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Abstract:



Quantifying the travel times, pathways, and dispersion of solutes moving through stream environments is critical for understanding the biogeochemical cycling processes that control ecosystem functioning. Validation of stream solute transport and exchange process models requires data obtained from in-stream measurement of chemical concentration changes through time. This can be expensive and time consuming, leading to a need for cheap distributed sensor arrays that respond instantly and record chemical transport at points of interest on timescales of seconds. To meet this need we apply new, low-cost (in the order of a euro per sensor) potentiometric chloride sensors used in a distributed array to obtain data with high spatial and temporal resolution. The application here is to monitoring in-stream hydrodynamic transport and dispersive mixing of an injected chemical, in this case NaCl. We present data obtained from the distributed sensor array under baseflow conditions for stream reaches in Luxembourg and Western Australia. The reaches were selected to provide a range of increasingly complex in-channel flow patterns. Mid-channel sensor results are comparable to data obtained from more expensive electrical conductivity meters, but simultaneous acquisition of tracer data at several positions across the channel allows far greater spatial resolution of hydrodynamic mixing processes and identification of chemical ‘dead zones’ in the study reaches.
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1. Introduction


There is ongoing interest in understanding and quantifying the travel times and dispersion of solutes moving through stream environments, including the hyporheic zone and/or in-channel dead zones, where retention affects biogeochemical cycling processes that are critical to stream ecosystem functioning [1,2]. Streambed morphology is known to affect various exchange processes [3], and thus influence the residence time of advected solutes.



Information on chemical transport processes in streams can be obtained from introduced tracers that are usually injected instantaneously or at constant rate [4] at an upstream location under constant flow conditions and measured at one or more downstream locations in the main channel [5]. The acquisition of such data can be expensive and time consuming, so many modelling studies of chemical transport in streams have tended to rely on relatively few well documented field case studies, such as Uvas Creek, California, USA [6,7], and studies in South America [8] and Europe [9]. A particularly broad study of available data synthesized results of 162 tracer injections performed in 87 streams, resulting in a pooled dataset of 633 breakthrough curves [10]. Remarkably, 94% of these breakthrough curves exhibited experimental truncation (cessation of sampling before tracer concentrations returned to background levels), which leads to difficulties in resolving the form of the storage residence time distribution. Furthermore the data are limited to individual mid-channel breakthrough curves and therefore provide no information on cross-channel variability of chemical transport.



This points to a need for improved sampling protocols and new measurement methods that can provide simultaneous automated recording of chemical concentrations at a variety of in-stream locations to more comprehensively evaluate residence time behavior [10].



Today, there is a pressing need for new ecohydrological measurement systems that can acquire data at high temporal and dense spatial scales at affordable costs [11,12] and in this paper we apply new potentiometric chloride sensors [13] to obtain critical information on how in-channel flow conditions affect the distribution of tracer concentrations across the channel. The advantage of our sensor system is that simultaneous measurements can be made in a distributed array to obtain data with dense spatial and high temporal resolution for monitoring chemical transport and mixing processes in the environment. The sensing element we describe is low cost due to batch production (less than one Euro per sensor) and there is a significant cost advantage in having multiple sensors per set of logging equipment. A single logging system as described costs about Euro 300 for 7 measuring points (Euro 42 per sensing point) using off the shelf microprocessor boards, plus the cost of one reference electrode (Euro 50) per logging system (Euro 7 per sensing point).



The illustrative application presented here is to monitor in-stream hydrodynamic transport and dispersive mixing of an injected chemical, in this case NaCl. In detail, we present a proof of concept for use of the potentiometric sensors in streams and compare mid-channel concentration vs. time curve data with information obtained from conventional electrical conductivity sensors. Further innovation of the paper relates to recording and describing two dimensional (cross channel) tracer concentration curves across five shallow stream reaches with various bed morphologies and increasing levels of channel complexity in Luxembourg and Western Australia.



We show that the sensor system offers a hitherto unprecedented opportunity to record the full cross-channel spatial pattern of an injected tracer distribution. Such data is invaluable for enhanced validation of chemical mixing models and parameterization of exchange processes with the hyporheic zone.




2. Materials and Methods


2.1. Sensor Description


The chloride sensors used in this study have been described in detail [14] and initial proof of concept applications in controlled environments reported [13]. They are potentiometric sensors that generate an electrical potential proportional to the local chloride concentration. Low cost sensor manufacture is achieved using an industry-standard screen printing process that prints a silver layer onto an alumina substrate. A patterned insulating layer is then printed over the majority of the silver layer, which defines the active layer of the electrode structure and leaves a short end free for a soldered electrical connection. The exposed silver layer is electrochemically chloridized, producing a silver chloride layer over the silver electrode. The resulting electrical response generated by the structure is theoretically governed by the Nernst equation, yielding a sensitivity of −59.2 mV per decade change in chloride concentration (pCl) at 298 K temperature as given by


E = E0 − 0.0592log(CCL),



(1)




where E is the measured electrical potential (V), E0 is the offset potential (V), and CCL is the chloride ion concentration (M).



Sensor calibrations in standard solutions yielded a near-Nernstian response of −49.8 (±1.7) mV per decade change in chloride concentration and was consistent across sensors [14].



In order to complete the electrical circuit, measurements are made with respect to the reference potential of a commercial Ag/AgCl reference electrode (VWR GelPlas, 3.5 M KCl).




2.2. Sensor Electronics


The custom built system architecture for the sensor logging system has been previously described in detail [13]. However, it is useful to summarize this system. Figure 1a shows a picture of the system and Figure 1b the overall system diagram.


Figure 1. (a) Photograph of a logging system showing seven sensors, the reference electrode and box housing the logging electronics; (b) System diagram of the logging electronics.
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The electronics consists of an analog data conditioning board, which is connected to a digital processing board. The analog board is connected to the sensors and allows individual sensors to be connected sequentially to an amplifier. The output from the amplifier is then digitized by an analog to digital converter (ADC) under the control of the central microcontroller (MCU). This is then responsible for either transmitting the data at 2.4 GHz using the IEEE802.15.4 standard, sending it serially via USB to a connected computer, or storing it on the memory card. Currently the digital board is based on a Waspmote Open Source sensor node using an Atmel microcontroller [15]. This platform has both radio and SD card interfaces. In this study the data were digitized from the analog board using the on-board ADC with 10-bit resolution and then scaled, time stamped, and stored on the SD card for later retrieval.



The analog board allows for up to seven sensors to be connected and measured against a single reference electrode, which gives a fixed potential against which the sensors could be measured. The sensors can be distributed up to the length of their cable, and typically this would be between 1 m and 10 m long. Thus, it is possible to measure up to seven distributed points, or seven co-located points with one logger system. In experiments where more measurement positions are needed, it is possible to run multiple loggers, but this requires the logger’s real-time clocks (RTC) to be synchronized. With this system this is done by running a separate program to extract the time from a GPS module that can optionally be installed into each logger and using this to set the real time clock to an accuracy of 0.16 s per day. The GPS module also allows the position of the logger to be recorded in applications where loggers are widely spaced. The system also allows for changing the measuring interval wirelessly for flexible changing of application. Data can be wirelessly transmitted to a nearby collection/control point (usually a laptop PC) or can be stored locally on an SD memory card for later download. For this experiment, the requisite measurement time intervals were pre-programmed and readings were made sequentially from individual sensors through the analog multiplexer and stored locally for later extraction. For this stream sampling experiment, we used an 8 s measurement cycle. On each measurement cycle the system selects a sensor, allows the reading to settle for 30 milliseconds, taking 10 measurements for each sensor, and averages them. This is repeated for each sensor. These data are then written to the memory card and the system then reverts to a low-power sleep state until woken by an internal alarm at the next programmed measurement cycle.



The electronics were housed in a water proof box as shown in Figure 1a, with sensor cables grommeted through the casing. In this study, we tested sensors that were embedded in custom designed waterproof sleeves to protect the solder point from exposure, while leaving the sensor tip protruding. A schematic of the sensor construction and dimensions used in this study is shown in Figure 2.


Figure 2. Schematic illustration of the potentiometric sensor construction.
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2.3. Cross-Channel Distribution of Tracer Peak Arrival and Tailing Behavior


The cross-channel distribution of tracer peak arrival time indicates the effect of channel characteristics on flowlines from the injection point to the sensor locations. ‘Tailing’ [16] refers to asymmetrical tracer concentration curves arising from processes that alter the travel time distribution in the channel. For a non-reactive tracer this generally involves pressure driven exchanges with the hyporheic zone. Under steady streamflow conditions the degree of exchange can depend on factors such as bedslope irregularities and form, channel curvature, and permeability of bed and bank materials [17,18,19]. The degree of asymmetry can be assessed statistically by measuring skewness of the concentration curve [20].



For univariate data Y1, Y2…., YN, the Fischer-Pearson formula for skewness, [image: there is no content] is:


[image: there is no content]



(2)




where [image: there is no content] is the mean, s is the standard deviation, and N is the number of data points.



Equation (2) was applied to all measured tracer curves obtained using the potentiometric sensors distributed across the channel and to curves from Electrical Conductivity (EC) sensors located at mid-channel.





3. Field Sites and Experimental Setup


We tested the sensor system on three small streams in the Attert river basin [21] in Luxembourg and at two locations along a stream in the Perth hills, Western Australia with different reach conditions and streambed morphologies. All three streams in Luxembourg (Rennbach, Weierbach, and Koulbich) have fixed gauging stations within 50 m of the experimental reaches, so independent discharge data were available for every tracer test. Neerigen Brook in the Perth Hills is no longer gauged so discharge estimates were obtained using the salt dilution method [22]. In Luxembourg the measurements were made under low summer flow conditions and in the Perth hills measurements were made in summer under recession flow conditions, four days after an intense storm exceeding 50 mm in a day had re-initiated stream flow in the previously dry channel.



In order of complexity, the channel sections can be described briefly as follows:



Reach 1: Neerigen Brook, Western Australia. Straight, artificially channelized riffle reach over Precambrian crystalline bed materials.



Reach 2: Neerigen Brook, Western Australia. Natural riffle-pool sequence with two approximately 30 degree bends along the study reach.



Reach 3: Weierbach, Luxembourg. Braided riffle-pool sequence through exposed schist bed material. Numerous small shallow pools along the braids.



Reach 4: Koulbich, Luxembourg. Artificially straightened riffle run leading to an eroded near bank pocket (right bank looking upstream). The pocket did not exhibit a backwater flow, but altered the flow pattern across the channel at the downstream exit.



Reach 5: Rennbach, Luxembourg. Natural riffle-shallow pool sequence that is relatively straight with exposed schist bed material in some of the riffles at the time of the tracer experiments. The measured cross-section partly extended across a confluence with the Koulbich in order to test the sensor response to channel mixing at this location. The site is within the confluence mixing location reported in a related study [23].



Upstream injection locations for sodium chloride were selected to optimize the opportunity for rapid complete mixing. At all locations, it was possible to locate a ‘throat’ where the channel narrowed, allowing the tracer to be introduced uniformly across the entire channel cross-section. At each location we also installed mid-channel electrical conductivity sensors (WTW Multi 3420 equipped with a TetraCon 925 probe, providing a conductivity resolution of 0.1 µS/cm from 0 µS/cm to 199 µS/cm and 1 µS/cm from 200 µS/cm to 1999 µS/cm), which were read manually at 5 s intervals for each tracer experiment. These sensors were calibrated to convert EC to NaCl, allowing results to be reported as Cl concentration for comparison with the chloride sensor data. All potentiometric sensors were calibrated individually using background water from each study reach. All results are then presented as C-Co, where Co is the background chloride concentration (g/L). We used an array of six sensors across transects at the first three sites and seven sensors across the latter two sites.



A summary of the main features of each experimental reach is given in Table 1.



Table 1. Study reach characteristics, tracer injection details and bed conditions.







	
Stream Name

	
Reach Length (m)

	
Mean Channel Width (m)

	
Discharge (m3/s)

	
Mean Flow Rate (m/s)

	
Injected Tracer Mass Per Trace (g)

	
Channel Bed Conditions






	
Neerigen Brook Reach 1

	
25.0

	
0.75

	
0.015

	
0.2

	
300 (2 traces)

200 (1 trace)

	
Straight riffle section, no exposed bed.




	
Neerigen Brook Reach 2

	
44.0

	
1.30

	
0.018

	
0.11

	
300 (3 traces)

	
Riffle-pool sequence with exposed rocks




	
Weierbach

	
19.5

	
1.55

	
0.003

	
0.085

	
50 (2 traces)

	
Highly braided riffle pool sequence




	
Koulbich

	
45.0

	
0.85

	
0.067

	
0.50

	
500 (1 trace)

1000 (3 traces)

	
Straight riffle section upstream from eroded near bank pool




	
Rennbach

	
15.0

	
0.75 *

	
0.048

	
0.064

	
500 (4 traces)

	
Riffle pool sequence running into channel confluence.








* Width prior to confluence with Koulbich.









4. Results


For each instrumented reach we present an annotated photograph of the reach, followed by tracer concentration curves for the first trace and tabulated data summarizing skewness (Equation (2)) and time to tracer peak for all traces performed at each location. Photographs have arrows indicating flow direction. The white circular marker in each photograph is used to indicate the right bank (looking upstream), which is the zero point on each transect. Measured channel widths are given in Table 1.



4.1. Neerigen Brook Reach 1


The instrumented cross-section is shown in Figure 3. The 25 m straightened section upstream from the transect has steep banks with some invasive grasses reaching the waterline along the channel banks.


Figure 3. Photograph of measured channel section for Neerigen Brook Reach 1. Arrow pointing downstream. (picture: K. Smettem)
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The cross-channel concentration curves for Neerigen Brook Reach 1 are shown in Figure 4. The calibrated mid-channel EC curve is shown for comparison with the data from the chloride sensors. Typically, all mid-channel calibrated EC curves were similar to mid-channel chloride sensor data.


Figure 4. Neerigen Brook Reach 1. Cross-section tracer curves. Legend shows distance across channel transect and mid-channel EC data.



[image: Water 09 00542 g004]






For this straight section the cross-channel tracer curves have similar shapes, with tailing evident at all locations across the transect. The concentration peaks are similar, except at the 20 cm location where the peak concentration is lower.



Table 2 gives the results for skewness and time to peak. At all positions on the cross-section we found positive skew for all tracer runs. The EC probe was located about 35 cm across the channel and returned values of skew that were similar to those obtained from the chloride probes at 30 cm to 40 cm across the channel.



Table 2. Neerigen Brook Reach 1. Tracer results for skewness and time to peak.







	
Distance Across Channel

	
10 cm

	
20 cm

	
30 cm

	
40 cm

	
55 cm

	
65 cm

	
EC Probe






	
Skew

	

	

	

	

	

	

	




	
run 1

	
0.76

	
0.65

	
0.66

	
0.85

	
0.77

	
1.15

	
0.84




	
run 2

	
1.05

	
0.85

	
0.88

	
1.06

	
1.09

	
1.01

	
0.82




	
run 3

	
1.10

	
0.98

	
0.93

	
1.06

	
0.82

	
0.98

	
0.78




	
Time to peak (s)

	

	

	

	

	

	

	




	
run 1

	
126

	
126

	
126

	
117

	
126

	
126

	
125




	
run 2

	
117

	
126

	
126

	
126

	
126

	
126

	
125




	
run 3

	
126

	
126

	
126

	
126

	
126

	
135

	
125










There is no obvious pattern to skew across the channel, indicating that bankside vegetation had little effect on tracer curve asymmetry. Similarly, peak arrival times were also unaffected, suggesting a minimal influence of vegetation induced drag along the banks.




4.2. Neerigen Brook Reach 2


The instrumented cross section is shown in Figure 5. Visibly the bed material ranged from gravel to cobbles and small rocks. Some pools contained a shallow layer of finer sand and silt sediments over the weathered crystalline bed. The section is about 2 km downstream from reach 1 and is wider and shallower. Discharge is similar to reach 1 but the flow rate had reduced to about 50% of reach 1 (Table 1).


Figure 5. Photograph of measured channel section for Neerigen Brook Reach 2. Arrow pointing downstream. (picture K. Smettem)
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Concentration peaks given in Figure 6 are highest near mid-channel (75 cm), which is close to the position of the EC probe (installed at 70 cm). Low concentration peaks are visible at 40 cm and 60 cm. The cross-channel concentration curves in Figure 6 all exhibit tailing, with values of skew similar to Reach 1 (Table 3).


Figure 6. Chloride concentration curves measured across Neerigen Brook Reach 2. Legend shows distance across channel transect and mid-channel EC data.
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Table 3. Neerigen Brook Reach 2. Tracer results for skewness and time to peak.







	
Distance Across Channel

	
40 cm

	
60 cm

	
75 cm

	
90 cm

	
105 cm

	
120 cm

	
EC Probe






	
Skew

	

	

	

	

	

	

	




	
run 1

	
1.00

	
0.89

	
1.06

	
1.08

	
1.02

	
1.01

	
0.81




	
run 2

	
1.05

	
0.85

	
0.88

	
1.06

	
1.08

	
1.01

	
0.87




	
run 3

	
1.01

	
0.99

	
0.93

	
1.10

	
0.82

	
0.98

	
0.83




	
Time to peak (s)

	

	

	

	

	

	

	




	
run 1

	
423

	
432

	
405

	
378

	
396

	
396

	
400




	
run 2

	
414

	
405

	
387

	
387

	
396

	
405

	
400




	
run 3

	
383

	
423

	
387

	
387

	
396

	
396

	
400










Across all runs and transect locations the range of skew is 0.85 to 1.08, with 78% of the values between 0.9 and 1.1.



Values of skew for the EC probe runs are similar to values returned from the mid-channel Cl probes at 60 cm to 75 cm. Times to peak vary between runs but there is evidence of lower times to peak at 90 cm and 75 cm. These are the only locations returning times to peak of less than 390 s.




4.3. Weierbach


The Weierbach channel with exposed rocks is shown in Figure 7a. To clearly identify the position of the sensors on the cross-section in relation to exposed rocks, a schematic is shown in Figure 7b.


Figure 7. (a). Photograph of the measured channel section for the Weierbach. Arrow pointing downstream (picture J. Klaus); (b). Cross-section schematic of the Weierbach channel showing positions of exposed rocks and chloride sensors.
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Tracer data from the Weierbach are shown in Figure 8. Because of the very low discharge we reduced the tracer mass to 50 g NaCl for these traces. The right bank (looking upstream) from 0 cm to 15 cm across the measured transect was obstructed by rocks, followed by a deeper section (<1 cm) from 15 cm to 40 cm. From 40 cm to 110 cm the flow deepened to a maximum of 6 cm at 70 cm from the right bank. From this point to the left bank at 1.6 m the flow became very shallow again (<0.6 cm depth) with exposed rocks visible over 40% of the cross section.


Figure 8. Chloride concentration curves measured across the Weierbach. Legend shows distance across channel transect and mid-channel EC data.
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The EC sensor was located at 75 cm and closely overlays the Cl sensor probe data at 70 cm and 85 cm.



The braided nature of the channel due to exposed schist resulted in a variety of possible flowpaths from the injection point to the sensors and this is reflected in the range of observed tracer shapes in Figure 8 and arrival times reported in Table 4. Peak arrival times varied from 217 s to 267 s and skewness varied from 0.84 to 1.86 across all runs and locations.



Table 4. Weierbach. Tracer results for skewness and time to peak.







	
Distance Across Channel

	
22 cm

	
40 cm

	
55 cm

	
70 cm

	
85 cm

	
130 cm

	
EC Probe






	
Skew

	

	

	

	

	

	

	




	
run 1

	
0.84

	
1.40

	
1.49

	
1.53

	
1.51

	
1.35

	
1.29




	
run 2

	
0.98

	
1.49

	
1.50

	
1.31

	
1.86

	
1.54

	
1.35




	
Time to peak (s)

	

	

	

	

	

	

	




	
run 1

	
219

	
267

	
235

	
243

	
243

	
267

	
235




	
run 2

	
219

	
243

	
235

	
243

	
251

	
267

	
235











4.4. Koulbich


Figure 9 shows the undercut and scoured bank ‘pocket’ immediately upstream from the monitored cross-section on the Koulbich. Upstream from the flow arrow the reach is an artificially straightened riffle section through a meadow.


Figure 9. Photograph of the measured channel section for the Koulbich. (picture J. Klaus)
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Tracer data (Figure 10a,b) reveal the influence of this pocket on tracer dilution, with highest peak concentrations recorded in sensors located to the left of the center line (looking upstream in Figure 9), in flow lines least influenced by the right bank scoured area. The scoured area did not however, influence peak arrival time at sensors to the left of the center line (Table 5). The tracer curve from the EC probe was again similar to the surrounding mid-channel probes at 40 cm and 55 cm (Figure 10a).


Figure 10. (a) Koulbich cross-channel tracer concentration profile. Red line is data converted from the mid-channel EC probe; (b) Tracer concentration versus time contours across the Koulbich transect.
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Table 5. Koulbich. Tracer results for skewness and time to peak.







	
Distance Across Channel

	
12 cm

	
24 cm

	
36 cm

	
48 cm

	
56 cm

	
64 cm

	
76 cm

	
EC Probe






	
Skew

	

	

	

	

	

	

	

	




	
run 1

	
1.62

	
1.33

	
0.88

	
1.10

	
1.35

	
1.24

	
1.35

	
1.08




	
run 2

	
1.50

	
1.87

	
1.62

	
1.75

	
1.57

	
1.40

	
1.78

	
1.07




	
run 3

	
1.52

	
1.10

	
1.54

	
1.76

	
1.63

	
1.63

	
1.57

	
0.88




	
Time to peak (s)

	

	

	

	

	

	

	

	




	
run 1

	
90

	
90

	
81

	
90

	
90

	
99

	
90

	
90




	
run 2

	
90

	
90

	
81

	
90

	
99

	
99

	
99

	
90




	
run 3

	
90

	
90

	
81

	
81

	
90

	
99

	
81

	
90










Values of skew ranged from 0.88 to 1.87 (Table 5), with considerable cross-transect and inter-run variation. The rank order of skewness across the transect was particularly unstable between runs. For example, the sensor at 24 cm returned the highest skew on run 2 and the lowest skew on run 3.




4.5. Rennbach-Koulbich Confluence


Figure 11 shows the position of the transect at the confluence of the Rennbach and Koulbich.


Figure 11. Photograph of measured channel section across the Rennbach-Koulbich confluence. Arrow pointing downstream. (picture M. Antonelli)
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The effect of confluence mixing between the Rennbach and Koulbich is evident in Figure 12a,b with concentration peaks declining across the confluence mixing zone as the Koulbich flow influences dilution. However, tracer peak times across the transect were unaffected by confluence mixing (Table 6). All values of skew are less than 0.6, with 30% less than 0.26. Again, there is locational instability in the magnitude of skew between runs. All locations return at least one value of skew less than 0.26 and one value greater than 0.5 (Table 6).


Figure 12. (a) Rennbach-Koulbich mixing zone cross-channel tracer concentration profile. Red line is data converted from the mid-channel EC probe; (b) Tracer concentration versus time contours across the Rennbach-Koulbich mixing zone transect.
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Table 6. Rennbach-Koulbich mixing zone. Tracer results for skewness and time to peak.







	
Distance Across Channel

	
12 cm

	
24 cm

	
36 cm

	
48 cm

	
56 cm

	
64 cm

	
76 cm

	
EC Probe






	
Skew

	

	

	

	

	

	

	

	




	
run 1

	
0.49

	
0.59

	
0.63

	
0.54

	
0.58

	
0.59

	
0.52

	
0.45




	
run 2

	
0.49

	
0.52

	
0.62

	
0.49

	
0.49

	
0.65

	
0.50

	
0.47




	
run 3

	
0.12

	
0.17

	
0.25

	
0.17

	
0.13

	
0.25

	
0.13

	
0.44




	
run 4

	
0.56

	
0.51

	
0.50

	
0.52

	
0.21

	
0.20

	
0.13

	
0.45




	
Time to peak (s)

	

	

	

	

	

	

	

	




	
run 1

	
247

	
229

	
220

	
229

	
247

	
247

	
265

	
235




	
run 2

	
247

	
238

	
229

	
238

	
265

	
247

	
247

	
235




	
run 3

	
238

	
238

	
229

	
238

	
256

	
238

	
238

	
235




	
run 4

	
238

	
229

	
229

	
238

	
247

	
238

	
247

	
235












5. Discussion


This study deployed new potentiometric sensors for in situ measurement of stream tracer breakthrough curves. Multiplexing via Waspmote loggers allowed for up to seven sensors to be simultaneously recorded on an individual logger. Using this approach, we were able to gain insight into cross-channel patterns of mixing and holdback at transects located downstream from a tracer injection point. A particular power of the setup is that many measurements can be made in a relatively short time. For example, using only four loggers we could obtain 84 tracer breakthrough curves from three runs and within a day it would be quite easy to generate the number of breakthrough curves pooled from decades of literature in [10]. The new sensor methodology thus completely addresses the call for more comprehensive evaluation of residence time behavior from simultaneous measurements at a variety of in-stream locations [10].



Results showed that at all sites the potentiometric sensors closest to the EC sensor location recorded tracer concentration time curves that closely followed the calibrated EC sensor, with similar values of skew. Both the potentiometric and EC sensors recorded a sharp concentration rising limb and more gradual falling limb at all locations, leading to positive values of skew throughout.



Interestingly, the artificially straightened channel section at Neerigen Brook Site 1 gave similar values of skew to the more natural riffle-pool section at Neerigen Brook Site 2. However, the large area of exposed bed and consequent ‘braided’ flow in the Weierbach led to more enhanced tailing and increased values of skew compared to the Neerigen Brook reaches.



The Koulbich also returned high values of skew, whereas the Rennbach-Koulbich mixing zone had the lowest values of skew. The latter result reflects a dominance of relatively symmetrical tracer transport along the Rennbach from the injection point, prior to mixing with the Koulbich at more distant sensors on the measured transect. This resulted in tracer concentration dilution with distance from the near bank, but did not affect tracer arrival time or skew.



Cross-channel patterns of tracer transport are clearly visible from the results. There are points across the channel, particularly for the last three sites, that differ substantially from the average mid-channel value. At each sensor these concentration curve patterns appear to be stable across all repeated tracer runs, although statistically, the absolute value of skewness can vary between runs.



The advantage of deploying sensor arrays is that cross-channel mixing behavior can be directly observed. By recording many measurements rapidly this new ecohydrological sensor array opens up possibilities for better parameterization of biogeochemical mixing processes that have generally relied on a single measure of holdback at mid-channel. The sensor array can of course be extended to multiple transects in order to follow the evolution of a chemical pulse downstream. The system can easily be extended to deeper and wider channels by using multiple time-synchronized loggers, thus opening up the possibility to obtain three-dimensional tracer distributions for enhanced validation of hydrodynamic mixing and exchange models.




6. Conclusions


We have shown for the first time in a field deployment that the calibrated potentiometric sensors record similar tracer curves to calibrated EC probes when installed at adjacent locations. The advantage of deploying potentiometric sensor arrays is that many more measurements can be taken at a fraction of the cost associated with the use of multiple EC probes. This opens up the opportunity to record tracer curves simultaneously at many locations in order to develop an enhanced three-dimensional understanding of mixing and exchange processes in streams. Such information gives the opportunity for enhanced calibration of three-dimensional in-stream transport models.



In this paper, we presented some examples of the type of information on hydrodynamic and exchange processes that can be extracted from installing probes in cross-channel arrays. We showed that this information can provide insight into how more complex morphological features may influence both the travel time and the exchange processes controlling the magnitude of holdback along stream flowpaths. We also identified situations where under steady-state flow conditions the skew can vary between successive tracer runs, leading to a need for correct identification of average holdback parameters in hydrodynamic mixing models.
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