.7 m for the entire stream to account Although we recognize that discharge influences in-stream
for the additional saturated overland flow. After this refine- ttmperature as well, we focus first on the influence of differ-
ment we obtained a RMSof 0.111s1 (line ¢ in Fig. 4, ent hyporheic exchange scenarios. The 4 different scenarios
Table1). Good temperature simulations were obtained whent€sted §hyp =« Aw and Anz = Pbzhz; ghyp and Anz are con-

Tr was taken 2.4C lower thanTyir, which can be seen as a Stant over timegnyp = o Aw _and Anz Is constant over time;
correction for the wet bulb temperature. This resulted in a@ndgnyp is constant over time andn; = Pyznz), gave dif-
RMSE of 0.34°C (Fig.5a). For an overview of all steps in ferent results for different sections in the stream. In Bay.

the calibration process and the corresponding objection functhe RMSE is shown for the time series between 01:00 and

tions, see Tablé. 10:00 h for each observation point (a moving average over
3 points was plotted to get slightly smoother lines). Until
4.2 Second discharge peak 250 m the temperature was best simulated when both the hy-

porheic flux and the volume of the hyporheic zone were vari-
Extending the simulation period until the second dischargeable over time, while downstream of 250 m best results were
peak, while keeping the same parameters as during the firgbtained when both were constant over time. From 6ig.
discharge peak, resulted in a too low downstream dischargg is also seen that when onlyn is variable whilegnyp is
between 03:00 and 10:00 h (F@). During the same period, constant, results hardly differ from the case where both are
the temperature between 250 and 350 m and downstream @fnstant over time. The difference between a constant and

420 m was too high (Figsb). Here, we treat both discrepan- variableAn; is slightly larger whemnyy, is variable.
cies separately.
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Table 1. Overview of calibration parameters for each step, with corresponding RMSE values.

First discharge peak (simulations between 20:40 and 00:00h)

qL <0 WR Tr RMSEr [°C] RMSE;, [%] RMSEg [l s
1 constant Wh Tair 0.38 8.6 0.45
2 f(Qup) Wh Tair 0.38 10.7 0.35
3 f(Qup 1.7m Tair 0.38 6.8 0.11
4 f(Qup) 1.7m Tar—2.4°C 0.34 6.8 0.11

Second discharge peak (simulations between 01:00 and 10:00h)
Calibration on in-stream temperature

dhyp Az RMSEr [°C] RMSE;, [%] RMSEg [l s—l]
1 aAw Pozhz 0.50 5.8 0.12
2 constant constant 0.48 5.8 0.12
3 aAw constant 0.49 5.8 0.12
4 constant Pyznz 0.49 5.8 0.12

Calibration on discharge
RMSEr [°C] RMSE; [%] RMSEp [I s

Referencé 0.46 5.8 0.12
Scenario 1: inflow added between 250-350 m 0.40 5.8 0.01
Scenario 2: inflow added at 178 m 0.41 18.2 0.01
Scenario 3: inflow added at 117 m 0.41 4.3 0.01

* Reference refers to the simulation whepgp and A, are variable between 0 and 250 m and constant between 250 and 564 m, but without the new source.

Discharge was added downstream of this point. The scenario where the
source was added as extra water at the second source totally

During the second peak, the simulated downstream discharg@ismatches the observations (RMSIE 18.2 %), indicating

is too low between 03:00 and 10:00h: apparently there isthat this hypothesis should be rejected.

some lateral inflow, which we did not account for (FR).

The difference between the two hydrographs (shaded area ig Discussion

Fig. 2) has been added to the stream at different locations

x;, while we used the RMSEand RMSE to test the effect 5.1 Reality check

of the different locations (the RM&Js are equal for each

Scenario, because the same amount of water was added fq'lhe presented method combines 2 sources Of measured in-

each scenario). As a reference case, we used a hyporhejgrmation: discharge observations and temperature observa-

exchange scenario during whigyp and An; are variable  tions. By combining these with a transport model for heat,

between 0 and 250 m while downstream of 250 m they areye were able to investigate the spatial and temporal distri-

constant over time. Because the temperature downstream @j,tion of discharge along the whole length of the stream.

420 m was also too h|gh during the Validation, we Only fOCUS|n our approach we used the method as a |earning too| to

on the area upstream of 420 m. test, and more important, to reject hypotheses. In such a top-
Between 117 and 260 m, the RM$IS the lowest when  down approach, stepwise improvement of the model should

the new source is added at 117 m . Between 260 and 320 rhe coupled with expert knowledge. Since a large number of

best results were obtained when the new source was added different observations are needed to constrain the calibration

178 m, while downstream of 320 m the diffuse source addedharameters, all parameters and scenarios should be discussed

between 250 and 350 m gave best results (Big. Com-  for their physical meaning and realisi@dibert and McDon-

paring the different scenarios with the observed relative connell, 2002.

tribution of the second source shows the best results when During the first discharge peak we calibrated 3 parame-

water is added at 117 m, with a RMSBf 4.3% for the ters: Wr, Tr and stream losses. In our case sty has

time series between 01:00 and 10:00 h (Figrablel), with limited physical meaning, since it corrects for errors in ob-

slightly poorer performance for the diffuse source (RM$E  served rainfall and discharge. The intensive rainstorm lasted

5.8 %). Note that the latter does not affect the second sourcéor less than 10 min, while the logging interval of both rain-

compared to the reference simulation, since the new sourc&ll and discharge was also 10 min, which makes it likely
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Fig. 6. RMSEr for (a) different hyporheic exchange scenarios, ébydifferent locations of the new source. Reference refers to the
simulation whereyhyp and A, 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 GMT+1.

60 " . . . and just after the rainstorm, which was the reason to decrease
this temperature with 2.24C. This corresponds with the wet
50 bulb temperature obtained with a relative humidity of 80 %,
. which is similar to the observed relative humidity in Ettel-
X bruck (~6 km from the site).
5 40 We conclude that infiltration losses are relative to in-
E stream discharge, while gains of water are constant over time.
5 30} We explain that with the fact that the whole catchment was
3 relatively dry during the studied period and a 6.4 mm rain-
0 storm is likely not enough to increase the groundwater level
g 207, Q obs or to initiate runoff from the hillslopes. Infiltration losses,
& L on the other hand, can be large under these conditions and
10} 250-350m can vary with discharge. When the width of the stream in-
178m creases, the water can infiltrate in the initially dry part of the
. . . 117m streambed.
021;00 00:00 03:00 06:00 09:00 Figure4, line a shows that when the infiltration loss be-

tween 60 and 77 m is taken constant over time, the simulated
Fig. 7. Observed and simulated (3 scenarios) relative contribu-peak in downstream discharge occurs 50 min too late. This
tion of the second source. The different scenarios are the locationidicates that the observed downstream discharge is not the
where the new source was added. Shaded area is observed cont§ame peak as the observed upstream peak, but that it origi-
bution+1o. nates from different water. This means that (1) the upstream

discharge peak should disappear in-between the upstream

and downstream V-notch weirs and (2) another source of
that observed discharged is underestimated. Because “raiyater is responsible for the observed downstream discharge
on water” and saturation overland flow is the main processpeak.

causing the first discharge peak, a higfig could easily The second point can be easily explained by an increased
correct for these errors in the observations. Yet, the obtaine@mount of “rain on water”; when increasing the stream width

value of 1.7 m seems realistic, since it is only slightly larger on which rain turns immediately into runoff to 1.7 m the ob-
than the stream width itself. served downstream peak discharge was simulated correctly.
The temperature of the raiffi) is difficult to measure. As  To verify the first point, a location (or locations) has to be
a first estimate air temperature was taken. However, the simidentified where the excess water infiltrates. The already ex-
ulated in-stream temperature appeared to be too high duringsting infiltration loss between 60 and 77 m is a very likely
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place. Also because the simulated temperature anomalis likely that it happened during this event as well. It also
caused by the lateral inflow at 104 m will be a factor 2 too means that a significant amount of water that we accounted
small if the discharge peak is not reduced upstream of thidor as infiltration loss between 60 and 77 m, filled the dry
point. This gives us confidence that the infiltration loss be-bypass, and only when the whole bypass was saturated, it
tween 60 and 77 m is not constant but a function of streanconnected to the stream again. The initial wetting up of the
discharge during these dry antecedent conditions. bypass would also explain the time lag between the first dis-
The variability of the infiltration loss between 233 and charge peak and the activation of the bypass. Overall, the
247 m is less clear. Assuming a constant loss in this reachthird scenario seems the most likely one.
would result in a simulated downstream discharge peak last-
ing 15-20 min longer than observed, thus making the dis-5.2 Limitation of method
charge peak wider. Compared to the losses between 60 and
77 m, the infiltration losses between 233 and 247 m are lesBecause temperature is used as a natural tracer, sufficient
identifiable as the difference between simulated and observetemperature fluctuations, both in space and time, are needed
downstream discharge are quite small. Yet, a variable loss ofo be able to distinguish between different fluxes. Unfor-
45 % of upstream discharge gave the best results. tunately, we therefore could only apply this method during
The different hyporheic exchange scenarios were teste@ warm low flow period as we use natural heating via so-
during the second discharge peak because during the firdar input. During winter, we observed temperature fluctua-
discharge peak, the different scenarios did not lead to sigtions that were too small to apply this method. Even dur-
nificantly different temperatures. This could be because théng larger summer rainstorms, the spatial and temporal tem-
discharge peak was not long enough to influence the temperature fluctuations were not large enough to differentiate
perature in the hyporheic zone. The different scenarios durbetween different runoff fluxes. We have to conclude that
ing the second peak indicate that between 0 and 25Q/m during high water conditions, when subsurface storm flow
and Ay, are variable with varying discharge, while down- becomes active and hydrologically it becomes more interest-
stream of 250 m they remain constant with varying dischargeng, the method cannot rely on solar energy input, but suf-
(Fig. 6a). A possible explanation for this spatial variability is ficient additional energy has to be added to the stream with,
that between 0 and 250 m, the width of the stream increasefor example, a powerful heat exchanger or by adding ice (we
a lot during peak discharge: about 1.7 times during the secrecognize that these methods also have their practical limi-
ond discharge peak and between 75 and 90 m the width intations). Another way would be to test this method down-
creases to 6-10 times the original width, compared to a factostream of reservoirs. For examplEoffolon et al.(2010 re-
1 to 1.3 for the area downstream of 250 m. This results in aported temperature increases of 3 ft@CAdue to releases from
much higher contact area between the stream and hyporhet reservoir, with stream discharges in the order of #3§th
zone. Beside the increase in stream width, more upwelling Another interesting question was what would happen with
groundwater could influence the hyporheic exchange as welthe hyporheic exchange during non-steady state discharge
(Harvey and Bencaldal993 Harvey et al. 1996. However,  conditions. The relation between hyporheic exchange and
as stated before, the catchment was dry, so in our case afischarge or cross-sectional area is not known a priori. For
increase in upwelling groundwater is not so likely. reasons of clearity, we only tested the linear relation between
The main objective of this study was to see where andgnyp and cross-sectional area as describe®bgkel(1999,
when discharge was generated. Here we tested 3 hypotheersus no relation at all, whild,; was assumed to be lin-
ses about the location of the missing water to close the waearly dependent with the wetted perimeter. Although these
ter balance. The tested locations were chosen after the firgelationships are arbitrary, it gives a first estimate of how hy-
results of the reference simulation of the second peak. Imporheic exchange varies with discharge.
principle, each location could be tested, but with knowledge In our case study the spatial and temporal distribution of
of the field site, only 3 locations were considered feasible.both, hyporheic exchange and discharge had to be taken into
The location of the diffuse source (250—-350 m) was chosenaccount. In streams with limited hyporheic exchange, it is
since it directly influence the in-stream temperature at thispossible to focus only on the discharge distribution, making
location. However, because the catchment was relatively drghe method more reliable. The same is true when limited
and the the rainstorm small, this hypothesis is not so likely.gains and losses are present in a stream. In such a case it may
The hypothesis of an increase of the excisting source at 178e possible to test more complex relations between hyporheic
m seems realistic, since only some extra water is needed texchange and discharge.
increase the lateral inflow. However, our model results (espe-
cially expressed in RMSEand Fig.7) gave reasons to reject
this hypothesis. 6 Conclusions
In the third scenario, we hypothesized that a bypass be-
comes active during the second discharge peak. An activén this paper we demonstrate a new method to identify spa-
bypass was observed during higher flows, and therefore itial and temporal dynamics of in-stream discharge. We com-
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bined a routing model with an advection-dispersion modelBecker, M. W., Georgian, T., Ambrose, H., Siniscalchi, J., and
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