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Abstract:

In many mountain regions, large land areas with heterogeneous soils have become ice-free with the ongoing glacier retreat. On
these recently formed proglacial fields, the melt of the remaining glaciers typically drives pronounced diurnal stream level
fluctuations that propagate into the riparian zone. This behaviour was measured on the Damma glacier forefield in central
Switzerland with stage recorders in the stream and groundwater monitoring wells along four transects. In spite of the large
groundwater stage variations, radon measurements in the near-stream riparian zone indicate that there is little mixing between
stream water and groundwater on daily time scales. At all four transects, including both losing and gaining reaches, the
groundwater level fluctuations lagged the stream stage variations and were often damped with distance from the stream. Similar
behaviours have been modelled using the diffusion equation in coastal regions influenced by tidal sea level variations. We thus
tested the ability of such a model to predict groundwater level fluctuations in proglacial fields. The model reproduced several key
features of the observed fluctuations at three of four locations, although discrepancies also arise due to non representative input
data and model simplifications. Nevertheless, calibration of the model for the individual transects yielded realistic estimates of
hydraulic diffusivities between the stream and groundwater monitoring wells. We conclude that studying diurnal groundwater
fluctuations can provide important information about the subsurface hydrology of alpine watersheds dominated by glacier melt.
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INTRODUCTION

Downstream of glaciers, melt water typically flows
through braided streams on a glacial floodplain, with
potentially significant subsurface water fluxes through
riparian till deposits (Ward et al., 1999). Both the surface
and groundwater flow influence the chemical, physical,
and biological processes taking place on glacier forefields
(Warburton, 1992; Fairchild er al., 1999). However, the
characteristics of groundwater flow in such heterogeneous
environments with irregular topography and moraine-like
soils are still poorly understood (Roy and Hayashi, 2009).
In this study, we analysed how periodic stream level
variations caused by glacier melt propagate into the
riparian zone of the Damma glacier forefield in the central
Swiss Alps.

In many glacierized watersheds, diurnal stream stage
fluctuations caused by glacier melt likely propagate into the
groundwater of the riparian zone. In other environments,
similar groundwater fluctuations have been studied in detail,
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for example adjacent to streams fed by snowmelt (Loheide
and Lundquist, 2009) and in the vicinity of regulated rivers
(e.g. Francis et al., 2010). Although diurnal stage fluctua-
tions are likely to drive stream-groundwater interactions in
glacial forefields, these interactions have rarely been
studied. The scarcity of such studies can be attributed to
the difficulty of monitoring groundwater levels in remote
glacierized watersheds (Cooper et al., 2002).

For a proglacial field site in Svalbard, Cooper et al.
(2002, 2011) observed that diurnal fluctuations in
groundwater stage were damped and lagged compared
to variations in stream stage driven by glacier melt. They
found increasing groundwater levels during snowmelt and
a flood event; otherwise, the subsurface water levels
remained stable throughout their study. In Alaska,
Crossman et al. (2011) measured daily stage variations
in groundwater-fed streams close to a glacial floodplain.
Throughout the summer, they observed increasing
groundwater levels in piezometers near the streams due
to increasing infiltration of river water from the flood-
plain. Otherwise, near-stream water level observations on
proglacial field sites seem scarce, and, here, we report
results for one such field site in high alpine terrain.

Simple analytical models have adequately predicted
tide-driven groundwater fluctuations in coastal aquifers
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(Nielsen, 1990, Raubenheimer et al., 1999 and Montalto
et al., 2007). They reproduce the basic properties of
diffusive wave propagation, namely a nearly linear increase
in time lag and an exponential damping of the wave’s
amplitude with distance. In a sub-alpine riparian zone,
Loheide and Lundquist (2009) showed that these diffusion
models can also predict diurnal snowmelt-induced ground-
water fluctuations. Their study site was a flat meadow with
relatively homogeneous soil. However, glacier forefields
usually have highly heterogeneous soils and irregular
topography. Thus, the question remains whether ground-
water fluctuations in glacier forefields propagate according
to the same analytical models.

The aims of this study are to (1) present observations of
seasonal and diurnal relationships between stream stages
and riparian groundwater levels on an alpine glacier
forefield, (2) examine whether the diurnal fluctuations in
stream and groundwater levels cause substantial mixing
between the two water bodies, (3) test whether the diurnal
fluctuations of groundwater level in the riparian zone can
be explained by diffusive propagation of stream level
fluctuations, and (4) examine whether we can use the
diffusion model to estimate realistic hydraulic properties
of the heterogeneous sediments on the forefield.

THEORY OF WAVE PROPAGATION

In many studies, fluctuations in groundwater levels caused
by periodic variations at a boundary, for example due to
tidally driven sea level variations, have been simulated
using different forms of the diffusion equation (e.g.
Montalto et al., 2007; Sun, 1997). Such models predict an
exponential damping and a linear increase in time lag of the
propagating wave with distance away from the boundary. In
the case of one-dimensional wave propagation over a flat
base, the linear diffusion equation can describe the
variations in groundwater stage:
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where £ is the transient perturbation of hydraulic head (m)
from its mean value, x is the distance normal to the stream
(m), ¢ is the time (days), and D is the hydraulic diffusivity
(m?/day). The hydraulic diffusivity is given by:
Kb

D = - (@)
where K is the hydraulic conductivity (m/day), b is the
saturated thickness of the aquifer (m), and S is the specific
yield (dimensionless). We assume that the specific yield
equals the porosity of the sediments. This assumption may
overestimate S, but it represents a reasonable approximation
for the relatively coarse sediments found near proglacial
streams. Because Equation (1) is linear, the propagation of
groundwater fluctuations can be analysed independent of
other hydrological processes. For example, horizontal
drainage flow can be modelled separately from the
propagation of water level variations, and the results can

Copyright © 2012 John Wiley & Sons, Ltd.
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be included in the solution by the principle of superposition
(Montalto et al., 2007). The stream stage fluctuations can be
represented with a Fourier series:

h(0,1) = ZA" sin(w,t + ¢,) 3)

n=1

where A, is the amplitude (m), w,, is the angular frequency
(rad/day), and ¢,, is the phase angle (rad). A solution for the
diffusion equation with this type of boundary condition
(Dirichlet boundary condition on a semi-infinite domain) is
given by Equation (4) (see Montalto et al., 2007).
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The model presented above relies on several assumptions:
(1) homogeneous hydraulic properties of the sediments and
no transmission losses across the streambed, (2) an infinite
straight stream adjacent to the aquifer, (3) a horizontal and
impermeable aquifer base, (4) water stage fluctuations
that are small compared to the thickness of the saturated
zone, and (5) no recharge to or evaporation from the aquifer
(c.f. Loheide and Lundquist, 2009).

STUDY SITE AND DATA
The Damma glacier forefield

The Damma glacier forefield in the central Swiss Alps
(46°38.177° N 08°27.677" E) covers an area of approxi-
mately 0.5 km? and an elevation range from 1950 to 2050 m
a.s.l. (Figure 1). The proglacial field is bounded upstream by
a debris-covered dead-ice body (separated from the glacier,
which has retreated further up the valley headwall) and
laterally by two large side moraines dating from approxi-
mately 1850 (the end of the Little Ice Age). The topography
of the watershed is characterized by high alpine terrain with
steep slopes (up to nearly 80°). The topography of the
forefield itself is uneven, with slopes ranging between
roughly 3° and 16°. The main stream exits the dead-ice body
and follows a braided path through the forefield. A side
stream originating from the northern part of the glacier joins
the main stream from the north-west. The hydrological
regime of the study area is dominated by runoff generation
from the seasonal snow cover and the glacier (Magnusson
et al., 2011). The average annual precipitation at the site is
approximately 2400 mm.

Site instrumentation

We measured water levels at four transects along the
main stream channel, each consisting of one stream stage
recorder (housed in a perforated tube) and two ground-
water monitoring wells situated perpendicular to the
stream (Figure 1). The wells consisted of fully screened
plastic tubes 6 cm in diameter, extending to depths
between 60 and 130 cm. The well spacing varied between
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Figure 1. The Damma glacier forefield in central Switzerland. The
forefield is bounded by a dead-ice body and two large side moraines from
the Little Ice Age (indicated with dotted black lines). The four sampling
sites of stream and groundwater level (solid circles numbered S1, S3, S5,
and S6) are located along the main stream (black lines, with arrows
showing the flow direction). The discharge gauging stations are located
such that they measure the water flowing in from the north and south
(solid squares denoted S9 and S2, respectively) and out of the forefield
(solid square denoted S7). The automatic weather station (AWS) is located
in the middle of the forefield. Terrain elevation is shown by 10m
contour intervals

2 and 5 m. Water levels were recorded using non-vented
pressure sensors (Hobo U20 Water Level Logger with
0.14 cm resolution and 0.3 cm accuracy according to the
manufacturer’s specification). The stream stages were
measured at a 2-min sampling interval, and the ground-
water stages were measured at a 5-min sampling interval.
The measurements were averaged to 10-min values. The
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absolute pressure readings were adjusted for atmospheric
pressure variations (measured at site S7 on the forefield,
using the same type of pressure sensor). The four
transects are denoted S1, S3, S5, and S6 in increasing
order downstream (see Figure 1). The in-stream water
level recorders are denoted S1gieams S3streams Odstream» and
SOgream, and the near-stream and more distant ground-
water recorders are denoted Sl,.., and Slg,, S3,car and
S3¢.r» and so on.

The groundwater monitoring sites were selected to
represent different characteristics of the glacier forefield
(Figure 2; Table I): S1) flat ground with a rather straight
stream section of variable width; S3) flat ground with a
meandering stream reach with highly variable cross
sections; S5) steep slopes facing slightly toward the
stream with a relatively straight stream section; and S6)
intermediate slopes and variable stream cross section.

We continuously recorded discharge at three locations,
capturing the water flowing into (sites S2 and S9) and out
of (site S7) the forefield. At these sites, water levels were
recorded with the same devices as described above (Hobo
U20 Water Level Logger with 2-min sampling interval,
averaged to 10-min values). The measured water levels
were converted to discharges using a rating curve
measured by dilution gauging. For more details about
the stream gauging, see Magnusson et al. (2012).

Meteorological conditions were recorded at an automatic
weather station situated on the glacier forefield (Figure 1).
Hourly precipitation rates were measured using a tipping
bucket rain gauge (ARG100, Campbell Scientific) with a
precision of 0.20 mm according to the manufacturer.

S3 S3

far near

S5, S5 S5

far near stream

S6

Ssnear szar

stream

Figure 2. Photos (looking upstream) showing the four measurement transects, each equipped with one stage recorder in the stream and two stage
recorders in groundwater monitoring wells

Copyright © 2012 John Wiley & Sons, Ltd.
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Table 1. Distances between stream and groundwater monitoring wells measured from field surveys and the approximate surface slope
parallel and perpendicular to the streams

Distance between the stream and

Distance between the stream and Surface slope parallel

Surface slope
perpendicular to the

Location near groundwater well (m) far groundwater well (m) to the stream (°) stream (°)
S1 5 10 2 2
S3 4 6 4 2
S5 2 4 11 4
S6 2 4 6 6

Aquifer and sediment properties

Despite large moraine boulders covering the forefield,
the sediments are mainly constituted of cobbles and sand
with some silt and minor amounts of clay (Bernasconi
and BigLink consortium, 2011). We carried out both
refraction seismic surveys and electrical resistivity
surveys on four transects near sites S1, S3, and S6
(unpublished data) using similar methods to Langston
et al. (2011). The preliminary results suggest that the
glacial till is at least 10 m thick. Unfractured granitic
bedrock appears to lie more than 20 m below the surface.
The transition between glacial till and bedrock appears to
consist of a porous material, which could be either
compacted sediments (glacial till) or fractured bedrock.

The hydraulic conductivity of the glacial till was
measured with slug tests in the groundwater monitoring
wells following the standard procedure (e.g. Butler,
1998), with data analysis by the method of Bouwer and
Rice (1976). This method assumes that the well screen is
completely submerged below the water table. This
assumption is not met in the study site, introducing some
uncertainty in estimated conductivity values due to the
effects of draining and filling of pores in the aquifer
material and variable screen length during the tests
(Binkhorst and Robbins, 1998, Aragon-Jose and Robbins,
2011). To estimate the degree of uncertainty resulting
from the partially submerged screen, rising and falling
head tests were conducted for each of the two wells in
the study transects, resulting in four values of hydraulic
conductivity per transect. However, at site S3, the
length of the submerged screens were short (~0.2 m),
and only falling head tests could be performed, which
may have constrained the range of measured hydraulic
conductivities at this location. The estimated hydraulic
conductivities of all sites varied between 1 and 45 m/day

(Table II) and were similar to those measured in
glacial tills elsewhere (Hinton et al., 1993, Boulton and
Zatsepin, 2000).

The average glacial till porosity of 0.25 was obtained
from 14 samples taken from the upper layers (5-15 cm
depth) of the sediments on the forefield (Smittenberg
et al., 2012). This porosity is within the range of values
found for glacial tills on other field sites (ASCE, 1996).

OBSERVED WATER LEVEL RECORDS

Seasonal discharge and water level trends

During dry weather periods, the regular variability in
glacier melt rates produced a clear diurnal pattern in stream
discharge (Figure 3a). For such periods, the highest flows of
the day occurred around noon and could be more than twice
as a high as the low flows in the morning. Similar diurnal
fluctuations in stream discharge have been observed in
many watersheds with snowmelt and glacier melt runoff
regimes (e.g. Jobard and Dzikowski, 2006, Loheide and
Lundquist, 2009) and are also widespread in regulated rivers
(e.g. Francis et al., 2010). The clear diurnal fluctuations in
discharge driven by glacier ablation were only interrupted
by rain events, which were associated with the highest
runoffs we recorded.

Near the dead-ice body (site S1), the water levels in the
far-stream monitoring well were 11-69 cm higher than in
the stream, indicating subsurface water flow towards the
channel (Figure 3b). The groundwater levels showed a
slow declining trend over the season, but rain events
caused the water levels to rise sharply, with a fast
recession following. The fast rise in stage is likely due to
a thin unsaturated zone (between 23 and 94 cm thick),
which allows rain water to quickly percolate through the

Table II. Lowest and highest measured hydraulic conductivity along the different transects, including the geometric average hydraulic
conductivity

Lowest measured hydraulic

Highest measured hydraulic

Average measured hydraulic

Location conductivity (m/day) conductivity (m/day) conductivity (m/day)
S1 1.0 17.3 6.6
S3 2.6 11.3 54
S5 40.6 44.9 423
S6 29 389 16.3

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 3. Precipitation, stream, and groundwater time series for the 2009 field season. (a) Precipitation and stream discharge (measured at site S2). (b—e)
Stream stage (gray lines) and groundwater levels (black lines) in far-stream monitoring wells at each transect

sediments. During dry weather periods, the groundwater
levels showed clear diurnal cycles.

In the middle of the forefield (site S3), the groundwater
levels in the far-stream monitoring well were 26—-85 cm
below the stream level, suggesting a losing reach (Figure 3¢).
The water levels in the well declined during the season, even
though the hydraulic gradient suggested that stream water
infiltrates into the riparian zone. Supposedly, the infiltration
rates should increase with time due to a steepening hydraulic
gradient (from roughly 0.06 to 0.11 m/m). Rainfalls
influenced the groundwater stages with less pronounced
peaks than at site S1 and S6, perhaps due to a relatively thick
unsaturated zone (between 52 and 126 cm thick). The
groundwater levels displayed pronounced diurnal cycles
during glacier ablation.

At the steepest location (site S5), the hydraulic gradient
was directed toward the stream most of the time at the far-
stream monitoring well (Figure 3d). Groundwater levels
declined over the season, and fluctuated with stream stage
during dry weather conditions. Well levels hardly reacted
to rainfall in spite of a thin unsaturated zone (between 9
and 48 cm thick). However, in mid September, the
groundwater levels increased sharply after rainfall but
without a rapid recession following. In beginning of
July and in mid September, the groundwater levels

Copyright © 2012 John Wiley & Sons, Ltd.

showed a delayed response to variations in stream flow.
This behaviour suggests that a delayed groundwater flow
from uphill influenced the measurements, similar to
observations in sloping terrain elsewhere (Rohde and
Seibert, 2011).

At the farthest downstream transect (site S6), ground-
water levels in the far-stream well remained more
constant throughout the season than at the other sites
(Figure 3e). Similar to measurements at site S1,
groundwater levels responded to rain events by rising
rapidly with a fast recession following (thickness of the
unsaturated zone varied between 60 and 108 cm). The
hydraulic gradient indicates groundwater flow towards
the stream. The largest diurnal water level fluctuations
were recorded at this site, suggesting a high connectivity
between the stream and groundwater stage in the
monitoring well.

Diurnal water level fluctuations

To analyze the daily water level fluctuations in more
detail, we selected three eight-day intervals with dry
weather conditions. The accumulated precipitation, mea-
sured with the automatic weather station located on the
forefield, was between 0 and 4 mm during these periods.
Note that none of the monitoring wells were flooded

Hydrol. Process. 28, 823-836 (2014)
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during the three dry weather periods, even at the high
stream flows caused by glacier melt. We numbered the
periods as follows:

T1: 11 to 19 August 2009
T2: 22 to 30 September 2009
T3: 26 June to 4 July 2010

Average discharge varied between the periods (1880,
440, and 2080 1/s measured at site S2 during T1, T2, and
T3, respectively), and roughly followed the pattern in
average air temperatures (T1: 13.2 °C; T2: 9.0 °C; T3:
13.4 °C recorded at the weather station). In the following,
we analyze the amplitudes of the stream and groundwater
level fluctuations observed during the three dry weather
periods, as well as the time lag and correlation between
the time series (Table III). The time lags and correlation
coefficients were determined by a cross-correlation
analysis for the individual periods. The water level data
is presented in Figure 4, in which the three graphs for
each location and period are arranged so that the well
(or stream) with the highest hydraulic head is placed at
the top and the lowest at the bottom.

At site S1, the groundwater fluctuations lagged behind
the stream stage variations, and the time lag increased
with distance from the stream during all periods
(Table III). During periods T1 and T2, the high optimum
correlation coefficients (r,,,x) showed that the propagating
wave was not deformed between the stream and ground-
water measurements. This indicates that only the adjacent
stream stage variations as recorded by the pressure
transducer influenced the groundwater fluctuations, and
that the component frequencies (Fourier modes) of the
diurnal stage variations were equally damped over the travel
distance of the propagating wave. For periods T1 and T2,
the amplitudes of the groundwater fluctuations were
damped compared to the stream stage variations. During
period T3, on the other hand, the amplitudes showed a
peculiar pattern with rather modest fluctuations at S1,,.,, but
very large amplitudes at S1g,.. Moreover, the stage in S1,,¢,;
did not rise above a certain threshold level (Figure 4c).

During this period, the groundwater level was only about
12 cm below the surface at S1,,, at high stages. For all
study periods, water level fluctuations at site S1 propagated
against the direction of the hydraulic gradient.

At site S3, the time lag between the stream and
groundwater fluctuations increased with distance from the
channel and was the largest among the sites (Table III).
We observed a slightly stronger correlation between the
stream and groundwater level variations in S3,., than
S3¢,. The increasing time lag and decreasing correlation
with distance from the channel are consistent with
diffusive wave propagation. At the same time, the diurnal
groundwater cycles were larger in S3g, than in S3,..,
which appears inconsistent with wave propagation by
diffusion. However, in both monitoring wells, the diurnal
stage variations were smaller than in the stream. Several
factors could explain the higher amplitudes in S3g,, than
S3phears including (1) heterogeneities in hydraulic con-
ductivity, (2) different hydraulic connections between the
stream and the two monitoring wells, and (3) processes
other than one-dimensional and horizontal diffusion
influencing wave propagation. The steep hydraulic
gradient, which is directed away from the stream, is an
indication of low-conductivity sediments between stream
and monitoring wells (Cardenas, 2010).

At site S5, only the stage observations in the far-
stream monitoring well showed clear diurnal fluctuations
(Figure 4g—i). These water table variations, which had
low amplitudes compared to the other sites, lagged
behind the stream stage fluctuations (Table III). Water
levels in the monitoring wells were both lower (S5,car)
and higher (S5¢,) than in the stream. To examine the
groundwater flow direction in detail, we performed
tracer experiments by injecting fluorescent dyes into
both monitoring wells. Because of the steep down-valley
gradient, these tracers were found downstream (~1 m for
S5phear and ~4 m for S5¢,;) in small springs on the stream
bank after a short time (after ~1 min for S5,,.,, and after
~20 min for S5¢,,), indicating a gaining stream reach.
Water levels in S5, are typically around 30 cm below
those in the adjacent stream channel and exhibit very

Table III. Ratios between amplitudes of groundwater and stream level fluctuations (A.4,), and the time lag determined by cross-
correlation analysis (t) with the associated optimum correlation coefficient (r,,,,). In most locations, the amplitudes were damped
landward and the time lag increased. Monitoring well S5, was omitted from the analysis since those water level measurements did

not display any pronounced diurnal fluctuations. Missing/omitted values are denoted with dashes

Location Aatio T (min) Imax
T, T, Ts T, T, T3 T, T, Ts

Slgiream — Slnear 0.62 0.51 0.49 60 70 90 0.98 0.98 0.79
Sgtream — Sltar 0.46 0.55 1.88 130 120 130 0.97 0.97 0.90
S3stream — S3near 0.57 - 0.70 100 - 110 0.97 - 0.87
S3gtream — S3iar 0.82 0.50 0.72 160 220 140 0.94 0.90 0.81
SSstream - Ssnear - - - - - - - - -
SStream — SStar 0.24 0.38 0.47 90 50 90 0.87 0.93 0.76
S6stream — SOnear 1.08 1.51 1.04 20 30 10 0.98 0.98 0.96
S6tream — SOfar 0.66 0.93 0.61 40 40 30 0.97 0.98 0.95

T; - 11 Aug. 2009 to 19 Aug. 2009. T, - 22 Sep. 2009 to 30 Sep. 2009. T5 - 26 Jun. 2010 to 4 Jul. 2010. For distances between stream and groundwater
monitoring wells, see Table 1.

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 4. Stream and groundwater levels measured during three dry weather periods. For clarity, we present the stage records (stream stage record, near-
stream monitoring well, and far-stream monitoring well measurements) on separate vertical axes. Reported stages are expressed relative to the average
stream water level. The three graphs for each location and period are arranged so that the well (or stream) with the highest hydraulic head is placed at the
top and the lowest at the bottom. Some data are missing due to sensor failures and wells drying up (S, during period T2 and S3,.,, during period T2)

small diurnal fluctuations (<1 cm in the well versus >5 cm
in the stream). From these observations, we infer that S5, ..,
is largely isolated from the adjacent stream channel and its
stage fluctuations. Although S5,,, drains rapidly to small
springs on the stream bank roughly 1 m downstream of the
transect (and roughly 3 cm below the well itself), the steep
hydraulic gradient from the adjacent slope (Figures 1 and 2)
and fast groundwater flow apparently inhibit the propaga-
tion of stage fluctuations from the springs to the well. At this
steeper location, the processes influencing the propagation
of stream stage fluctuations into the riparian zone seem even
more complex than at the remaining sites.

At site S6, the stream stage fluctuations propagated
rapidly to the monitoring wells, with time lags increasing
with distance from the stream (Table III). The faster wave
propagation observed at this site (roughly 6 m/h) than at
the other locations (less than about 5 m/h) indicates
sediments with comparably high hydraulic conductivity.
The diurnal groundwater fluctuations showed both higher
(S6,car) and lower (S6g,,) amplitudes than observed in
the stream. At least for the near-stream monitoring well,
the observed amplitudes suggest that the groundwater
fluctuations are (a) driven by larger stage variations in the
stream than measured by the in-stream transducer and/or,
(b) influenced by a more complex flow than described by

Copyright © 2012 John Wiley & Sons, Ltd.

diffusion (Equation (1)). The stream at this site is less
braided than at the remaining locations and also
accommodates higher discharges due to the contributions
from the channel draining the north-western part of the
watershed (the averaged runoff at site S7 is 62 % higher
than at site S2). This could imply that the larger stream
has a greater influence on the riparian flow dynamics
than the smaller streams (S1, S3, and S5) do, which is
consistent with the larger stage fluctuations at this site.
The stream and groundwater fluctuations were similar,
resulting in high correlation coefficients. This similarity
suggests that the diurnal stream and groundwater stage
fluctuations were closely coupled.

We also analyzed the relationships between water level
fluctuations among the four in-stream stage recorders
installed at the groundwater monitoring sites. The time
lag between the sites, as determined by cross-correlation
analysis, was short, varying between 10 and 20 min from
Slgream tO0 SOgeam- INoOte also that the observed stream
level variations in the channel draining the north-western
part of the watershed (site S9) were in phase with the
measurements in the main channel and therefore did not
significantly alter the phase of the diurnal cycle at
SO4eam- Although the time lags between the four stream
locations were small, the amplitudes of the diurnal cycles
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varied by a factor of 2.3 to 3.1 (depending on the period
examined) among the four groundwater monitoring sites.
This shows that streambed morphology, turbulence
effects, and the braiding of the streams have a strong
impact on the amplitude of the diurnal water level
fluctuations but not on their timing.

CHARACTERIZING STREAM-GROUNDWATER
INTERACTIONS USING ESTIMATES OF
RESIDENCE TIMES

The variations of groundwater levels in the riparian zone
do not necessarily imply transport of water to or from the
stream. Likewise, the hydraulic gradient measured
perpendicular to the streams does not fully describe the
groundwater flow direction, due to a significant down-
valley gradient on the forefield. To estimate timescales of
exchange between the stream and riparian groundwater,
we measured the concentration of the radioactive noble
gas radon (**’Rn, half-life 3.82 days) in the groundwater
monitoring wells and the stream on two occasions
following dry weather periods. This measurement method
has been used in many groundwater studies in lowland
regions; see Hoehn and Vongunten (1989) and Vogt et al.
(2010) for a more detailed method description. Similar to
these authors, we used a Rad7-radon detector (Durridge
Co.) to measure “*’Rn in 250 ml samples. The radon
concentration in each sample was measured four times,
yielding the mean radon concentration and a standard
deviation (Table IV).

When nearly radon-free stream or melt water infiltrates
into the aquifer, it gradually becomes enriched with
radon, generated by the decay of radium present in the
aquifer material. If no gas transfer occurs in the
groundwater, the radon concentrations increase with time.
After about four half-lives (~15 days), the radon
concentrations in the groundwater reach a steady state
as the decay rate comes into equilibrium with the
production rate. With a known equilibrium concentration,
measurements of the radon concentration along a
groundwater flow path give an estimate of the time that
has passed since the water was in contact with the
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atmosphere (Hoehn and Vongunten, 1989). However,
because all sampled groundwater wells are situated near
the stream, it was not possible to determine the
equilibrium concentration of radon. Therefore, we cannot
determine the absolute radon age of the water, but we can
nonetheless use the radon concentration as a relative
travel-time indicator.

The groundwater samples collected from the transects
at the gaining reaches of the stream showed an increase in
radon concentration (average of the two sampling events)
with distance from the dead-ice body at three measure-
ment locations (52.3, 59.4, and 86.5 Bg/l at S1, S5,
and S6, respectively). The highest radon concentrations
(66.0 — 98.0 Bg/l) were measured in the most downstream
sampling site (S6). The lowest radon concentrations
(8.5 — 17.4 Bq/l, indicating relatively young groundwater)
were measured at transect S3, a losing reach where the
groundwater levels were lower than the stream stage. The
radon measurements and the hydraulic gradient are both
consistent with infiltration of stream water into the aquifer
at this sampling site.

At the gaining stream reaches (S1, S5, and S6),
groundwater radon concentrations were higher than in the
stream (>30.4 Bq/l compared to 0.40 Bg/l of the stream
water), even in the groundwater monitoring wells near the
stream. We thus conclude that, locally and on a daily
basis, large volumes of water are not exchanged between
the riparian zone and the stream. In the particular case of
well S5,car its radon concentrations are comparable to
those in other groundwater wells (for example site S1)
even though its water table is some 30 cm below the
adjacent stream level, suggesting that it is hydraulically
isolated from the adjacent stream channel, consistent with
its small water-table fluctuations shown in Figure 4g—i.

MODELLING GROUNDWATER FLUCTUATIONS

The three-dimensional groundwater flow field can be
complex around our monitoring wells. Nevertheless, one-
dimensional diffusive wave propagation may still have a
strong influence on how stream stage fluctuations spread
into the groundwater of the riparian zone. Therefore, we

Table IV. **’Rn concentrations (with standard deviation of four replicate measurements), measured on two different days following dry

weather conditions. The high concentrations indicate limited mixing between groundwater and stream water, in spite of the large water

level fluctuations in the stream and groundwater monitoring wells. The stream was sampled near site S2. Missing values are denoted
with dashes

Location 19 July 2010 6 September 2010
Concentration (Bg/l) Standard deviation (Bg/l) Concentration (Bq/l) Standard deviation (Bg/l)

Stream 0.40 0.16 - -
SThear 49.5 2.2 94.2 3.2
Slfar 35.1 2.4 30.4 0.8
S3ear 8.5 1.8 11.5 2.0
S3far 12.0 1.5 17.4 1.0
SShear 472 1.5 56.8 5.0
S5¢ar 56.8 2.7 76.8 4.7
S6ycar 66.0 8.8 97.3 5.6
S6¢ar 84.5 7.4 98.0 2.4

Copyright © 2012 John Wiley & Sons, Ltd.
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examine whether the simple one-dimensional diffusion
model (Equation (1)) can reproduce the observed
groundwater fluctuations using measured parameters.
This approach can provide a useful means to examine the
stream-groundwater interaction in the remote and rugged
site, where the necessary data for a complex three-
dimensional model are lacking. In this study, some
assumptions of the one-dimensional diffusion model are
met (e.g. small water table fluctuations compared to the
aquifer thickness) whereas others are questionable (e.g.
straight stream and homogeneous glacial till). Whether the
assumptions are violated is not always clear; for example, it
may be possible to treat the sediments as homogeneous over
the typical length scale of our transects.

General modelling procedure

The groundwater fluctuations were simulated using the
following procedure (see panels in Figure 5):

1. Isolating diurnal water level fluctuations — The records
were detrended in order to better isolate diurnal water
level fluctuations. Thus, the linear trends of the dry
weather records were removed from the time series
(the same periods as analysed above).

2. Determining model input — We then approximated the
stream stage fluctuations with a Fourier series of sine
functions (see Equation (3)). The coefficients of the
sine functions (4,,, ®,, and ¢,) were extracted with a
Fourier analysis and later used as model input (see
step 3). For this analysis, we multiplied the detrended
stream level records with a windowing function to
make them periodic (Tukey window with alpha
coefficient equal 0.125). The Fourier decomposition
covered frequencies between 1/8 per day and 72 per

Water level record
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Figure 5. Tllustration of the modelling procedure using data from site S1:
(a) detrending water level time series to clarify diurnal water level
fluctuations; (b) windowing the stream water level time series for model
input; and (c) modelling groundwater fluctuations. Note that the
windowed stream level record depicted in the middle panel (b), which
is used to drive the model, matches the detrended stream level record very
closely except at the beginning and at the end of the time series
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day, given by the sampling frequency and the length of
the data record.

3. Modelling groundwater fluctuations — We simulated
the groundwater fluctuations with the diffusion model
(Equation (4)) using the input determined in the
previous step (the coefficients A,, w,, and ¢,). Note
that we neglect the influence of the boundary at the
far end of the aquifer (i.e. the mountain wall) because
the distance between the stream channel and the
monitoring wells (2-10 m) is much smaller than the
distance between the stream and the mountain wall (at
least 100 m).

In the following section, we analyze the observed
groundwater fluctuations by means of simulations using
the diffusion model with measured parameters and input
data (see ‘Forward modelling method and results’ below).
Then, we test whether realistic values for the hydraulic
diffusivity of the glacial till can be estimated through
calibration of the diffusion model (see ‘Inverse modelling
methods and results’ below).

Forward modelling method and results

Three cases were simulated by using different hydraulic
conductivities of the sediments:

Kave — The geometric average measured hydraulic
conductivity at each site (Table II).

Kiow — The lowest measured hydraulic conductivity at
each site (Table II).

Khigh — The highest measured hydraulic conductivity at

each site (Table II).

In the simulations, we use the average measured
porosity (0.25) and assume that the thickness of the
saturated zone is 20 m, based on the geophysical results
(as described in the section ‘Study site and data’). The
true saturated zone thickness may deviate from our
assumed value, but the relative uncertainty in the depth of
the saturated zone is probably much lower than the spread
in measured hydraulic conductivity for most transects
(Table II). We assume that the groundwater fluctuations
propagate along the measured distance between the
stream and monitoring wells (Table I). Supposedly,
complex groundwater flow close to the irregular stream
channel will influence the far-stream observations less
than the near-stream measurements. Therefore, we only
show simulation results for the far-stream monitoring
wells (Figure 6, Table V).

For site S1, the observed groundwater fluctuations were
much better reproduced by the simulations using the two
higher observed hydraulic conductivities (K,y. and Kyjgn)
than the lowest measured conductivity (Figure 6a-b,
Table V). The simulations suggest that hydraulic
conductivities in the range of K,,. and K., are
representative for the glacial till between the stream and
the monitoring well, provided that the remaining parameters
are valid. The results also indicate that the diffusion model is
a reasonable description of the wave propagation for the
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Figure 6. Measured groundwater fluctuations (black dashed line) and simulated stage variations for the farthest groundwater wells at the four transects,
using three different hydraulic conductivity values: K. (green solid line), Ky, (red dotted line), and Ko, (blue dash-dotted line)

Table V. Diffusion model simulation results using measured input data and parameters. Ratio between the amplitude of simulated and
observed groundwater level fluctuations (Ag;m/Agps), simulated and observed (within parenthesis) time lags between the stream and
groundwater fluctuations (), and the correlation coefficient (r,,,) between the observed and simulated groundwater fluctuations. The
table shows the result for the far-stream monitoring wells and the three different cases of hydraulic conductivity. The time lags were
obtained by cross-correlation analysis. The goodness-of-fit measures were only determined for the flat part of the windowing function
used in the modelling (the white region in the lowest panel of Figure 5). For this reason, the observed time lags sometimes deviate from

the values presented in Table III.

Location

Case Agim/Aobs T (min) I'max
T, T, T3 T, T, T3 T, T, T3
Kiow 0.25 0.21 0.06 430 (130) 410 (110) 440 (150) 0.28 0.28 0.32
S1 Kave 0.87 0.74 0.21 150 (130) 130 (110) 170 (150) 0.98 0.99 0.94
Khigh 1.19 1.00 0.29 90 (130) 70 (110) 100 (150) 0.97 0.97 0.93
Kiow 0.52 0.81 0.53 140 (160) 130 (200) 150 (140) 0.96 0.87 0.82
S3 Kave 0.67 1.03 0.68 100 (160) 80 (200) 100 (140) 0.92 0.78 0.81
Khigh 0.79 1.22 0.82 70 (160) 50 (200) 70 (140) 0.87 0.69 0.77
low 3.16 2.20 2.01 20 (90) 10 (50) 0 (110) 0.81 0.90 0.69
S5 Kave 3.17 2.20 2.02 20 (90) 10 (50) 0 (110) 0.81 0.90 0.69
Khigh 3.18 2.21 2.04 20 (90) 10 (50) 0 (110) 0.81 0.90 0.69
Kiow 0.92 0.66 0.88 90 (40) 80 (40) 100 (40) 0.95 0.94 0.92
S6 Kave 1.22 0.87 1.18 40 (40) 30 (40) 40 (40) 0.98 0.98 0.95
Khigh 1.31 0.93 1.27 20 (40) 10 (40) 30 (40) 0.97 0.97 0.95

T, - 11 Aug. 2009 to 19 Aug. 2009. T, - 22 Sep. 2009 to 30 Sep. 2009. T5 - 26 Jun. 2010 to 4 Jul. 2010.

conditions prevailing during period T1 and T2. However,
for period T3, the simulations did not reproduce the
amplitudes of the observed groundwater fluctuations.
During this period, the groundwater levels were very

Copyright © 2012 John Wiley & Sons, Ltd.

shallow as noted above and may have created ponding on
the surface in local depressions. These very shallow
groundwater levels may have influenced the propagation
of the groundwater fluctuations.
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For site S3, the timing of the groundwater fluctuations
was better reproduced by the simulations using the lowest
measured hydraulic conductivity (Kjo), Whereas simula-
tions using K. and Ky;e instead matched the observed
amplitudes more closely (Table V). Inaccurate forcing
data can partly explain the difference between the
simulated and observed groundwater fluctuations. The
amplitude of the diurnal cycle can vary substantially
along the channel due to changes in the cross-sectional
geometry, and the groundwater wells are likely to respond
to stage variations originating from many points along the
stream, not just the point where the stream stage recorder
is located. For the low-conductivity case, the diffusion
model would reproduce the groundwater fluctuations
better if forced by larger stream stage variations than
measured by the pressure transducer. However, this is not
possible for the two higher conductivity cases (K, and
Khign), since the modelled timing of the groundwater
fluctuations does not change with the amplitude of the
forcing data (see Equation (4)). At losing stream reaches,
complex flow patterns can occur close to the channel due
to heterogeneities in the streambed (Irvine et al., 2012).
These processes are not included in the diffusion model.
Such influences can also contribute to the difference
between simulation and observation and can potentially
also explain the change in model performance between
the two first and the last study periods (compare
Figure 6d—e with 6f).

For the steepest location (site S5), the diffusion model
largely overestimated the amplitudes of the groundwater
fluctuations (Figure 6g—i), but underestimated their timing
(Table V). At this site, the results suggest that the model
is an inadequate description of the wave propagation
process. The fast groundwater flow, as measured by the
tracer experiments, directed towards the stream but
slightly downstream of the monitoring wells, likely
influenced the propagation of stream fluctuations into
the riparian zone. We found velocities up to ~300 m/day
determined by the first arrival in springs on the stream
bank of a fluorescent dye injected into the S5¢,, groundwater
monitoring well (for a description of the tracer experiments
see section ‘Observed water level fluctuations’). In addition,
the very low amplitudes of the water table fluctuations in the
near-stream monitoring well also suggest that some small
region with low hydraulic diffusivity is impending the
penetration of hydraulic waves into the riparian zone. These
results clearly show that the diffusion model fails in
steeply sloping terrain with fast groundwater flow and
heterogeneous sediments.

For site S6, the simulations using the average measured
hydraulic conductivity (K,ye.) reproduced the timing of
the groundwater fluctuations better than those using either
the high or low conductivity values (Table V). The K,
and Ky;e, simulations matched the measured amplitudes
of the groundwater fluctuations closer during period T2
than the other periods, which were better depicted by the
Kow simulations (Figure 6j—1). For period T2, the average
stream and groundwater stage was roughly 10 to 13 cm
lower than during the two other periods. Thus, the

Copyright © 2012 John Wiley & Sons, Ltd.
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variations in model performance may be caused by the
varying hydraulic connection between the stream and the
monitoring well, as stream and groundwater levels rise
and fall. An alternative explanation is that the ground-
water level variations may be driven by a more complex
subsurface flow at this site than can be described by the
simple one-dimensional diffusion model.

Inverse modelling method and results

Figure 6 indicates that the water level fluctuations
predicted by the diffusion model are fairly sensitive to
the assumed hydraulic diffusivity. The model also
simulates the observed data reasonably well when the
conditions are favourable (e.g. S1 and S6 during periods
T1 and T2). Therefore, it appears promising to use an
inverse modelling approach to obtain estimates of hydraulic
diffusivity through calibration. We used a non-linear
optimization algorithm (Lagarias et al., 1998) to find the
hydraulic diffusivity providing the highest correlation
coefficient between the observed and simulated ground-
water levels. This objective function is insensitive to the
amplitude of the time series, and the best-fit value of
hydraulic diffusivity only depends on the shape and timing
of the signal. This approach was chosen since the timing of
the stream stage fluctuations varied much less between the
locations than the amplitudes did (see description in section
‘Observed water level records’). The correlation coefficient
was only determined for the flat part of the windowing
function used in the modelling (the white region in the
lowest panel of Figure 5). We assume that the stream stage
fluctuations propagate along the measured distance between
the stream and monitoring well (Table I), although the
precise location of the hydraulic connection to the stream is
unknown. We excluded site S5 from the analysis since the
results above suggest that the diffusion model is inadequate
for this location.

The hydraulic diffusivities obtained by calibration
varied between the sites and study periods (Table VI). The
differences between the periods may reflect changes in
the hydraulic connection at different stream stages, or un-
modelled three-dimensional flow effects. The calibration
produced higher diffusivities for the two gaining stream

Table VI. Hydraulic diffusivities obtained by calibration of the
diffusion model using measurements from the far-stream monitoring
wells and independent estimates of hydraulic diffusivity computed
from observations of hydraulic conductivity, sediment porosity,
and saturated aquifer thickness. The range in calibrated hydraulic
diffusivities represents the differences between the study periods.
The variations in the independent estimates of hydraulic diffusivities
depend on the variations in estimated hydraulic conductivities for the
individual transects (Table II)

Calibrated hydraulic

Independent estimates of
Location diffusivity (m*/day)

hydraulic diffusivity (m*/day)

S1 674-736 80-1384
S3 114-248 208-904
S6 859-1156 232-3112
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reaches (sites S1 and S6) than the losing stream channel
(site S3). The variations between the sites likely depend
on differences in specific sediment properties. For compari-
son, we estimated a range of hydraulic diffusivities from
the minimum and maximum measured hydraulic conduct-
ivity (Table II), the average observed porosity (0.25) and
the assumed thickness of the saturated zone (20m)
using Equation (2). The calibrated hydraulic diffusivities
presented above are mostly within the range of the
independent estimates (Table VI).

DISCUSSION

The groundwater levels declined slowly over the season
at three sites, indicating a net loss of groundwater in the
riparian zone. Even during periods with increasing stream
flow during glacier ablation, neither stream infiltration nor
subsurface flows from uphill could compensate for flows
out of the riparian zone. Melting snow appears to
recharge the water levels in the near-stream riparian zone
during spring. In both 2009 and 2010, the snowmelt
period lasted until the first week of June at the automatic
weather station. In some places, melting snow patches
also lasted longer than at the meteorological station. Thus,
even close to the streams, it seems that snowmelt is an
important component of the subsurface water balance
apart from stream-groundwater exchanges and recharges
due to rainfall.

In our study site, the radon concentration measurements
showed that the diurnal water level fluctuations did not
result in large local mixing between stream water and
groundwater on daily time scales. This is contrary to the
findings elsewhere (Fritz and Arntzen, 2007, Loheide and
Lundquist, 2009), showing that snowmelt-induced or
regulated periodic river stage fluctuations caused a large
volume of water to be pumped in and out of riparian
sediments. The mentioned studies were performed in
relatively flat landscapes compared to our more steeply
sloping proglacial valley. Our results suggest that for certain
slopes and diffusivities, the hydraulic gradients do not
switch direction with the diurnal stream stage fluctuations
(see Figure 3), as may occur in flatter and more
homogeneous aquifers.

The average radon concentrations increased with distance
from the dead-ice body at the three measurement locations
on gaining stream reaches (S1, S5, and S6). This trend
would seem to suggest either that the groundwater
exchanges with the stream more slowly in the lower parts
of the forefield than in the upper regions, or that water
infiltrates in the upper parts of the forefield and travels
downward. The latter explanation is consistent with the
results found by Ward ez al. (1999). However, the hydraulic
conductivities that we have measured at our sites imply long
time scales for down-valley groundwater transport (roughly
104 days to travel the distance of about 700 m from the
dead-ice body to the farthest downstream transect). This
estimate is calculated from the average down-valley
gradient (~0.12 m/m), the averaged measured saturated
hydraulic conductivity (14 m/day, geometric mean), and the

Copyright © 2012 John Wiley & Sons, Ltd.
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measured porosity (0.25) of the sediments on the forefield.
Because radon concentrations in groundwater would reach
equilibrium on timescales shorter than this, we assume that
down-valley groundwater transport could account for only a
small fraction of the water reaching any of the transects.

Our geophysical surveys did not provide precise
information about the thickness of the saturated zone.
Nevertheless, we can calculate a range of hydraulic
transmissivities (7'= Kb = DS) directly from the calibrated
hydraulic diffusivities (114-1156 m*/day) and the till
porosity (0.25). By multiplying the hydraulic transmis-
sivities (29289 m?*/day) with the approximate surface
gradient (~0.12 m/m) and width (~400 m) of the forefield,
we obtain an estimate of the groundwater flow through
the aquifer (16—161 1/s). This flow rate is 1-8 % of the
average stream discharge measured at site S7 during the
period from mid June to mid October. The estimated
groundwater flow rate is comparable to the base flow in
the streams during late autumn (~35 I/s and ~100 Vs
measured at site S7 in December 2011 and in October 2010,
respectively). The estimated flow through the aquifer is low
and indicates that not much water should bypass the stream
gauging station near the catchment outlet. This conclusion is
plausible since the total stream discharge over the season
appears to equal the contributions from snowmelt, glacier
melt, and rainfall (Kormann, 2009).

In general, the one-dimensional diffusion model
reasonably captured the timing of the groundwater
fluctuations at the flatter locations (S1, S3, and S6).
However, the amplitudes were not correctly simulated at
two of those sites (S3 and S6). The simulation accuracy
varied, not only between the sites, but also between the
study periods for the individual locations. In particular,
for the two upstream sites (S1 and S3), the simulations
showed larger deviations from the observations during
early summer (T3) than later during the season (T1 and
T2). Several factors can contribute to the difference
between the observed and modelled groundwater
fluctuations; the most influential factors likely include
(1) stage-dependent variations in hydraulic connections
between the stream and monitoring wells, not considered
in the modelling, (2) unrepresentative amplitudes of the
stream stage fluctuations used as forcing data, (3)
incorrect parameter values used in the simulations, and
(4) complex groundwater flows not described by the
diffusion model.

The simulation results show that stream-groundwater
interactions in such complex terrain as our field site
cannot be fully described by the one-dimensional diffusion
model. The model seems unable, at least with the available
input data, to accurately reproduce the groundwater
fluctuations in some places and during some periods.
Nevertheless, the model provides valuable insights into how
stream stage fluctuations propagate into the riparian zone. In
spite of many model simplifications, the inverse modelling
approach produced realistic values for hydraulic diffusivity.
This result suggests that diffusive processes strongly
influence the propagation of stream stage fluctuations into
the riparian zone on the forefield.
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SUMMARY AND CONCLUSIONS

Seasonal and diurnal variations in stream stage and riparian
groundwater levels were measured at four sites in the
Damma glacier forefield in central Switzerland. Diurnal
fluctuations in riparian zone groundwater levels lagged
behind the glacier melt-driven stream stage variations at
both loosing and gaining channels. The time lag of the
groundwater fluctuations increased with distance from
the stream, but their amplitudes did not typically follow
the simple pattern predicted by diffusive wave propagation.
The time lags and amplitude damping varied greatly
between the sites, highlighting the heterogeneity of the
glacier forefield. Elevated radon concentrations in ground-
water wells located just a few meters from the stream
showed that riparian groundwater was not rapidly mixing
with stream water on daily time scales, despite the clear
diurnal cycles in both stream stage and groundwater levels.
The slow diurnal exchange of water between the stream and
riparian zone likely occurs because the hydraulic gradients
do not switch direction with the diurnal stream level
fluctuations.

To describe the groundwater fluctuations, we used a
diffusion model which has so far been applied to much
flatter regions (e.g. coastal areas). At the three flatter
measurement sites on the forefield, the model could
reasonably capture the timing of the groundwater
fluctuations (but not the amplitudes at two of those sites).
Several factors can contribute to the difference between
the observed and modelled results, such as inaccurate
forcing data and complex groundwater flows not
represented in the model. This last factor is probably
particularly important at the fourth and steepest measure-
ment location. At this site the model failed to reproduce
the observed groundwater fluctuations, partly because of
fast groundwater flows in the vicinity of the monitoring
wells. Our results show that the causes of diurnal
groundwater fluctuations on the forefield are far more
complex than in simpler systems (see Montalto et al.,
2007, Loheide and Lundquist, 2009).

The diffusion model reproduced some key features of the
groundwater fluctuations at the flatter observations sites, but
could not capture all processes fully. Nevertheless,
calibration of the model seems to yield realistic estimates
of the hydraulic diffusivity for those sites. The calibration
gives an estimate of hydraulic properties for a rather large
area, which is particularly useful for heterogeneous field
sites. Typically, the variability in estimates of hydraulic
properties decreases with increasing sample volume
(Mohanty et al., 1994). More work is needed to further
test methods for inferring hydraulic diffusivity from
observations of water level fluctuations, which have
previously been used in much flatter regions.
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