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Abstract:

The spatial representativeness of gauging stations was investigated in two low-mountainous river basins near the city
of Trier, southwest Germany. Longitudinal profiles during low and high flow conditions were sampled in order to
identify sources of solutes and to characterize the alteration of flood wave properties during its travel downstream.
Numerous hydrographs and chemographs of natural flood events were analysed in detail. Additionally, artificial flood
events were investigated to study in-channel transport processes.

During dry weather conditions the gauging station was only representative for a short river segment upstream,
owing to discharge and solute concentrations of sources contiguous to the measurement site. During artificial flood
events the kinematic wave velocity was considerably faster than the movement of water body and solutes, refuting the
idea of a simple mixing process of individual runoff components. Depending on hydrological boundary conditions,
the wave at a specific gauge could be entirely composed of old in-channel water, which notably reduces the spatial
representativeness of a sampling site. Natural flood events were characterized by a superimposition of local overland
flow, riparian water and the kinematic wave process comprising the downstream conveyance of solutes. Summer floods
in particular were marked by a chronological occurrence of distinct individual runoff components originating only
from a few contributing areas adjacent to the stream and gauge. Thus, the representativeness of a gauge for processes
in the whole basin depends on the distance of the nearest significant source to the station. The consequence of our
study is that the assumptions of mixing models are not satisfied in river basins larger than 3 km?. Copyright © 2006
John Wiley & Sons, Ltd.

KEY WORDS runoff generation; storm events; mixing models; kinematic waves; tracer; riparian water

INTRODUCTION

The analysis of flood wave hydrographs and chemographs is seen as a promising approach to understanding
runoff-generation processes within a river basin. It is assumed that the output signal at a specific monitoring
station can be attributed to a complex response of the upstream basin to an input signal. This concept has
been applied to investigations of runoff generation and solute transport over a wide array of basin sizes (e.g.
Kennedy et al., 1986; Buttle, 1994; Symader and Bierl, 1998; Krein and Bierl, 1999).

Differences between flood events and basin responses can be attributed to numerous controlling factors,
such as spatial and temporal rainfall distribution and intensity, antecedent soil moisture, the number and
magnitude of prior flood events, the morphology and size of the basin, the four-dimensional activation of
sources, and anthropogenic influences (Pilgrim ef al., 1982; Burt, 1989; Krein, 2000; Blake et al., 2003).
Another substantial factor is the scale-dependent alteration of significant runoff processes. With increasing
catchment size, the spatial distribution of rainfall and the superimposition of flood waves, as well as their
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movement within the river network, become more and more important (Walling and Webb, 1980; Burt, 1989;
Bloschl and Sivapalan, 1995).

The investigation of runoff generation and solute transport at a monitoring station using mixing models
is based on several assumptions that are rarely verified and inconstantly fulfilled under varying boundary
conditions (Buttle, 1994; Bonell and Fritsch, 1997; Bonell 1998). The mixing model approach has mainly
been used in small, homogeneous basins (e.g. Buttle, 1994), but has also been applied in mesoscale basins
larger than 3 km? (e.g. Caissie et al., 1996; Hoeg et al., 2000; Soulsby et al., 2003). However, the question
of whether a flood wave is in fact composed of a mixture of individual runoff components remains unsolved.
The ‘end-member mixing analysis’ (EMMA) concept established by Christophersen et al. (1990) and Hooper
et al. (1990) postulates a mixing process of discrete, time-invariant runoff components. On the other hand,
Anderson et al. (1997) deny the existence of stable end-members. It is indeed no surprise that mixing models
show good results in small, homogeneous river catchments (Hooper et al., 1990; Burns et al., 2001). In
contrast, Krein and DeSutter (2001) confirm the need to take account of both mixing and in-channel transport
processes even in small basins, and Ball and Trudgill (1997) emphasize the limitations of solutes as EMMA
tracers at very small scales due to lack of conservative and constant behaviour. Locating and characterizing
the end-members and evaluating their relative contributions during single storm events leads to additional
difficulties and large uncertainties (Hooper et al., 1998; Uhlenbrook and Hoeg, 2003).

During natural floods, the chemical composition of the water body is influenced by transforma-
tion/degradation, adsorption/desorption, dissolution/precipitation and mixing processes on its way to the river
network. In particular, flow pathways on and through near-stream soils may cause significant changes even
over very short flow distances and during single storm events (Chapman et al., 1993; Anderson et al., 1997,
Ball and Trudgill, 1997). Additionally, kinematic waves within the channel (describing the translation of flow
with limited hydraulic dispersion or diffusion) induce time lags between discharge and chemical response
(Glover and Johnson, 1974; Nolan and Hill, 1990; Jordan-Meille et al., 1998), impeding the application of
simple mixing models (Krein and DeSutter, 2001).

If a flood response at a gauging station is considered as an integrated output signal of the basin to a rainfall
event, then two questions have to be answered. First, which parts of the basin contribute water and dissolved
solids during an event? Second, can these parts be assumed to be invariant during an event? The variable
source-area concept negates this assumption (Hewlett and Hibbert, 1967). Therefore, the factors controlling
the temporal and spatial variability must be determined.

Against this background, there is still a need to establish for which part of a basin and at which stage of
a flood a gauging station is representative. This will be crucial for all aspects dealing with river management
strategies, monitoring programmes, land-use modifications and spatially distributed runoff models.

The objective of this paper, therefore, is to assess the spatial representativeness of a gauging station. Three
strategies have been adopted:

1. longitudinal profiles of important ions and electrical conductivity have been analysed to characterize the
spatial variability within the river basins;

2. artificial flood events were generated to investigate in-channel related processes;

3. natural flood events have been analysed at multiple locations to characterize the temporal dynamics of
runoff generation and solute transport.

STUDY AREAS

The two mesoscale basins (Figure 1) under investigation are typical of the low mountain ranges around the
city of Trier, southwest Germany. They show similar moderate climatic conditions, but differ in geology and
topography and are characterized by heterogeneous land use and intense anthropogenic impacts (Table I).
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Figure 1. Map of the river basins investigated

The Kartelbornsbach catchment is situated 7 km northwest of Trier and covers an area of 3-2 km?> (Figure 1).
Triassic limestones, predominantly Upper and Middle limestone, dominate the underlying geology. Upper
limestone consists mainly of calcium carbonate and Middle limestone is characterized by calcium sulphate.
The catchment is covered by a mosaic of woodland, pasture and wasteland. A village with approximately
1000 inhabitants is located in the northern part of the catchment. Another small village is situated in the
southern part of the catchment. The waste water of both villages has a considerable influence on the water
quality of the Kartelbornsbach. Owing to the heterogeneity of the geology and land use, many sources for
solutes can be found, such as diffuse and point sources of waste water, tile drains and variable inputs from
groundwater and soil water.

The larger Ruwer basin, 238-5 km? in size, is located in the Hunsriick Mountains near the city of Trier
(Figure 1). The bedrock predominantly consists of Devonian schist and quartzite. The land use is mainly
arable on the broad ridges and pasture on the narrow valley bottoms. The steep, south-facing slopes in the
lower reaches of the basin are planted with vineyards. North- and east-facing slopes are mainly forested. The
water quality is influenced by waste-water treatment plants, several villages with minor industrial settlements,
and some major streets.

MATERIAL AND METHODS

Water samples were collected midstream with 2 1 polyethylene bottles. During the sampling procedure,
temperature-compensated (at 25 °C) electrical conductivity and temperature were measured in sifu using a
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Table I. Characteristics of the basins investigated

Kartelbornsbach® Ruwer”

Catchment size (km?) 32 2385
Geology Mainly Triassic bedrocks Mainly quartzite and Devonian schist
Altitude (m)

lowest 293-1 1252

highest 392-6 707-3
Slope (°)

mean 57 9-1

maximum 252 51-5
Mean annual temperature (°C) 8-6° 6 (higher ridges)?

— 10 (lower valley)¢

Mean annual precipitation (mm) 841°¢ 700 (lower valley)!

— 1100 (higher ridges)?
Land use® (%)

crop land 41-8 15-8
green land 34-6 19-4
vineyards — 1-6
forest 13-4 57-0
built-up area 10-2 3-8
water — 02
deforested areas — 22

2 Selected data from Krein (2000).

b Selected data from Vohland ez al. (2000).

¢ Time period 1961-1990 (Krein, 2000).

4 Time period 1988—1993 (Vohland e al., 2000).

€ Year of land-use classification: Kartelbornsbach, 2000; Ruwer, 1989.

mobile WTW conductivity meter. In the Ruwer basin, conductivity was additionally registered every 6 min
by a data logger at the gauging station in Kasel. In the laboratory the water samples were filtered through
Whatman GF/F glass-fibre filters, acidified with concentrated HNOj3 for metal analyses and stored prior to
analysis at 4°C. The dissolved anions (nitrate, sulphate, chloride) were analysed by ion chromatography
(Metrohm 690 IC). Dissolved orthophosphate was determined with a photometer using the standardized
molybdenum blue method recommended by the Deutsche Einheitsverfahren. The dissolved metals (calcium,
magnesium, potassium, sodium, iron, manganese, zinc) were analysed by atomic absorption spectroscopy
(AAS Varian-SpectrAA-640 GTA100; AAS Varian-SpectrAA-10). Reference materials were analysed and
measurements were repeated to meet analytical quality assurance standards. Relative standard deviations of
methods and determinations were lower than 7%. A number of metal analyses were additionally checked
using an Agilent ICP-MS 7500i. Correlation coefficients between the atomic absorption spectroscopy and
inductively coupled plasma mass spectrometry measurements of all elements were higher than 0-96. All
statistical analyses were carried out with SPSS® for Windows.

Figure 2 shows the sampling locations during the artificial flood events in the Ruwer and Kartelbornsbach.
In the Ruwer channel, the artificial flood events were generated by the release of water from a drinking-water
reservoir in cooperation with the Trier municipal water works (Figure 2). In the Kartelbornsbach, the artificial
flood wave was generated in cooperation with the ‘Technisches Hilfswerk’ by pumping low conductivity
water out of a small reservoir into the river. Channels of both basins are predominantly rectangular shaped
with medium channel slope. For instance, channel slope in the Ruwer reach between Waldrach and Kasel
amounts to 0-75%.

Copyright © 2006 John Wiley & Sons, Ltd. Hydrol. Process. 20, 2921-2934 (2006)
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Figure 2. Sampling sites used during the artificial flood events on (a) the Ruwer and (b) the Kartelbornsbach
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Figure 3. Longitudinal profiles of dissolved calcium, sulphate and phosphate along the Kartelbornsbach on 19 June 2000. The course of the
Kartelbornsbach River flows through outcrops of Upper limestone (mo), Middle limestone (mm) and Lower limestone (mu)

RESULTS AND DISCUSSION

The spatial representativeness of a gauging station during dry weather conditions

The heterogeneity in geology and the various anthropogenic impacts within the Kartelbornsbach catchment
result in a complex pattern of potential solute sources. Figure 3 depicts the variability of phosphate, calcium
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and sulphate along a typical dry-weather longitudinal profile on 19 June 2000. Three major sources are
responsible for significant solute and conductivity changes along the river course. The first is the outflow
of a sewage treatment plant (a). Its waste water is predominantly characterized by high phosphate and low
calcium concentrations. During extreme summer conditions, the upper course of the Kartelbornsbach is dry
and the outflow of the sewage treatment plant is the sole source of the river. The second major source is a
spring, the Kartelborn (b), located on the boundary between the Upper and Middle limestone. This source
delivers water with medium amounts of calcium, magnesium and hydrogen carbonate and low concentrations
of sulphate. Because of relatively high discharge amounts even during dry summer periods, this spring has
a considerable influence on the water quality and significantly dilutes the high phosphate concentrations
released by the sewage treatment plant. The third source is a diffuse input of groundwater and soil water rich
in calcium sulphate from the Middle limestone entering the river via various tile drains (c). Maximum sulphate
concentrations up to 1040 mg 1~! have been measured at this source. Despite relatively low discharge amounts,
these tile drains are responsible for marked longitudinal variability of electric conductivity, calcium and
sulphate concentrations (Moller and Symader, 2001). Consequently, the lower course of the Kartelbornsbach is
dominated by geological inputs, whereas the major part of the middle course is characterized by anthropogenic
impacts.

In order to determine the sources that contribute significantly to dry-weather flow, a statistical analysis was
carried out involving 25 longitudinal profiles of conductivity as a parameter reflecting the sum of the major
ions in the Kartelbornsbach (Moller, 2002). Correlation coefficients between the conductivity at the gauging
station and the conductivity at each single sampling site were calculated. The upper graph in Figure 4 depicts
the results of this analysis. The correlation coefficient between the conductivity at the gauging station and
a specific sampling site exceeds |0-7| only for the last 480 m of the river course. Thus, only for this river
segment could more than 49% of the variance of the conductivity record at the gauging station be explained
by the variation of conductivity at a single sampling site.

Sampling strategies at a gauging station often take the discharge variation into account. However, not much
thought has been given to the question of over what upstream distance and for which upstream basin area the
relationship between discharge and water quality and the conclusions drawn from this can be assumed to be
representative. The lower graph shows the correlation between the discharge at the gauge and the conductivity
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Figure 4. Correlation coefficients between electrical conductivity and discharge at the gauge and conductivity at the sampling sites along
the Kartelbornsbach
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at the sampling sites. Here, the situation is even worse than for the specific conductance values described
above. Only for an upstream segment of 270 m does the relationship exceed |0-7|.

Although it is well known that the spatial distribution of solute sources is a controlling factor for the
chemographs measured at a gauging station (e.g. Walling and Webb, 1980), the significance of a single
source mostly remains unknown. Our results show that the representativeness of a gauge for processes in the
upstream basin depends on the distance of the nearest significant source to the station. Consequently, analysis
of the spatial and temporal behaviour of the sources is a prerequisite for establishing representative monitoring
stations. Additionally, tracing the sources and upstream governing processes from a single gauging station, for
instance by using mixing models, needs the consideration of the spatial significance of near-gauge sources.

The spatial representativeness of a gauging station during artificial flood waves

Artificial flood events provide a powerful tool for elucidating the impact of in-channel processes on the
spatial representativeness of gauging stations. During these field experiments, hydrographs and chemographs
at a specific sampling site can be attributed to the preceding dry-weather flow, certain autochthonous sources
and the amount and composition of the water introduced.

Figure 5 depicts the change of discharge and solute transport during the downstream travel of an artificial
flood event in the Ruwer basin on 12 July 2001. The locations of the sampling stations are illustrated in
Figure 2. The discharge released (1000 1 s~ for 1 h) from the drinking water reservoir was five times higher
than the long-term mean discharge of the Riveris tributary and approximately three times higher than the
long-term lower discharge of the Ruwer. The water input from the drinking-water reservoir started at 09 : 35.
The water introduced had a conductivity of 75 uS cm™!, which is less than that of the receiving river.

At Station 1, representing the reaction of the Riveris tributary, the conductivity decreases nearly simultane-
ously with water rise due to the rapid arrival of the introduced water. The velocity of the wave to this station
was approximately 0-87 m s~!. At Stations 2 and 3, characterizing the transport patterns in the Ruwer, a
distinct decoupling of the water rise and the arrival of the induced water was observed. The wave velocity up
to Station 2 was 0-99 m s~!. In contrast, the new water is transported at only 0-38 m s~!. The wave velocity
was calculated by dividing the distance between Stations 1 and 2 by the time difference between the first rise
in water level at both stations, and the water velocity was calculated by dividing the distance by the time
difference between the first change in conductivity at both stations. At Station 2, the time lag between the
rising limb of the flood wave and the first recognizable change of conductivity was 36 min. At Station 3, this
time lag between wave and water arrival increases to 110 min. Consequently, almost the entire flood wave
was composed of old water. The wave velocity up to Station 3 was approximately 0-64 m s~'. In contrast,
the new introduced water is transported at only 0-27 m s~!. The ratio of the wave speed to the water speed
amounts to approximately 2-59 between Stations 1 and 2 and 2-33 between Stations 2 and 3. At both stations
the water level regains its preceding value considerably faster than the conductivity. The short-term increase
in conductivity evident at both stations (Figure 5a) was attributed to an increasing input of ion-rich Riveris
water to the Ruwer at the beginning of the event at Station 1.

A similar decoupling of the wave and the water body was found in the smaller Kartelbornsbach after a travel
distance of only 80 m (Figure 6). The artificial flood wave was generated on 8 August 2001 by introducing
1000 1 of low-conductivity water into the river within 30 s. The conductivity remains constant during the
steeply rising limb of the wave between 10:26 and 10:28. Again, the water level returns to its preceding
value considerably faster than the conductivity.

The time lag demonstrated in both basins can be explained by kinematic wave theory (Singh, 1996; Krein
and DeSutter, 2001; Wong, 2002). The discharge response develops like a kinematic wave (describing the
translation of flow with limited hydraulic dispersion or diffusion), in contrast to the slower physical mass
transport of the water body and the associated dissolved material. The disconnection between discharge
response and solute transport is related to the flow distance (Figure 5), the antecedent dry-weather flow, the
characteristics and size of the river network, the properties of the main and tributary channels (e.g. geometry

Copyright © 2006 John Wiley & Sons, Ltd. Hydrol. Process. 20, 2921-2934 (2006)
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Figure 5. Runoff and conductivity dynamics during an artificial flood event in the Ruwer basin on 12 July 2001 (for sampling stations, see
Figure 2a)

and slope), and the magnitude of the artificial discharge introduced. Table II depicts the influence of the
introduced discharge and the antecedent hydrological conditions on the time lag between wave and water
arrival in the Ruwer channel. The largest time lag at Waldrach and Kasel station gauges was found during an
artificial wave with the lowest introduced discharge. Additionally, during the waves with 1500 1 s~} introduced
discharge, the time lag increases with decreasing antecedent dry-weather flow. The latter could also be shown
in the neighbouring, smaller basin of the Olewiger Bach (see Figure 1; Krein and DeSutter, 2001). The
increasing time lag during low-flow conditions could be attributed to stronger friction losses on the water
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Figure 6. Runoff and conductivity dynamics during an artificial flood event in the Kartelbornsbach basin on 8 August 2001 at Station 1,

80 m below the introduction point (see Figure 2b)

Table II. Impacts of the introduced discharge and antecedent hydrological conditions on the time lag between wave and water
arrival at two stations in the Ruwer channel

Date of artificial flood (2001) 12 July 30 July 6 August 16 July 28 May
Discharge released from water reservoir for 1 h (1 s7h 1000 1500 1500 1500 2000
Pre-event hydrological conditions
Initial water level at Station Kasel gauge (cm) 32 30 35 40 42
Antecedent precipitation amount (mm)

1 day* 0-2 0-0 4.5 0-0 0-0

7 days* 21-6 24-8 159 475 0-0
Time lag (min)

Station 2 Waldrach 36 27 23 19 —

Station 3 Kasel gauge 110 76 71 63 40

4 Rainfall station Avelsbach, Trier.

body and an increasing influence of morphological riffle—pool sequences, where the pools hold back the water
body more strongly than the wave itself.

The greater velocity of the wave in comparison with the dissolved material was calculated for regular
channels by Wong (2002). The kinematic wave process has been mainly described for large natural river
channels (Glover and Johnson, 1974), but it could also be identified in very short channel sections and small
basins (Nolan and Hill, 1990; Jordan-Meille et al., 1998). Kinematic waves have also been utilized to describe
pressure transmission processes in soils to provide a possible explanation for rapid pre-event water transport
to the channel (Beven, 1989, 2001).

The different wave and water-body velocities refute the idea of a simple mixing process of individual
runoff components. Additionally, if temporal variations in water quality are observed during the main part of
the wave, then it can be concluded that their sources must be located contiguous to the measuring point. The
flood wave from the Ruwer at Station 3 (Figure 5) consists totally of old water, which can only come from
the 3-3 km Ruwer segment upstream (see Figure 2).

Kinematic wave theory provides a good framework for explaining the occurrence of natural flood waves
consisting mainly of old water. Even in very small basins, the old water can come from the channel and
from soil water, where similar pressure waves can be assumed (Bonell, 1998; Beven, 2001). Nolan and
Hill (1990) note that the volume of dry-weather flow prior to the event is a limiting factor for in-channel

Copyright © 2006 John Wiley & Sons, Ltd. Hydrol. Process. 20, 2921-2934 (2006)
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kinematic waves. Nevertheless, our results reveal that considerable time lags and impacts of the old channel
water could be identified at times of low antecedent dry-weather flow and even over very short travel
distances.

The hydrograph and chemograph differ not only in travel time, but also in shape. In contrast to the kinematic
wave, the temporal variation of solute concentration can vary considerably. Conservative tracers are influenced
by longitudinal dispersion (e.g. Rutherford, 1994). Non-conservative tracers additionally change because of
transformation/degradation, adsorption/desorption and precipitation processes (e.g. Jordan-Meille et al., 1998).
Figure 7 shows the impact of longitudinal dispersion during an artificial event in the Ruwer channel on 30
July 2001. The conductivity range at Station 4 is reduced to about 40% compared with Station 2 in a channel
segment of only 3-7 km (of a total 46 km). This underlines the difficulty of inferring the contribution of a
particular source at the measuring site in relation to a source in the upper basin by analysing hydrographs
and chemographs at a single station.

The spatial representativeness of a gauging station during natural flood waves

Natural flood events are controlled by both in-channel and catchment processes. The results of the artificial
wave experiments lead to the conclusion that all solute sources causing significant changes in water quality
during an event are located near the station.

Figure 8 illustrates a typical natural flood in the Kartelbornsbach basin following a short convective
precipitation event on 23 July 1989 (modified according to Strunk (1992)). The wave starts with a small
Hortonian preflush coming from impervious areas contiguous to the gauge and an additional input out of
the sewer system. Subsequently, a distinct succession of three peaks of dissolved calcium, manganese and
iron was found. The activated source area was riparian water released from different soil depths. Near-stream
upper soil horizons release water rich in calcium. The increase in manganese is linked to an input from
intermediate soil horizons. The delayed response of suspended iron indicates the influence of deeper soil
water or groundwater. The successive release of manganese and iron is linked to a gradient of the redox
potential. The chronology of the release of calcium, manganese and iron from different soil depths in the
riparian zone was verified by sprinkling experiments in the Kartelbornsbach basin (Krein, 2000). The time lag
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Figure 7. Longitudinal dispersion of conductivity during an artificial flood in the Ruwer basin on 30 July 2001 (for sampling stations, see
Figure 2a)
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Figure 8. Temporal variation of calcium, manganese and iron concentrations during a single peaked flood wave on the Kartelbornsbach

between the peaks is mainly controlled by the water content of soils in the valley bottom. The development of
the complete pattern requires a certain amount of rain. With decreasing precipitation amounts, first the peak
in iron and then the peak in manganese fail to appear, whereas calcium, an indicator for contributions from
the upper soil horizons, is mobilized even by small rain amounts.

Although the significant controlling processes change with increasing catchment size (Pilgrim et al. 1982;
Bloschl and Sivapalan, 1995), the Hortonian flush and the delayed iron response in particular were also found
in the larger Ruwer basin (Figure 9; Kurtenbach er al. (2002)). However, in this basin, the influence of these
local inputs coming from the vicinity of the sampling site are superimposed on the influence of conveyance
processes in the channel, as shown by a double-peaked natural flood at two stations in the Ruwer basin
(Figure 9). The flood response was generated by a basin-wide precipitation event with its maximum around
23:30 on 6 July 2001. The first discharge peak is caused by contributing areas near the station (Figure 9a)
and the second discharge peak shows the effect of the upper part of the basin (Figure 9b). Therefore, it can
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Figure 9. Iron dynamics during a natural flood event in the Ruwer basin on 7 July 2001; distance between the sampling sites 3-4 km
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be concluded that the first variations in iron are caused by the contribution of sources in the vicinity of the
sampling stations (Figure 9a).

However, by analysing hydrographs and chemographs only at the basin outlet, neither the exact location
of the sources nor the possible participation of kinematic waves is assessable. Two explanations are always
possible for the deferred rise in iron shown in Figures 8 and 9. The first is a delayed input of riparian water in
the vicinity of the gauge. The second is a kinematic wave generated in the upper basin, which could produce
the same hydrograph and delayed iron peak at the gauge. This ambiguity reinforces the problem described by
Hooper et al. (1998), that the important influence of riparian zones on stream water chemistry complicates
the inference of hydrological flow paths from stream water chemistry dynamics. This problem will still have
to be overcome in future research projects.

Preliminary insight can be gained by tracing natural events downstream. In the Kartelbornsbach, five
longitudinal profiles of electrical conductivity were measured during a natural flood event on 7 March 2001
(Moller, 2002). The five longitudinal profiles demonstrate the movement of the flood wave along the river
course (Figure 10). During the first profile, at 08 : 30, the absolute minimum conductivity is located around
1200 m upstream of the gauging station (1). After 1 h, the minimum was located between 800 and 900 m
(2). Between these two stations, no sources of surface runoff with low solute content could be found. The
downstream movement of the conductivity minimum is, therefore, mainly caused by the travelling flood wave
from the upper reaches.

In the third profile, at 10: 25, the minimum conductivity was located around 245 m upstream of the gauging
station (3). Simultaneously, a local conductivity minimum and the discharge maximum occur at the gauging
station. This local minimum cannot be linked to the water from the upper basin. Activation of overland flow
sources and an input of water of low solute content derived from impervious areas around the gauging station
are primarily responsible for this conductivity minimum. The minimum from the upper basin appears at the
gauging station in the fourth profile (4) at 11:15, whereas the chemograph of conductivity at this station
shows a renewed rise. Hence, the conductivity minimum at the gauging station only reflects contributing
areas located 245 m upstream of the gauging station. The conductivity minimum from the upper basin has
only a minor influence in the recession limb of the wave. A sample taken during the discharge maximum is,
therefore, only representative for 245 m upstream and mainly influenced by new water of low conductivity
originating from impervious areas in the vicinity of the gauge.

These results show that the water from the upper basin reaches the gauge considerably later than the
discharge maximum and is of minor importance due to longitudinal dispersion. The more important controlling
factor for the local conductivity minimum is the contribution of sources near the gauge, resulting in the local
minimum prior to the arrival of the conductivity minimum from the upper course. Therefore, the sources near
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Figure 10. Longitudinal profiles of electrical conductivity during a natural flood event in the Kartelbornsbach basin on 7 March 2001. The
numbers 1-4 mark the movement of the conductivity minimum
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the gauge are important for understanding the hydrograph and chemograph variability during the main part
of a flood wave, whereas the water from the upstream basin affects the recession limb.

CONCLUSIONS

The results presented demonstrate that near-gauge sources, in-stream processes and the spatial and temporal
activation of contributing source areas have a considerable influence on the runoff response and solute transport
in low-mountainous river basins. The following conclusions can be drawn:

1. During dry weather conditions, the spatial representativeness of a gauge is strongly controlled by the
distribution, temporal behaviour and discharge of sources contiguous to the station. In the Kartelbornsbach
catchment (3-2 km?, 3 km river length) a sample collected from the gauging station is only representative
for a river segment 400 to 500 m upstream.

2. Kinematic waves are not restricted to large basins. The kinematic wave process precludes a simple corre-
lation of hydrograph and chemograph. The artificial wave in the Ruwer basin (238-5 km?) was composed
entirely of old water after travelling only 3 km. In the smaller Kartelbornsbach catchment, a disconnection
between discharge response and solute transport was already evident after 80 m. This decoupling between
water input and wave arrival results in a crucial reduction in the spatial representativeness of a gauge.

3. As a consequence of conclusion (2), the large amount of old water observed during the first stages of
natural flood events is probably preceding dry-weather flow incorporated into the flood hydrograph by the
kinematic wave process.

4. During natural summer floods, the spatial representativeness of a gauge is determined solely by a few
hydrologically connected areas adjacent to the stream. During a natural flood in the Kartelbornsbach,
chemographs and hydrographs for the rising limb and maximum were controlled by contributing areas
located only 245 m upstream of the gauge. Longitudinal dispersion and the kinematic wave process are
responsible for the limited relevance and delayed arrival of water parcels from the upper basin. The
contribution of the sources depends on their spatial distribution and the flow pathways of the event water.

5. Use of mixing models to quantify the variability of the chemical composition of river water should be
limited to very small basins and short river lengths.
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