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Abstract. As recognized in the European Water Frame-the exchange fluxes, which are estimated on a local scale.
work Directive, groundwater-dependent wetlands and theifThe paper shows that a conceptual framework is necessary
diverse ecosystems have important functions which need téor understanding the groundwater-surface water interaction
be protected. The vegetation in such habitats is often deprocesses, where the exchange fluxes are influenced by local
pendent on quality, quantity and patterns of river dischargefactors like the composition of the riverbed and the position
and groundwater-surface water interaction on a local or reaclof the measurement on a local scale, and by regional factors
scale. Since groundwater-surface water exchange studies dike the hydrogeology and topography on a fluvio-plain scale.
natural rivers and wetlands with organic soils are scarce;The hierarchical methodology increases the confidence in
more functional analysis is needed. To this end we combinedhe estimated exchange fluxes and improves the process un-
different field methods including piezometer nests, temper-derstanding. The accuracy of the measurements and related
ature as tracer and seepage meter measurements. Someunfcertainties, however, remain challenges for wetland envi-
these measurements were used as inputs and/or as valideehments. Gaining quantitative information on groundwater-
tion for the numerical 1-D heat transport model STRIVE. In surface water interaction can improve modeling confidence
transient mode the model was used to calculate spatially disand as a consequence helps to develop effective procedures
tributed vertical exchange fluxes from temperature profilesfor management and conservation of valuable groundwater
measured at the upper Biebrza River in Poland over a pedependent wetlands.
riod of nine months. Time series of estimated fluxes and hy-
draulic head gradients in the hyporheic zone were used to es-
timate the temporal variability of groundwater-surface water
exchange_ 1 Introduction

This paper presents a hierarchical approach for quantify-
ing and interpreting groundwater-surface water interaction inGCroundwater-surface water exchange processes take place
space and time. The results for the upper Biebrza show prell the hyporheic zone, the area of saturated sediments be-
dominantly upward water fluxes, sections of recharge, howeath and beside streams, rivers and wetlands where ground-
ever, exist along the reach. The fluxes depend more on hywater and surface water is actively mixed (Brunke and
draulic gradients than on riverbed conductivity. This indi- Gonser, 1997; Boulton et al., 1998; Hayashi and Rosenberry,

cates that the fluvio-plain scale is required for interpreting2002; Sophocleous, 2002). The processes observed in the hy-
porheic zone are characterized by significant variability in
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both time and space (Triska et al., 1993; Constantz, 1998%cale. Groundwater-surface water interaction thus constitutes
and by relative strong biogeochemical activity (McClain an important link between the river, its wetlands and the sur-
et al., 2003; Smith, 2005). The complexity and uncertaintyrounding catchment.

surrounding river research and management reflects the need Virtually all European wetlands are constantly influenced

to develop new or more refined tools and methods (Vaughary land use changes, land reclamation, succession processes
et al., 2009). and habitat fragmentation (Tockner and Stanford, 2002;

The purpose of this article is to quantify the hyporheic ex- Hooftman et al., 2003; Smolders et al., 2010), leading to
change fluxes in space and time for a section of the Biebrza&nvironmental degradation processes like desiccation, acid-
River, Poland. A combination of different methods (Hunt ification or eutrophication (Lamers et al., 2002; Smolders
et al., 1996; Weight and Sonderegger, 2001; Kalbus et al.et al., 2006; Van Diggelen et al., 2006). Reliable estimates
2006) is applied, including the use of hydraulic gradients, of groundwater flow into a wetland and the understanding of
seepage meters and most prominent, the thermal methodhteractions with other system compartments like surface wa-
With this approach we overcome limitations of each indi- ter, unsaturated zone and organisms play a key role in eval-
vidual field method and provide a robust first level investi- uating the structure of stream systems (Sophocleous, 2002),
gation of groundwater-surface water interacton for wetlandthe sustainability of their wetlands and the conservation of
environments. biodiversity (Schot and Winter, 2006).

For the understanding of hydro-ecological characteristics Various national and international regulations like the
of wetlands we need to reliably identify and quantify the rel- European Water Framework Directive (European Commis-
evant interaction processes and vice versa. Therefore, we hysion, 2000) mandate the protection of linked groundwater-
pothesize that the magnitude and variation of fluxes in thesurface water systems. To comply with these regulations, in-
hyporheic zone can be examined on a local scale (determinetggrated hydrologic and ecosystem models (Anderson and
by local factors like composition of the riverbed, bathymetry, Wilson, 2004; Smith, 2005; Buis et al., 2008) are vital for the
apparent surface water and groundwater temperatures) arakvelopment of environmental standards and management
extrapolated to a reach scale. Riverine wetland functioning isschemes for the maintenance, protection and restoration of
seen as dependent on the groundwater-surface water interadgver catchments. Since the assessment of fluxes across the
tion at the larger fluvio-plain scale; consequently, we assumaroundwater-surface water interface is important for the ex-
that groundwater-surface water interaction is dependent ommination of related biogeochemical processes, their reliable
regional factors such as topography, morphology, climate andjuantification is an important component of these models.
hydrogeology. Groundwater-surface water exchange processes are

The interaction processes between groundwater and suplagued with heterogeneity and scale problems (Woessner,
face water are based on the concept of connectivity, are000; Becker et al., 2004; Kalbus et al., 2008), their quan-
emerging topic both in hydrological (Bracken and Croke, tification on a local and reach scale challenging hydrologic
2007; Lexartza-Artza and Wainwright, 2009) and ecological sciences for decades. Uncertainties are related to variations
sciences (Pringle, 2001; Tetzlaff et al., 2007; Boulton et al.,of the hydromorphological and physical properties of the
2010). Hydrological connectivity refers to physical linkages riverbed, the riparian zone and the underlying aquifer
of water in different catchment compartments such as riverdConant, 2004; Fleckenstein et al., 2006; Schornberg et al.,
and adjacent wetlands (Bracken and Croke, 2007). Connec2010). A framework for improved estimation methods for
tivity allows the exchange of water, solutes and dissolvedexchange processes is therefore required.
matter and as a consequence energy transfer across the river-Temperature is a dominant moderator of almost all bio-
ine landscape (Ward, 1997). The exchange of water stronglyogical and chemical processes, making it an important eco-
determines hydrogeochemical contact times, reaction ratedpgical parameter. Temperature can also be used as a nat-
retention and feedback processes (Fisher et al., 1998; Madral tracer for the detection of groundwater-surface water
Clain et al., 2003; Buis et al., 2008). exchange (Anderson, 2005; Kalbus et al., 2006; Constantz,

Ecological landscape connectivity is defined as a func-2008). The method has proved to be reliable (Lautz, 2010;
tional relationship among habitat patches owing to the spaferguson and Bense, 2011), not least because gathering of
tial contagion of biotopes and responses of organisms tdhermal data, parameter estimation, establishment of model
the structure of the landscape (With et al., 1997). The supboundary conditions and calibration are fairly simple (Ani-
ply of exfiltrating groundwater and the presence of shal-bas et al., 2009). Different methodologies have been applied
low groundwater tables is essential for the maintenance ofAnderson, 2005; Kalbus et al., 2006), but most commonly
groundwater dependent wetlands and their habitat conne@xchange rates have been quantified by inverse modeling of
tivity (Succow and Joosten, 2001; Ovaskainen and Hanskitemperature profiles measured in riverbeds (Schmidt et al.,
2004). The vegetation in such environments is often found ta2006; Anibas et al., 2009, 2011). Various studies were per-
depend on the quality, quantity and the pattern of river dis-formed on sites where the riverbed is composed of sand or
charge and groundwater-surface water interaction (Wassegravel (Conant, 2004; Anibas et al., 2011); applications on
and Joosten, 1996; Batelaan et al., 2003) on a local or reackites dominated by peat soils are scarce. The application of
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the thermal method represents a point estimate (Becker et al.,
2004); the spatial interpolation of distributed sets of these es-
timates is described in the literature (Schmidt et al., 2007,
Anibas et al., 2011).
We gathered riverbed temperature profiles in “roaming
surveys” (Keery et al., 2007) and continuously monitored
river and riverbed temperatures to determine groundwater-
surface water interaction by applying the physically based
numerical heat transport model STRIVE (STReam RIVer
Ecosystem; Buis et al., 2008). The model is used to calcu-
late vertical flux rates in a spatial and temporal distribution
by transient thermal simulations. Using GIS techniques, ex-
change patterns can be shown and the calculation of net mass
fluxes across the interface between groundwater and surface
water on a reach scale is possible. Statistical analysis show
the influence of geo- and hydromorphology and riverbed
heterogeneity on groundwater-surface water exchange on a
fluvio-plain scale (Woessner, 2000; Vaughan et al., 2009).
The use of the thermal method has a limited temporalFig. 1. Location of the Biebrza River catchment in Poland.
resolution; methods based on hydraulic head using stand-
pipes, piezometer nests and boreholes (Cey et al., 1998;
Baxter et al., 2003) can determine exchange fluxes with aighly threatened plant and animal species, including the or-
high temporal resolution. We installed a series of piezome-chid Liparis loeseliiand the Aquatic Warbler (Acrocephalus
ters to detect groundwater-surface water interaction by anpaludicola), respectively. As a hydro-ecological system, the
alyzing time series data of hydraulic and temperature gradiBiebrza River finally serves as a reference area for restora-
ents. The piezometers were also used for the determination dfons of managed wetlands (Wassen et al., 2006).
hydraulic conductivities of the riverbed (Lapham, 1989) by = Geomorphologically, the Biebrza Valley is an extensive
performing slug tests (Fetter, 2001) and by combining mea-depression formed during the last glaciations. The morainic
surements of head gradients and simulations of the STRIVEplateau outside the fluvial plain is composed of heteroge-
model. neous loamy sand deposits. The flat alluvial valleys are filled
Seepage meters finally offer the possibility to measure thewith thick deposits of fluvioglacial sands and gravels which
exchange flux directly (Lee, 1977), but also show uncertain-are covered by a variety of organic soils. The structure of the
ties in the estimated fluxes related to the technical operatiomrganic soils is determined by the location of the river within
in the field (Murdoch and Kelly, 2003). We used seepage me+the valley and the associated vegetation.
ter for a cross-validation of the results of the thermal and the The Biebrza Valley is divided into three subcatchments
head based methods. (Zurek, 1984), the Upper Catchment, the Middle Catch-
ment, and the Lower Catchment, characterized by differ-
ent hydrological regimes (Byczkowski and Kiski, 1984)
2 Field site and groundwater-surface water interaction (Okruszko et al.,
2006; Chormaski et al., 2009). The Upper Catchment,
The study area is situated along the Biebrza RiveP 322 reaching from the springs of the Biebrza River to the vil-
23°60 E, 5330-5375 N, Fig. 1) in the Podlaskie Voivode- lage of Sztabin, is a 48 km long 1-3 km wide valley (Fig. 2)
ship, Poland, around 230 km north east of Warsaw. A smallcovering 846 krf. The topographic elevation of the Biebrza
part of the catchment area of 7057%is located in Belarus.  River valley varies between 110 and 130 ma.m.s.l. (above
The Biebrza River, a right sided tributary of the Narew River, mean sea level), while the adjacent morainic plateau and the
comprises a river reach of 170.6 km with an average dis-outwash plain varies between 130 and 18Qurék, 1984).
charge of 39.2hs ™! at its outlet. The Biebrza River is one ~ Whereas the valley is narrow and steep close to the spring,
of the few natural lowland river systems of this size in Europethe Biebrza River soon becomes a meandering stream which
(Patczyhski, 1984; Wassen and Joosten, 1996). With an aredlows through a flat ice-marginal valley. The morainic up-
of 592 kn?, occupying most of the alluvial flood plains, the lands adjacent to the alluvial plain function as a regional
Biebrza National Park forms a wetland of worldwide signifi- groundwater recharge area and drain the surrounding plateau
cance, protected by the United Nations (Ramsar Conventioand the outwash plain towards the river (Pajnowska and
Secretariat, 2008) and by the European Union as a Natur&Vienctaw, 1984). Groundwater flow is influenced by the
2000 habitat (European Commission, 1992). The site is theénighly heterogeneous subsurface; it is focused at hydroge-
habitat of valuable river marshes and peat lands includingologic windows and seeps out in the Biebrza valley. The peat
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slope crack is the break of the slope between the valley wall
and the valley floor, indicated by the dashed line in Fig. 3.
The hydrological regime of the river in the upper catch-
ment is characterized by a sequence of flood events which
are limited in extent by the geomorphologic boundaries of
the floodplain (i.e. the slope crack). Floods occur regularly
after snowmelt in early spring. The late spring/early sum-
mer periods are characterized by low flow, whereas summer
rain storms occasionally create flood peaks. During the dry
periods, most of the Biebrza valley is groundwater fed. The
spring inundations are only partly caused by river flooding;
groundwater seepage and snowmelt water are present across
80 % of the valley width (Chornfeski et al., 2011). At the
mouth of the Upper Catchment at Sztabin, the average flow
is 4.83 ¥ s~! (Chormaiski and Batelaan, 2011). At field lo-
cation No. 4 (Fig. 2), the average discharge during the exam-
ined period was, with an estimated value of 0.Flsmt, still
much lower.
The characteristic low-productive fens are widely abun-
dant in the alluvial plains (6wit, 1994; Wassen and Joosten,
1996), but the succession of shrubs and forests is progress-
ing (Palczyski, 1985). Fen-bog transition is stimulated by
enhanced infiltration of local precipitation following a sub-
tle lowering of the surface water level of the Biebrza River.
Caused by mechanization and rural exodus, the once ex-
tensively used areas on the flood plain undergo succession
Fig. 2. Digital elevation model of the Upper Catchment of the processes. This so-called shrub encroachment (Wassen and
Biebrza River. The dqts .|nd|cate thg Iocatlops of the plezome’FerJoosten’ 1996) results in increased evapotranspiration.
nmeesatlz.uIahn?etal{ascﬁat\);xbggrl‘cs;?fso::]eegver section where the T-stick The examined river stretch is located in the upper catch-
' ment between the villages Sdgmwce (Fig. 2, No. 1) up-
stream and Rogtynek (Fig. 2, No. 4) at the downstream end
of the section. The majority of the presented measurements
lands therefore are mostly groundwater fed; however, duringvere performed between point No. 2 (Stary Rbgo and
spring freshets surface water also infiltrates the alluvia. No. 4. The length of the river section is 5670 m, and the av-
Crossed by ditches of abandoned land reclamation syserage absolute elevation of the water level at No. 2 and 4 is
tems, the valley of the upper catchment is filled with deposits119.9 and 119.4ma.s.l., respectively. The average slope of
of varying peat soils of thicknesses of 2 to 5 m. Together withthe riverbed was estimated as 0.23 %o; the river has a width
the underlying fluvioglacial gravels and sands, the peat layepf about 6-8 m and an average depth of 1.1 m along the ex-
forms an unconsolidated aquifer. Glacial tills (Pajnowska andamined reach. The Biebrza River is free flowing along the
Wienctaw, 1984; Ber, 2005), however, locally separate theentire reach; the river channel is characterized by a variety of
sand and gravel layers, creating confined aquifers of varyingross-sections with steep banks. During low flow in summer,
extent and resulting in a complex local hydrogeology. Thethe Manning coefficient for this river stretch is about 0.12
hydrogeological base of the Biebrza catchment consists ofDe Doncker et al., 2009). The riverbed is composed of peat
Tertiary marls at approximately O ted0 ma.s.l. of varying consistency; the banks mostly are covered with
The Biebrza River catchment is located in the subconti-reed plants.
nental/subboreal climate zone with a yearly average tem-
perature of 6.8C. The average annual precipitation ranges
from 550 to 700 mmyr!, the evapotranspiration between 3 Methodology
460 and 480 mmyr! (Kossowska-Cezak, 1984). Given the
low population density of the area, the current land cover inSince the wetlands around the Biebrza River are protected,
the morainic uplands consists mainly of arable land and remfield methods which are not intrusive or immersive are pre-
nants of the natural oak-beech forests. Low lying areas of thderred for the investigation. We applied a set of different field
catchment are cultivated in an extensive manner as meadowsethods to quantify the groundwater-surface water interac-
and pastures. The alluvial plains show reed vegetation in théion including methods based on hydraulic head, slug tests
center of the valley and sedges closer to the slope crack. Thand seepage meters. The main method which was applied is
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Fig. 3. Location of the 38 points (blue, red and green points) of the T-Stick measurements along the Biebrza River. The purple dots indicate
the location of piezometer nests. The dashed line indicates the maximum extent of the alluvium or floodplain (i.e. the slope crack between
valley wall and valley floor); a tributary is entering the alluvium from the south, in the north the alluvium extents into a paleochannel of the
Biebrza River. On the right side of the alluvial plain, two piezometer nests are indicated. Orthophotomap source: www.zumi.pl.

Fig. 4. (a) Setup for measuring temperature profiles and hydraulic head in the Biebrza River with piezometer nests equipped with data
loggers, e.g. piezometer nest No(l2) Scheme for measuring temperature profiles in the riverbed with the T-stick instrument.

the thermal method (Anderson, 2005; Kalbus et al., 2006;300—-200 on the second day. The measurements were exe-

Constantz, 2008). cuted on 12-13 October, 17-18 November 2007, 5—-6 March
and 15-16 June 2008 with the so-called T-stick (Fig. 4b)

3.1 Measurement techniques instrument (Anibas et al., 2009, 2011). Additionally, sev-
eral points were measured on 10 November and 8 Decem-

3.1.1 Temperature stick ber 2007. Using a Topcon GMS-2 GPS receiver with EG-

NOS differential correction, a relocation of the measure-

We established 38 measurement points (Fig. 3), designate@ent points was possible with an accuracy of 1 m. The mea-
as points 200—-300 between the villages of Stary Rygo  sured temperature profiles consisted of measurements at the
(Fig. 3, No. 2), and Nowy Rogryn (Fig. 3, No. 3) and groundwater-surface water interface (i.e. 0.0m) and at 0.10,
points 300-400 between Nowy Rm and Rogynek 0.25 and 0.50m depth in the riverbed (F|g 4b) If pOSSible,
(Fig. 3, No. 4), to gather temperature profiles of the riverbed.@ measurement at the deepest reachable point was taken (on
Field measurement campaigns of 2 consecutive days weraverage this was 0.83 m).

performed by examining points 400-301 on the first and
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Table 1.Physical and thermal properties of the soil profiles defined for the field site in the Upper Biebrza catchment.

Soil*  Porosity® Specific heat capacity Densipy Thermal conductivity —Description

cinJkglk-1 inkgm™3  ieindsim-1k-1
Peat 0.95 3900 1100 0.4 Soil profile I and Ill
Peat 0.80 3300 1300 0.7 Soil profile 1l
Sand 0.42 1300 2000 1.8 Soil profile I, Il and I

* completely saturated
Properties of the liquid phase (e.g. watet); pw andie are 4180 J kgl K—1, 1000 kgnT3 and 0.6 J51 m~—1 K1, respectively.

3.1.2 Piezometer nests where ¢ is the effective thermal conductivity of the soil-
water matrix in Js!m~1K~1, T the temperature at point
At four locations (Figs. 2 and 3) along the river stretch, ; at timer in °C, cy the specific heat capacity of the fluid in
piezometer nests (Fig. 4a) were installed. Filters of 0.15mykg-1K~1, p,, the density of the fluid in kg m?, ¢, the ver-
length were placed at different depth in the riverbed (be-tical component of the groundwater velocity in msc the
tween 0.15 and 1.20m). They were equipped with tem-gpecific heat capacity of the rock-fluid matrix in JRg< 1,
perature (StowAwa@ TidbiT®, Onset Computer Corpora- andp the wet-bulk density in kg m2. The first term of the
tion, Bourne, MA, USA) and/or Div&® temperature and left hand side of Eq. (1) represents the conductive and the
hydraulic head data loggers (Schlumberger Water Servicessecond term the advective part of the heat transport. For
Delft, The Netherlands) to continuously measure head andonvenience we express the vertical groundwater velocity in
thermal gradients in the riverbed. The piezometer nestsnmd-1. A positive sign stands for water moving from the
No. 2, 3 and 4 were furthermore measuring river water lev-surface into the hyporheic zone (i.e. groundwater recharge
els and temperatures. Rising and falling head slug tests werer losing stream reach), and negative sign represents water

performed at the piezometer nests No. 2 and 3. moving from the hyporheic zone into the river (i.e. ground-
water discharge or gaining stream reach).
3.1.3 Seepage meters The thermal method is an indirect method; the data mea-

. sured in the field must be processed with a heat transport
Four self-made seepage meters, metal and plastic barrels cyi,qe| in order to derive quantitative estimates of the flow ve-
in half of 0.27 and 0.56m in diameter were pushed into ity or flux. We apply inverse thermal modeling in which
the sediment of the riverbed in a zone of around 5%)an the calculation of vertical groundwater fluxes is achieved by
Rogazynek (Fig. 3, No. 4). From 16-20 June 2008, nine meéa-o|ying Eq. (1) with transient boundary conditions. A ver-
surements were performed by collecting during two hoursi.a| 1-D heat transport model STRIVE (Buis et al., 2008;

seepage in plastic bags (volume 0.51). Pre-filled bags (0.1nipas et al., 2009) is used, based on the ecosystem model-
were used to avoid anomalous short-term influx and to re—Ing platform FEMME (Soetaert et al., 2002). The heat trans-
duce the bag resistance (Murdoch and Kelly, 2003). Average,ort model obtains a best model fit by changing the value
values obtained from all four seepage meters were used. ¢ the vertical groundwater velocity (yand minimizing the
difference between the measured and simulated temperature
distributions by user defined internal integration and fitting
In the surficial zone of the subsurface, the temperature shift§outines (Soetaert et al., 2002).. S
seasonally and diurnally, influenced by the heating and cool- 1he STRIVE model for the Biebrza River is discretizised
ing of the land surface. During the summer months the@S & Vertical, one-dimensional, heterogeneous, saturated soil

groundwater temperature is generally cooler than streanfolumn of 5.0m length and composed of 100 layers. The
temperature, whereas in winter it is generally the oppo-SPacing of the quel layers follows a sinusoidal function,
site. As groundwater flows according to hydraulic gradients,Providing layer thicknesses of 0.001m at the upper and
hence heat is solely transported by advection and conductioffWer boundary, while the thickness of the layers is increas-
through the system influencing the temperature distributiorind towards the center of the model domain to 0.08 m. This
in the porous media. Nowadays, temperature can be measetup was chosen to reduce discretization errors close to the
sured rapidly as sensors are technically simple, cheap, widelgroundwater-surface water interface.

available and they can be handled easily. A continuously measured surface water temperature data

Based on Stallman (1965) and Lapham (1989), the oneSet (i.e. the solidlline in Figh) forms the upper t_)oundary of
dimensional, vertical, anisothermal transport of liquid and the model domain. The lower boundary is defined as a con-

heat through homogeneous, porous media is formulated asStant temperature at 5.0 m depth (i.e. the dashed dotted line
in Fig. 5), where it is assumed that no significant changes

3.2 Thermal model

3°T aT aT : : ;
o= _ _ 1 in temperature occur over time (Anibas et al., 2009). The
ez ~ oW = Cp 1)
Hydrol. Earth Syst. Sci., 16, 2329-2346, 2012 www.hydrol-earth-syst-sci.net/16/2329/2012/
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temperature at the lower boundary is the average yearly value
of a time series measured in a well close to the river in Ro-
gozynek (i.e. point 4 in Fig. 3). One temperature profile mea-
sured with the T-stick, indicated by crosses, is used to initial-
ize the model (i.e. the profiles of 10 or 11 October 2007),
whereas the other three or four T-stick measurements in time
are used to fit the modelled temperature distributions. With
STRIVE’s VODE (variable-coefficient ordinary differential
equation) numerical integration routine, two hourly output
values were simulated (Soetaert et al., 2004). The dotted
lines in Fig. 5 show simulated temperatures of the respec-
tive depths of the T-stick measurements for the best model
fit. The result of the simulation represents an integration of
the flux over the given simulation period.

The described model setup was also applied with tempera-
ture time series from piezometers. The higher amount of data
points used to fit the model allows reducing the simulation
period and thus a higher temporal resolution.

To serve as upper model boundary, time series of sur-
face water temperature were used. At the corresponding
times, the STRIVE model requires this boundary to be iden-
tical with the uppermost measurement point (i.e. at 0.0m,
Figs. 4b and 5). Since there were only three different time
series of surface water temperatures available for the en-
tire river section, comprising of 38 measurement points, the
time series were linearly interpolated to fit with the T-stick
measurements.

According to pedological information derived from soil
maps (Banaszuk, 2000) and information collected from
drillings, vertically heterogeneous soil profiles were assigned
to the model. At Rogbyn Nowy (Fig. 3, No. 3), a stratig-
raphy consisting of peat up to 2.2m depth succeeded by a
sandy soil layer (.Flg' 42) V\.Ias founq and used for aI_I .bUt oneFig. 5. Setup of the transient STRIVE model with results from
measurement point. At Roggnek (Fig. 2, No. 4), additional

. ” : : ) measurement point 308) and 302(b). The riverbed temperature
information from the installation of the piezometer nests was, g om depth serves as upper model boundary, a constant tem-

available. A soil column consisting of a sandy surficial layer perature at 5.0m depth (the dashed-dotted line) as lower bound-

of 0.35 m thickness followed by a peat layer till 2.20 m depth ary. The crosses indicate the measurements with the T-stick in-

and a sandy layer up to 5.00 m depth was therefore defined.strument, whereas the dotted lines indicate the simulated tem-
According toStonestrom and Constantz (2003) and An- peratures at the respective points for the best modefafjitSoil

derson (2005 for saturated sands ranges usually betweertype |, flux=—6.5mmd-!, RMSE=0.47C; (b) Soil type II,

1.4 and 2.2J5'm~ 1K1, whereas for peate varies be-  flux=—26.2mmd*, RMSE=0.46°C.

tween 0.4 and 0.7 34 m1K~1. As A varies less than an

order of magnitude for all soils found in riverbeds,values

usually can be taken from the literature. This is a significantKonrad (2005). Alternatively, uniform sets of parameters

advantage compared to methods based on Darcy’s lawg as were used for simulations.

is equivalent toKy, the hydraulic conductivity, which varies

over several orders of magnitudes (Chen, 2000). In order t8.3 Conceptual model

handle the heterogeneities along the examined field location,

three representative sets of physical-thermal parameters (Tdn Fig. 6 we present a conceptual model for the estimation

ble 1) were estimated and assigned to the 38 measuremeand understanding of groundwater-surface water interaction.

points. The thermal characteristics were determined baseBligure 6a shows the field measurements representing point

on physical properties of peat of the Biebrza River valley estimates valid on a “local scale” not bigger than 1-10m

(Churski and Szuniewicz, 1994; Gnatowski et al., 2010),along and across the river reach. Riverbed bathymetry, the

as well as the literature, including Farouki (1986), Peters-composition of the riverbed and the position of the measure-

Lidard et al. (1998), Schérzel et al. (2002) and@®& and  ment across the river are local factors which influence the
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Fig. 6. Concept for the estimation and understanding of groundwater-surface water inter@jtiirld measurements represent point esti-

mates on a local scale: bathymetry, composition of the riverbed and the measurement position influence of the vertical flux estimate (e.qg. local
factors).(b) Interpolation reveals spatially distributed exchange patterns on a reach scale indicated in grey scales. For example, converging
and diverging flow lines cause different exchange fluxes at convex and concave sides of meanders, reqpgdtieetjuantity of exchange

fluxes is dependent on morphology, topography, climate, vegetation and hydrogeology (e.g. regional factors). Hence, the interpretation of
the groundwater-surface water interaction system is only possible when the system is analyzed at sub-basin or fluvio-plain scale. The im-
proved understanding of the hydrological system is used to update, improve and control future investigation and modeling efforts on the local
scale(a).

vertical flux estimates, indicated by the arrows of variousunderstanding of the hydro-ecological functioning hence can

size. Spatially distributed point estimates along and acros®e achieved when the obtained results are used to update fu-

a river reach can be interpolated on a “reach scale” Fig. 6kture field work and modeling of the system.

where spatial relationships and net exchange rates between

the riverbed and river can be examined. The spatial distri-

bution of exchange fluxes and their patterns are indicated imp Results and discussion

grey scales. For a meandering river reach, converging flow

lines cause higher exchange fluxes at the convex banks of.1 Heterogeneity of the riverbed

meanders, and lower exchange fluxes in the concave banks

since the flow lines are diverging. Figure 5 is representative for the range of temperatures mea-
To interpret the derived flux pattern it is thus neces- sured and simulated along the examined reach of the Biebrza

sary to investigate the system in a wider context, the “sub-River. Exemplarily, the temperature profiles measured be-

basin” or “fluvio-plain” scale (Fig. 6¢). The quantity of ex- tween 12 October 2007 and 16 June 2008 of two measure-

change fluxes also depends on regional factors like topogment points, 308 (Fig. 5a) and 302 (Fig. 5b), are shown to-

raphy, climate, hydrogeology, hydromorphology and vege-gether with corresponding surface water temperature time

tation. These features are indicated in Fig. 6¢ by meandersseries. Since the measured temperatures are clearly differ-

leading to varying distances between the river and the slopent, it is obvious that strong temperature variations exist be-

crack, the hydrogeological stratigraphy and vegetation pattween the 38 T-stick measurements along the examined river

terns across the alluvium and the morainic plateau, respeaeach. On 15-16 June 2008, for example, maximal tempera-

tively. The combination of all these features influences theture differences of 7.9C and 6.2°C were detected between

groundwater-surface water interaction via the riverbed; in-the 38 measurement points at 0.0 m and 0.5 m depth, respec-

terpretation of the interaction is only possible when the sys-tively. These spatial differences were consistent over time

tem is analyzed at sub-basin or fluvio-plain scale. A bettersince the minimal differences measured on 5—6 March 2008
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showed still values of 4.2C at 0.0 m depths and 2€ at respective parameter values of Table 1, these locations show
0.5m. Measured thermal gradients between 0.0 and 0.5 muite low flux estimates.
had a range of 0.9C to 5.8°C, whereas the measurement In contradiction to soil profile I, profile 1l is character-
campaign of 12-13 October 2007 showed the lowest graized by a stable, compact consistence of the riverbed with
dients, with an average of 1°E. The campaign of 17— a clear interface between the riverbed and the surface water.
18 November 2007 indicated the maximum gradients, withAccording to the pedological map (Banaszuk, 2000), this soll
depths (i.e. 3.4C). The minima and maxima of the measured type is associated with “moss-sedge peat” or “alder swamp
surface water temperature time series within the simulatiorpeat”. The temperature variations over time and depth are,
period were 3.8 and 16°% for point No. 2 and-0.1 and  compared to soil profile I, much stronger (Fig. 5b), indicat-
21.3°C for point No. 4, respectively. The average surfaceing different fluxes and different soil properties. For soil pro-
water temperature of the winter season of 2007-2008 wafile Il, a higher thermal conductivity and a lower heat capac-
4.4 and 2.0C for No. 2 and No. 4, respectively. ity have to be applied. The final values (Table 1) were es-
Conant (2004) and Anibas et al. (2011) suggest that strongablished by manual calibration runs of the transient thermal
temperature differences of spatially distributed measurementodel in STRIVE, leading in general to higher flux estimates
points indicate an heterogeneous pattern of groundwaterthan for soil profile I. This difference is underlined by statis-
surface water exchange. However, at the Biebrza Rivetical tests, Kolmogorov-Smirnow and Mann-Whitney U tests
alongside the thermal pattern, strong spatial variations in(population sizeV = 38; level of significance = 0.05).
physical consistency of the riverbeds peat soils were re- The stratigraphy and physical properties of the riverbed in-
vealed. Therefore, we assume that the variation in temperafluence the estimated fluxes when the soil parameters change
ture indicates, beside differences in groundwater fluxes, alsoelatively close to the sediment-water interface. Test runs
the spatial heterogeneity of soil physical properties betweerwith STRIVE showed that the influence of the sand layer at
the different measurement points. A classification was estaba depth of 2.2 m (i.e. below the peat) is limited since the ex-
lished by a simple manual and visual examination point forchange of thermal energy at this depth is relatively low.
point, assessing color, consistency and resistance to penetra-Viewed in the broader context (i.e. fluvio-plain scale;
tion. The procedure was then repeated at every measuremehtg. 3), the fluvial plain in the upper part of the investigated
campaign. Two peat types were distinguished, one showingection has a constant width of around 370 m. From point 208
a soft, loose structure whereas the other was fairly compactill point 303 it is widening up to a width of 780 m. Between
Together with the underlying sand, they are designated apoint 304 and 310 the alluvium steeply narrows again and
“soil profile 1" and “soil profile 11", respectively. At point the width remains around 290 m until the lower end of the
400, where the river approaches the morainic upland, thesection. Soil profile | is on average farther away from the
riverbed becomes sandy and a more heterogeneous stratigght slope crack of the valley and is found closer at the left
raphy is present, i.e. “soil profile IlI". The peat was assignedside, whereas for soil profile Il this is the opposite. The pedo-
with similar physical values as soil profile I. A few measured logical map (Banaszuk, 2000) also shows different soil com-
profiles showed intermediate characteristics of soil profiles Iposition in the center of the floodplain and towards the left
and Il; they were either classified according to the one whichside of the alluvium. This finding, however, could not be sup-
showed the best model fit, or average values of simulategorted with the Kolmogorov-Smirnow and a Mann-Whitney
fluxes were used for further analysis. For the different peatU tests (N=34, p =0.05). Slug tests performed at piezome-
soils parameter sets were assumed as summarized in Tableters across the right side of the alluvium (Fig. 3) indicate
Soil profile | is characterized by a dark, black colour and a decrease in horizontal hydraulic conductivky between
a muddy consistency. Often no clear interface between surthe slope crack and the river course. The values decrease
face water and riverbed is present; in the region up to aroundlightly from 0.65md? to 0.58 md ! across the alluvium
0.10-0.15 m depth, the peat behaves like a suspension withtawards the river, whereas in the riverbed the value drops to
gradually decreasing porosity. Since the interface is not well0.10 md-1.
determined, it is difficult to define the absolute position of
the temperature measurement. The pedological map of thd.2 Spatial variation
Biebrza National Park indicates that this soil is predomi-
nantly composed of “reed peat” (Banaszuk, 2000). Temper+igure 7 shows the results of the STRIVE simulations using
ature measurements of soil profile | indicate highly damp-the parameters of Table 1 as bar graph for the 38 measure-
ened temperatures with depth and flat thermal gradients, asent points. The colours of the bars indicate the different
can be seen from measurement point 308 (Fig. 5a). In consoil profiles 1, Il and Il in blue, red and green, respectively,
trast to sites with sandy soils (Schmidt et al., 2007; Anibassimilar to the dots in Fig. 3. The maximum flux is observed at
et al., 2011), where a similar thermal pattern indicates highpoint 210, with an exfiltration of-37 mmd-! and the mini-
discharge fluxes, peat soils must be assigned with low thermum exfiltration rate is-6.3 mm d™! at point 311. Point 215
mal conductivity, high heat capacity and porosity values toshows an infiltration rate of 4.8 mnTd. Points 209 and 320,
get an acceptable model fit. Consequently, by applying thdor example, belong to soil profile | and show high discharge
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Fig. 7. Results of transient simulations per measurement point with STRIVE. The bars indicate the integrated fluxes per measurement point
between 11 October 2007 and 17 June 2008; the colours of the bars indicate soil profiles I, Il and Ill, respectively, in blue, red and green.

values, whereas points 205 and 300, which are soil proalong the entire river section of 5670 m. Given an average
file 1l, show relatively low discharge values. These resultsdischarge of 0.31 /s, this is 1.8 % of the average sur-
contradict the average differences found between the flux esface water discharge at point No. 4. The Biebzra River hence
timates of soil profile | and Il, indicating that the spatial ex- gains 0.32 % of the average discharge at the outlet of the ex-
change pattern does not only depend on the composition ocimined section per km of river. A study of the Belgian Aa
the riverbed. Hence, the fluxes obtained on a local scale arRiver (Anibas et al., 2011) shows a respective value 0.42 %
also influenced by regional factors. An average root mearper km. Both rivers are low land rivers but the difference in
square error (RMSE) between the measured and the simusize, and probably more importantly the different hydrogeol-
lated temperatures of 0.4€ has been obtained. The RMSE ogy, strongly determine these differences. At the investigated
for soil profile I'is with 0.39°C lower than the RMSE of soil  sites, the Aa River is considerably bigger then the Biebrza
profile Il with 0.50°C. River and has a sandy riverbed.

Compared with a thermal steady state analysis as pre- Notice that some parts of the river course show infiltrat-
sented by Anibas et al. (2011), using the measurements dhg and others discharging conditions (Fig. 8a). The section
5-6 March 2008 shows a significant correlation between thebetween the measurement points 301-211 is slightly infiltrat-
spatial pattern of the steady-state and the transient simulang, whereas just further upstream, between the points 210—
tions (Spearman rank and Gamma test®y =38, p=0.05). 206, the highest exfiltration rates are estimated. A total
In the case where uniform thermal and physical propertie€91.4 % of the interpolated river surface shows exfiltrating
are assigned for all measurement points, a rather uniform diseharacteristics, whereas 8.6 % indicates recharge. The exfil-
tribution of flux estimates is obtained along the reach. Fortrating zone shows a net flux ef5.541s™1, whereas for the
this analysis the model fit was all but satisfactory; RMSE infiltrating zone a flux of 0.101s! is estimated. The section
values of more than 13 were common. The analysis indi- halfway along the examined river section and locations rela-
cates that the estimation and classification of thermal proptively far from the slope crack show the lowest flux values.
erties of peat soils on a local scale is important to be able to Since the total river length from the source to measurement
correctly observe and interpret spatial relationships and hetpoint No. 4 is just about 15 km (Fig. 2), the estimated net ex-
erogeneities on the reach and fluvio-plain scale. change fluxes alone cannot explain the amount of surface wa-

From Fig. 7 it is obvious that the flux estimates along theter discharge of the river. A lateral flow component has to be
river are fairly heterogeneous and in first instance no clearesponsible for this difference, which supports the hypothe-
patterns are visible. We used a multilog radial bases functiorses of van Loon et al. (2009). They suggest the occurrence
(Surfer 8.04, Golden Software, 2003) for the spatial interpo-of groundwater discharge at the slope crack between valley
lation of the determined point estimates (Fig. 7), where thewall and floor and a shallow permeable zone within the allu-
parameterkR? was set as 1800. This leads, despite the lim-vium, which allow shallow lateral flow towards the river. In
ited amount of measurement points, to a continous distributhe center of the alluvium it is expected that the groundwater
tion of exchange fluxes along the river reach (Fig. 8b). Andischarge is lower than in the vicinity of the slope crack (van
anisotropy ratio of 2.5 and an angle of°20ere used to rep- Loon et al., 2009).
resent the orientation of the river course. Figure 8b shows Figure 8a shows measurements of surface water discharge
the range of the interpolated flux estimates, with a maximumat 7 positions along the river section between No. 2 and 4 (De
exfiltration of —29.4 mmd! and a maximum infiltration of ~ Doncker et al., 2009). Significant changes in discharge along
4. 7mmd. An average flux of~-10.4mmd?! was calcu- the section are indicated. The discharge at the most down-
lated, leading to a (vertical) net exchange rate-6f44 |s1 stream point (i.e. G), however, is in the same range as at the
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Fig. 8. (a)Surface water discharge measurements A—G along the river section according to De Doncker et a(b(2Bp&fal interpolation
of the point estimates of the transient simulation on a reach scale indicated as coloured band. The location of the surface water measurement
A-G are indicated by crosses. Orthophotomap source: www.zumi.pl.

upstream point (i.e. A). The changes in discharge quantitameasurement points versus the distance of each point to the
tively are too strong to be explained by the variations of ver-slope crack (indicated as dashed lines in Figs. 3 and 8b).
tical fluxes obtained by the thermal analysis. Again, in line Along the right side of the river section, high fluxes correlate
with van Loon et al. (2009), a lateral contribution of ground- with short distances, whereas such a correlation for the left
water flow to the river can account for the differences. How- side of the river is not significant until is increased to 0.10.
ever, the interpolated flux (Fig. 8b) shows a comparable spaHigher fluxes are detected closer to the slope crack where
tial trend along the river stretch: the strong discharge zongoredominantly soil type Il is abundant (i.e. the right side of
between points 210-206, the slight recharge zone betweethe alluvium), indicating changing flux rates across the flood
points 301-211 and the increasing discharge between 31plane. Results from the groundwater model of van Loon et al.
and 400 are well reproduced (Fig. 8). Because of the growti{2009) show high groundwater discharges along the slope
of macrophytes and a varying cross-section, estimates of suerack, which supports the relationship between measurement
face water discharge are difficult to perform and their resultslocation within the alluvial plain and magnitude of flux.
may therefore have a considerable error. We classified the flux estimates according to their posi-

Statistical tests have been performed on the reach scalgon along the river reach to investigate the relationship be-
using the point estimates of Fig. 7. Since the flux estimatedween the morphologic features and the calculated fluxes.
are not normally distributed (supported by Lilliefors and In general the morphology of the river consists of straight
Shapiro-Wilk tests,N =38), nonparametric statistical tests sections and meanders. Measurement points located on the
have been applied. AlthougHi is relatively small compared convex edges of meanders (i.e. cut banks), and where the
to other works, e.gAnibas et al. (2011), some relationships river flow is straight, parallel or perpendicular with respect
between the magnitude of vertical flux values and morpho-to the general orientation of the river valley, are grouped and
logic features can be examined. examined with a Mann-Whitney U test (%38, p =0.05).

A correlation (Spearman Rank Order Correlations, The test indicated that fluxes on the edges of meanders are
Gamma correlations and Kendall Tau Correlations testssignificantly higher than at other positions. By adopting the
N=38; p=0.05) is found for the flux rates of the Mann-Whitney statistical test (%23; p =0.05), differences
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Fig. 9. (a) Surface water temperature and measured groundwater temperatures at different depths in piezometer ngst€bimedpond-
ing estimated fluxes using weekly transient thermal simulations with STRIVE as well as daily averaged fluxes based on Darcy calculations.

between other features, like sections of parallel and perpenef the used thermal sensors is less tharf Q.3 sufficiently
dicular flow with respect to the general flow direction, could high temperature gradient and time is needed to detect tem-
not be revealed. The high fluxes on the outer edges of mearperature changes with depth to get a reliable flux estimate
ders can be explained by the combined effect of the (shorterpver the given simulation period. This and initialization er-
distance to the slope crack between morainic upland and alors limit the temporal resolution of STRIVE to 1-2 weeks
luvial plain and the convergence of groundwater flow lines (Dujardin et al., 2011).

towards them. In general, points closer to the left side of the Flux estimates with a higher temporal resolution, however,
alluvium show low fluxes, which can be an indication that the can be generated by connecting the heat transport model with
groundwater discharge from the right side of the alluvium hydraulic head data from the piezometer nests. Values for
is stronger than from the left side. This is probably causedvertical hydraulic conductivityk, were estimated for peri-

by differing riverbed compositions since soil type | and Il ods with stable head gradients by calculating respective flux
are indicated closer to the left and the right side of the allu-rates with STRIVE using transient simulations and by apply-
vium, respectively. The hydromorphology on the reach scalejng Darcy’s law (Lapham, 1989). Using data from piezome-
however, cannot completely explain the occuring differenceter nest No. 2, aky of 0.22md ! was estimatedk, of

in fluxes. Regional factors factors like topography and hy- piezometer nests No. 3 and 4 are 0.81thdnd 0.05 md?,
drogeology, which become visible at the bigger fluvio-plain respectively (Table 2). Table 2 also shows the estimates of
scale, must be responsible for the variability in fluxes. Hencethe horizontal conductivityk}, derived from falling and ris-

for the correct interpretation of results gained on the reaching head slug tests in the respective piezometer nests No. 2
scale, the sub-basin or fluvio-plain scale has to be taken int@and 3. The anisotropi{,/ Ky ranges from 1.2 at No. 2t0 0.1

account. at No. 3, which is, despite its range, in agreement with liter-
o ature values (Chen, 2000).
4.3 Temporal variation The estimatedky values were then applied on time se-

| imul | ch : q ries data of hydraulic gradients measured in the piezome-
STRIVE can also simulate temporal changes in ground-g 1, cajculate hourly values of exchange flux. Figure 10

water gnd suriace water gxchange. Analy;is performe.d fOLhows the results of the analysis between 13 September 2007
Dujardin et al. (2011) indicated that transient simulations

ith od of " teasibl g th (ind 20 June 2008. For Piezometer nests No. 2, a continu-
with a period of one week are feasible using the presented, ¢ yaaset is available showing an average infiltration of

model setup if sufficient (i.e. continuously measured) data4_8 mmd-L. Piezometer No. 3 shows an average exfiltration
are available to fit the model. Figure 9a shows tempera ¢ _ o5 s mmd? in the period of 13 September 2007 till

ture data of piezometers No. 4 for the period 3 March 108 December 2007, whereas No. 4 shows an average value
20 June 2008. In Fig. 9b, flux results based on hydraulic grage _78 9mmd-L from 4 March 2008 till 20 June 2008. The

dient _data are compared with transient simulations of Weeklycorresponding analysis of the points 200, 300 and 400 shows
duration from STRIVE. The global trend of groundwater- exchange fluxes of a lower magnitude (Fig. 7) but of a com-

surface water interaction is well reproduced by the heat transy, a6 distribution, respectively, of low infiltration, exfiltra-

port model. The model, however, fails to reproduce sharpyjo, anq strong exdiltration. The highest determined fluxes at
peaks of exchange flows. Since the measurement accuracy
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Table 2. Estimated vertical hydraulic conductivify, using thermal and hydraulic head data.
Simulation Simulation Vertical Horizontal
period: period: Vertical Difference hydraulic hydraulic Anisotropy
Piezometer  begin end fldo, in head conductivity conductivitf'/2 ratio
nestNo.  [dd/mmlyy] [dd/mmlyy] inmmd?l Arincm Kyinmd?l Kpinmd? Kn/Ky
1 6 Aug 2007 28 Aug 2007 —24.5 - - - -
2 18 Jan 2008 4 Mar 2008 35 3 0.22 0.26 1.2
2 8 Feb 2008 22 May 2008 -6.5 2 0.22 0.26 1.2
3 6 Aug 2007 28 Aug 2007 —36.2 —4 0.81 0.10 0.1
3 9 Mar 2008 28 Apr 2008 —20.4 -3 0.81 0.10 0.1
4A 6 Aug 2007 28 Aug 2007 -21.9 —36 0.05 - -
4B 6 Aug 2007 28 Aug 2007 —38.4 —36 0.05 - -
4B 14 Apr 2008 15 Jun 2008 —29.8 -29 0.05 - -

1 using transient STRIVE simulation$;from piezometer nests;from falling and rising head slug tests.

No. 3 and 4, predominantly an infiltration of surface wa-
ter into the hyporheic zone. Piezometer nest No. 2, in com-
parison with No. 4, is located farther away from the slope
crack and the valley floor is wider, explaining the differ-
ences in exchange fluxes and the peat resembles soil profile I.
Piezometers, however, are difficult to place and to maintain,
especially when they are placed directly in the riverbed. A
STRIVE simulation of temperature data from piezometer
No. 1, where no useful head data sets could be retrieved,
shows that the flux is within the range of the results of the
other piezometers (Tab®). Correct measurements of head
gradients are, in comparison with temperature measurements

Fig. 10. Temporal distribution of the GSI in the riverbed of the More challenging.

Biebrza River based on time series of hydraulic head and hydraulic

conductivity values derived with STRIVE. .
4.4 \Validation

the location showing the lowed, indicates that the quan- By calculatingK, using both STRIVE and head gradients,
tity of the fluxes along the reach is primarily determined the two methods were not applied independent from each
by differing hydraulic head gradients rather than by differ- other. Therefore, we performed seepage meter measurements
ences in hydraulic conductivity. Point No. 4 also shows ain Rogazynek (Fig. 3, No. 4) to have an independent valida-
high temporal variability of exchange fluxes. The point is tion of our previously presented results. The magnitude of
located close the slope crack and has relatively high fluxesthe seepage meter fluxes follow the temporal pattern of the
highlighting the influence of the exfiltration zone at the inter- time series of fluxes based on head gradients measurements
face (van Loon et al., 2009). Long periods of relative stable(Fig. 10). For the examined period between 16—20 June 2008,
flow conditions are interrupted by peaks of river dischargethe head based fluxes, however, yielded a higher flux of
where the magnitude of the exchange fluxes alters rapidly-36 mmd-1, whereas the seepage meters indicated an av-
and can reverse the flow direction from exfiltrating to infil- erage flux of—14 mmd. A transient thermal simulation
trating conditions; exfiltration, however, is dominating. In- of temperature profiles collected close to the placed seep-
filtration rates of 5.8 mmd! were calculated, while during age meters using STRIVE resulted in a flux-ef0 mmd1.
exfiltrating conditions flux values reach104.3mmd? at Since a vertical heterogeneity in flux rates is possible (Chou,
piezometer No. 4. 2009), these differences can be attributed to the different
Piezometer No. 3 is located far from the slope crack inassumptions, boundary conditions and uncertainties of the
the middle of the alluvial plain and shows, in comparison methods and are regarded as acceptable in the scope of the
to No. 4, lower values of exchange fluxes and less fluctuastudy. The thermal model, for example, integrates the ex-
tion; minima and maxima of-3.0 and—49.7mmd?! were  change fluxes over a vertical domain of 5.0m assuming a
determined. Piezometer nest No. 2, with respective values ofonstant flux rate at depth, whereas the head and seepage
32.1and-6.8mmd1, shows, compared to piezometer nests meter measurements use a domain of less than 1 m. Hence,
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a perfect agreement on the determined fluxes between theseeasurement campaign. In opposition to what is valid for
methods is unlikely. sandy riverbeds, we conclude that large variations in mea-
sured temperatures and thermal gradients are not only caused
by differing fluxes but also by changing physical properties
5 Conclusions in the riverbed. These differences are controlled by varying
soil properties (i.e. local factors) resulting in a scattered pat-
A hierarchical approach to quantify and interpret tern of estimated flux rates at a local scale (Figs. 5a and 7).
groundwater-surface water interaction in space and timeThe soil properties are heterogeneous with depth and also
was presented by applying a combination of different field vary along the river course and across the flood plain. This
methods along a section of the upper catchment of thdinding results in the necessity to classify the model parame-
Biebrza River in Poland. Temperature profiles taken withters. We defined stratified soil profiles and introduced differ-
the T-stick instrument and time series of hydraulic headent sets of physical properties for the different measurement
and temperature gradients measured in piezometer nespwints (Table 1). However, this study probably does not cover
allowed the detection of spatial and temporal variationthe complete physical and hydrological heterogeneity of the
of groundwater-surface water exchange in the riverbedriver section, since the classification only takes the most evi-
Seepage meter measurements and slug tests were used fient differences into account.
the validation of the model results. With the combination of In comparison to a sandy riverbed, the thermal conductiv-
different field methods limitations of a single method can beity of peat is low and the heat capacity high, thus the damping
overcome, which is increasing the credibility of the obtained of the thermal signal with depth is strong. Since the biggest
results. changes in temperature occur close to the interface, temper-
The heterogeneity and complexity of groundwater-surfaceature measurements at shallow depths are necessary. The in-
water exchange processes underline the importance of selederface between riverbed and surface water, however, is of-
ing the appropriate scale for monitoring and interpretationten not easy to define. Hence, the techniques of collecting
(Vaughan et al., 2009). As shown in a conceptional modelfield data in peat environments should be subject of future
(Fig. 6), we suggest a hierarchical approach to interpret andmprovement. An investigation of the soil parameters with
understand the determining factors of these exchange. Poithboratory tests, a detailed assessment of the stratigraphy of
estimates of the exchange fluxes are representative on a ldhe riverbed and field measurements with an increased spa-
cal scale, where the local factors (e.g. the composition of thdial resolution are likely to further improve the model output.
riverbed, riverbed bathymetry, elevation and position acrosdA classification of the parameters as described, however, will
the riverbed) have to be taken into account. The variabilitybe always necessary. An additional challenge for field inves-
along the river course, though, cannot be explained by thdigations is the fact that protected wetlands obviously are not
local factors alone. Spatial patterns become visible when theasily accessible and may also underlie legal or environmen-
results are analyzed on a reach scale. There, “hot spots” afl restrictions that can hamper scientific investigation.
high or low exchange fluxes and zones of ex- and infiltration The introduction of interpolated temperature time series
and relations between the exchange fluxes and morphologidefining the upper boundary of the transient thermal model
and topographic features can be identified. To understand thef the T-stick measurements may lead to biases. Moreover,
underlying mechanisms of interaction, an even wider scopdhe real exchange fluxes are not constant over time (Fig. 10),
at the fluvio-plain or sub basin scale (determined by the re-influencing the thermal pattern in the riverbed. Consequently,
gional factors like topography, morphology, climate, vegeta-this may influence the flux estimates integrated over long pe-
tion and hydrogeology) is necessary. It is thus indispensableiods of time, especially when only a few measured temper-
to interpret fluxes determined on a local scale in a wider per-ature profiles are available to fit the model (Fig. 5). Finally,
spective. The groundwater-surface water exchange pattern e estimated fluxes are in general fairly low, which can mag-
the discussed scales might, however, be subject to specificify the influence of uncertainties on the simulated fluxes.
temporal and spatial variations. Hence, we expect that the accuracy of the modelled results
Heat transport modeling was performed using spatiallyin the Biebrza River is lower than of comparable works on
distributed measurements and time series from piezometesandy riverbeds or other more homogeneous environments,
nests; an acceptable agreement between the two models s&s presented by Anibas et al. (2009, 2011) or Dujardin et al.
tups was found. The thermal method also showed a goo@2011). The presented study therefore represents a first level
agreement with head based flux estimates and with seepagdevestigation of the exchange fluxes in the area. Furthermore,
meter measurements. As it was observed in Sect. 4.4, it iISTRIVE is a one-dimensional vertical model and hence can-
possible that the vertical fluxes are non-steady over deptimot give any insight on lateral or longitudinal flow vectors
(Chou, 2009). With the presented setup a vertical variabiltywithin the riverbed (Fairley and Nicholson, 2005). The ob-
of fluxes cannot be examined, however. tained RMSE values of around 0.246 have, however, an ac-
In an area dominated by wetlands and peat soils, the rangeeptable magnitude.
of measured temperatures is very high even during a single
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As stated by Cardenas (2008) or Boano et al. (2009), hywill not only improve the understanding of the functioning
dromorphology seems to play a key role for the hyporheicof the site but further establish the Biebrza National Park
exchange. By interpolating the scattered point estimates oms a hydro-ecologic reference area of worldwide significance
a reach scale (Figs. 6b and 8), the role of morphologic fea{Chormaski et al., 2009; Dabrowska-Zielinska et al., 2009).
tures and net exchange rates can be studied. Statistical tesAsbetter understanding of the interaction processes between
show the dependence of the exchange flux to the distance dhe river and its adjacent wetlands and the hyporheic zone of
the measurement point to the slope crack (Fig. 8b) and thehis particular ecosystem will help to develop unerring proce-
influence of meanders on the groundwater-surface water exdures for its management and conservation — practices which
change. Factors like at the edges of meanders are closer to tloan then be transferred to other locations where protection or
morainic plateau, have a higher conductive underground andestoration efforts are needed.
that groundwater flow lines are converging towards them are
indentified to control the spatial variations. These effects are
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