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Abstract

:

Lower parts of proglacial rivers are commonly assumed to be characterised by a multiannual aggradation trend, and streambank erosion is considered to occur rarely and locally. In the years 2009–2013, detailed measurements of channel processes were performed in the Scott River (SW Spitsbergen). More than 60% of its surface area (10 km2) occupies non-glaciated valleys. Since the end of the Little Ice Age, the Scott Glacier has been subject to intensive retreat, resulting in the expansion of the terminoglacial and paraglacial zones. In this area, the Scott River develops an alluvial valley with a proglacial river, which has led to a comparatively low rate of fluvial transport, dominance of suspension over bedload, and the occurrence of various channel patterns. Measurements, performed in the lower course of the valley in two fixed cross-sections of the Scott River channel, document variable annual tendencies with a prevalence of scour over deposition processes in the channel bottom. The balance of scour and fill also differs in particular measurement cross-sections and during the summer season. The maximum erosion indices (1.7 m2) were related to single periods of floods with snow-glacier melt and rainfall origin. The contribution of streambank erosion was usually lower than that of deep erosion both in the annual cycle and during extreme events. The channel-widening index also suggests variable annual (from −1 m to +1 m) and inter-annual tendencies. During a three-day flood from August 2013, in a measurement profile at the mouth of the river, the NNW bank was laterally shifted by as much as 3 m. Annual and inter-seasonal indices of total channel erosion, however, show that changes in the channel-bottom morphology are equalised relatively fast, and in terms of balance the changes usually do not exceed 0.5% of a cross section’s area.
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1. Introduction


In the cold alpine and polar climate zones, intensive cryosphere degradation processes are currently being observed [1]. The processes are particularly evident in the proglacial zone, where rapid glacier retreat results in the development of transitional conditions, frequently described as the paraglacial zone [2,3,4,5]. The transition is well visible in all sedimentation environments both in the terminoglacial and extraglacial zone. As a result of deglaciation, a number of directional changes are also observed in the fluvial system, related to an increase in coupling between the slope and channel subsystems and changes in the supply/delivery of water and sediments to the river [6,7,8]. In catchments of proglacial rivers, new sources of sediment delivery are activated, or the activity of particular fluvial processes changes [9,10,11]. This results in changes in the rate of sediment transport, which can be locally accompanied by both lateral migration and/or deepening of the channel [12,13,14].



The literature also frequently emphasises meteorological conditions on the intensity of fluvial processes in the polar zone [15,16,17,18,19,20]. This results in high variability of erosion and denudation indices during particular seasons [9,21,22,23,24,25,26,27,28,29,30,31]. Moreover, lack of standardisation of research on channel processes, differences in applied measurement strategies, and variable duration of the measurement period are certain obstacles in the comparison of obtained results [13,22,27,32,33,34,35,36,37].



The problems also concern the determination of streambank erosion in proglacial gravel bed rivers that can function both as single-thread channel braids, winding or meandering rivers, as well as complex multiple channel systems [10,11,38,39,40]. Moreover, streambank erosion processes are determined by sediment lithology changing with the course of the river (e.g., in zones of gorges or bank rampart dissections), and hydrodynamic conditions of bankfull discharges during snowmelt and precipitation floods [41,42]. The morphological role of ground ice is also an important factor. Ice slumps on the banks contribute to intensive lateral scour during the initiation of outflow in the beginning of the melt season [43]. Ground (fibrous) ice occurring after melting of snow ice covers in the valley floor effectively degrades the high bank of the channel and facilitates its undercutting, consequently accelerating the lateral migration of the channel [44,45,46,47].



Streambank erosion is generally associated with the rate of retreat of its edges. The rate of streambank erosion is usually monitored by means of survey markers, or geodesic measurements of changes in the course of bank edges with the application of the Global Positioning System (GPS) [48,49]. The obtained indices accurately illustrate the rate and directions of lateral migration of the channel for the particular section of the river; however, they provide no information on bank degradation in the vertical profile [42,50,51]. Estimation of changes in gently inclined banks is also problematic. The objective of this paper is the estimation of the annual and multiannual rate of streambank erosion and its comparison to deep scour processes using detailed Global Navigation Satellite System (GNSS) measurements in fixed cross-sections. The applied method permits the comparison of results obtained from different climatic zones, and constitutes a proposal of unification and standardisation of measurements of channel processes in monitoring research.




2. Study Area


The experimental field study was conducted in the gravel-bed Scott River located in the NW part of Wedel-Jarlsberg Land (SW Spitsbergen) (Figure 1). The first-order catchment area, with a glacial-nival alimentation regime, is approximately 10 km2, with almost 40% occupied by the valley-type Scott Glacier (3.1 km length). The marginal zone of the glacier includes a typical group of glacial (moraines, kames) and glaciofluvial landforms (outwash fans). The main subglacial stream is located in the southern part of the glacier snout, with water discharged through a multiple-channel system into a small flow-through lake. The lake concentrates the outflow in a single-thread channel for the entire gorge section of the valley. The glacier-free part of the catchment is elevated up to 92.5 m a.s.l., with a mean slope inclination of 0.028 m·m−1. The average elevation of the catchment is 267 m a.s.l. and the average slope is 0.1 m·m−1 [30,39]. In the wider part of the glacier-free valley (3.3 km), below the upper gorge cut into the complex frontal- and push-moraine, the Scott River develops an extensive multiple-channel system fed by small tributaries. In the lower part, the alluvial valley bottom is narrower, and the river forms another gorge cut into the marine terrace at 17–25 m a.s.l. In this part of the valley, multiple-channel streams are concentrated into a single-thread channel. Between the lower gorge and the river mouth to the fjord, the Scott River develops an alluvial fan with a system of distribution channels [28,52,53].



The dominant alimentation source of the Scott River is ablation of the Scott Glacier (90%). At the beginning of the melt season (June and July), nival waters have an insubstantial contribution in fluvial discharge (approx. 4%). Precipitation shows a similar contribution in alimentation throughout the season, while permafrost alimentation amounts to approx. 2% [54]. The Scott River discharges approx. 900 mm of water annually, with a mean discharge of 0.98 m3·s−1 and a unit discharge of 0.1 m3·s−1·km−2 [55]. High temporal variability of water stages and discharges is typical of the river. Maximum discharges (Qmax) of 6–12.0 m3·s−1 are registered during ablation–precipitation flood flows [52,54,55]. For the lower river course, the average bankful width is 9.4 m, the bankful depth in the thalweg is 0.32 m, the longitudinal water-surface slope is 0.018 m·m−1, and the bankful discharge is 3.5 m3·s−1 [27]. The occurrence of weather extremes can substantially modify discharge conditions, as reflected in a high variability of fluvial transport [31,35,53].



Rapid changes in the position of the glacier terminus have been observed since the end of the Little Ice Age. Since the 1930s, after a rapid surge of the glacier, retreat and downwearing of the glacier terminus has been observed. From 1990–2013, the retreat of the glacier snout ranged from 10 m·y−1 to 20 m·y−1 [40,56].




3. Survey Strategy and Methods


3.1. Location and Choice of Measurement Site


Research on streambank erosion processes in the Scott River channel was conducted in the years 2009–2013, and included geodesic and hydrometric measurements of selected sections of the Scott River valley. Detailed research covered two measurement sites in the lower course of the river. The determination of the rate of channel processes involved measurements of changes in the channel morphology. These were performed in two fixed-measurement cross-sections. The first measurement cross-section (XS I) was established in 2009 in the gorge of the Scott River through elevated marine terraces, approximately 2.5 km below the outflow from the glacier and 350 m from the mouth of the river to the Gulf of Bellsund (Figure 1B). The location of the measurement site in the narrowing of the gorge section of the valley was justified by the fact that at average and low-water stages, the Scott River concentrates its flow within a single-thread channel. The second measurement cross-section (XS II) was established in 2010 in the middle course of the wide channel that concentrates waters flowing from the alluvial fan, approx. 180 m above the crevasse channel dissecting the bank rampart at the mouth of the river to the fjord (Figure 1B). Measurements of depth and flow speed were performed at equal intervals (every 2 weeks) and after the occurrence of a flood. Every week in both cross-sections, the flow velocities were recorded by portable acoustic digital current meters and propeller current meters. Moreover, day-to-day changes in flow speed and discharge were also continuously measured by an acoustic flowmeter in XS II.




3.2. Geodesic Measurements of Changes in the Channel Cross-Sections


External geodesic benchmarks in the form of 6-inch steel pipes were mounted in the valley floor at a distance of approx. 1 m from the range of average water stage in the Scott River channel, and a measuring tape was stretched between them. In the summer season in the years 2009–2011, changes in the shape of the channel were measured every two weeks by means of a calibrated hydrometric rod every 0.1 m with a vertical accuracy of 1 cm. Additional measurements were performed when the occurrence of rapid floods resulted in changes in the morphology of the channel and valley floor. In the years 2012–2013, measurements of changes in channel shape in the same cross-sections were performed by means of GNSS (Figure 2).



Field surveys were performed by means of two receivers in the EPP TopCon Hipper II Base/Rover system. The generation of GNSS receivers employed in the measurements uses all available satellite signals of the GPS and GLONASS (Global Navigation Satellite System, Russia) positioning systems. High accuracy with very short time of measurements was possible by means of built-in code division multiple access (CDMA) radio modems. In the measurement period, the base station was permanently located at a site with specified coordinates in direct vicinity to the Maria Curie–Sklodowska University (MCSU) scientific station in Calypsobyen (Figure 2A). The mobile receiver (Rover) communicated with the base station by receiving radio corrections in real time (Figure 2B). Such a configuration of receivers and the use of a high number of satellite signals (from 8 to 11 GPS satellites + from 4 to 7 GLONASS satellites) provided an accuracy of 3D point locations of ±2 cm.



In the years 2012–2013, changes in the shape of the river channel bottom were determined at least four times during the measurement season at intervals from 5 to 14 days. The use of external benchmarks mounted in previous years (2009/2010) in each measurement cross-section permitted the determination of the height ordinate for measurements during 2012–1013 and comparison of changes during 2009–2011.




3.3. Determination of Streambank Erosion Indices and Widening of the Channel


The obtained measurement data were transferred to Surfer® (version 13) by Golden Software [57], where all the planimetric measurements of the cross-sectional areas of the channel were performed. Streambank erosion indices [in m2] were determined through comparison of the cross-sectional area of the base and final channel bottom. Then, the obtained indices were compared for both banks, the channel bottom, and the entire channel. The maximum width of the channel [m] for the specified water stage was also determined for particular measurement periods. The analysis of the parameter permitted tracing changes in lateral migration of the channel. A new channel geometry index was also proposed, namely ‘changes of bedrock top’ [m2; %], covering the cross-sectional area between the profile of the channel bottom and ordinates of the rectangular coordinate system. After the normalisation of ordinates, the discussed index permits quantitative and qualitative comparison of the balance of the scour or aggradation of the channel bottom, which indirectly allows for the determination of the trend of changes in the channel-bottom morphology.



The applied methodology permitted the determination of streambank erosion for particular measurement seasons from 2009–2013 at both cross-sections and for single flood periods (inter-seasonal changes) in 2012 and 2013 for cross-section XS I and in 2013 for cross-section XS II.





4. Results


4.1. Hydro-Meteorological Conditions during the Measurement Period


In the analysed measurement period 2009–2013, evident differences occurred in the course of the main hydro-meteorological parameters in the Scott River catchment, although the values of particular parameters did not significantly deviate from data registered from 1986 (Table 1). The thermal-humidity conditions oscillated within the range of average values, and air temperature variability was low (max. 1.3 °C). Examination of precipitation patterns, however, permits the identification of exceptionally wet (2013) or exceptionally dry seasons (2010).



From 2009–2013, daily precipitation totals rarely exceeded 5 mm, and their maximum values varied from 5 mm (2010) to 14.9 mm (2013). As a result, the total accumulated precipitation over the study period was sensitive to the few instances of high daily precipitation, which also caused high water stages and floods in the Scott River during which maximum daily discharges were recorded (2.2–2.7 m3·s−1).



Maximum discharges (Qmax) of 5–6.0 m3·s−1 were registered during ablation-precipitation flood flows; however, they did not exceed the highest recorded discharge from 1986–1993 [54,55]. The occurrence of above-average discharges considerably changed the course and intensity of channel processes, and effectively contributed to changes in the relief of the channel bottom and its spatial development. During short floods (1–3 days), the geometric parameters of the channel were subject to substantial changes based on the hydrodynamic conditions (Table 1). Usually in July, and more seldom in August, one or two floods were recorded during the measurement period. Throughout the measurement period, only one flood occurred from 20 July 2013, whose results were comparable to those of the flood from 1993 [55].




4.2. Annual Intensity of Channel Processes in the Scott River


From 2009–2013 in the Scott River, scour processes were generally dominant both in the gorge (XS I) and river mouth cross-section (XS II). Figure 3 presents changes in the channel morphology. Data were collected for culminations of the melt season, i.e., mid-July. In 2009, the channel bottom was of an erosional character, and an evident thalweg occurred within it on the NNW side. Both banks were stabilised, whereas the SSE (high) bank was undercut in its lower part, and the NNW (low/accumulation bank) was aggradated. In the following year, the tendencies were maintained. The SSE bank was degraded (−0.05 m2) and the NNW bank aggradated, although in total after consideration of the degradation of the dry bank, scour was dominant (Table 2). The thalweg was considerably incised and widened, whereas on the SSE side the channel bottom was aggradated by a small longitudinal bar. The exceptionally dry summer period of 2010 and the corresponding lack of substantial precipitation events (>5 mm 24 h−1) did not favour the occurrence of channel-forming flows. This allowed for the maintenance of the tendency from the previous melt season. The morphology of the cross-section of the Scott River in the mouth section (XS II), i.e., thalweg on the NE side and prevalence of scour of the SW bank, as well as the aggradation of the NE bank suggest a similar course of processes in 2010. Both banks were rather stable, and no streambank erosion was observed. The width of the channel was relatively constant during the measurement period (Figure 4).



In the dry summer season of 2011, two floods occurred that changed the morphology of the channel bottom in both measurement cross-sections, whereas their development tendencies were reversed (Figure 3 and Figure 4). In the gorge the channel was considerably widened towards the NNW, and scour predominated along the entire length of the cross-section (−0.24 m2). Loss of the SSE bank by 0.25 m was recorded, and the NNW bank by 1.8 m (Figure 3, Table 2). In the middle part of the channel bottom a bar was deposited with a maximum thickness of 0.2 m, which led to a positive balance. Even more substantial changes were observed in XS II, where the SW bank was aggradated (+0.07 m2). The lower part of the NE bank was aggradated and the upper part eroded; however, the final balance was positive. The channel bottom was considerably lowered (−0.82 m2), which led to a negative balance for the entire channel cross-section (−0.73 m2).



The summer season of 2012 was wetter, resulting in the occurrence of bankfull discharge; however, in the first cross-section the scour balance was almost even (−0.05 m2) (Table 2). The channel bottom was slightly widened and planated (flattened), and on the SSE side of the bank a small bar was maintained (Figure 3).



The lower part of the SSE bank was eroded and the upper aggradated, leading to an overall net balance of sediment. The NNW bank was aggradated (+0.11 m2). In the second measurement cross-section, the channel bottom was considerably aggradated (+0.2 m2). A bar was deposited in its axis, separating two evident thalwegs (Figure 4). Both banks eroded in the lower part. The channel width and banks were not subject to substantial changes. The scour-fill balance for this section was dominated by scour (−0.33 m2).



The exceptionally wet summer of 2013 with high precipitation in July led to the acceleration of channel-forming processes and transformations in the Scott River channel bottom (Figure 3 and Figure 4). In the gorge, the main current of the river was shifted towards the SSE bank, resulting in the development of a large thalweg in the channel (max. depth 0.12 m). In the channel bed, separated by a small ridge from the main thalweg, a smaller second thalweg also developed (Figure 3). Deposition was dominant along both banks (Table 2), resulting in aggradation of both banks and a decrease in the width of the channel (maks. 7.4 m). The balance of scour and fill was positive for both banks and for the entire channel (+0.69 m2). The channel bottom had a negative (−0.57 m2) scour-fill balance. It was also substantially incised in the second cross-section (−1.25 m2), and the SW bank was eroded (−0.32 m2). The lower part of the NE bank was aggradated and the upper part eroded (Table 2). The channel width did not change, as no streambank erosion was observed in the channel (Figure 4). The balance of material for the entire channel bottom was negative (−1.82 m2).



The presented results provide no information on the rate of channel processes in the period from August to September, i.e., until the discontinuation of flow in the Scott River. Usually, however, except for the July culmination of the melt season, no bankfull discharge occurred in the Scott River. Relatively high floods can sometimes occur in August or even in the beginning of September [52,54,55]; therefore, the analysis of the rate and balance of channel processes in short periods during particular ablation seasons seems justified.




4.3. Inter-Seasonal Intensity of Channel Processes in the Scott River during the 2012–2013 Ablation Seasons


The year-to-year (2009–2013) intensity of channel processes and tendencies of development of the channel bottom morphology in both analysed cross-sections in the same period (July) remain in evident relation to the observed high seasonal variability of weather conditions [27,29,30,31,53,55,58]. The intensity of scour processes was largely determined by the occurrence of floods, particularly of ablation–precipitation origin [27,29,30,31,53]. A detailed analysis of the effect of this type of event on channel processes was only possible for two seasons (2012 and 2013), which included detailed monitoring of changes in channel bottom morphology before and after each event.



During summer of 2012, the first ablation–precipitation flood was recorded on 22 July. The daily discharges reached 1.5 m3·s−1 [55]. Daily precipitation from 22 July reached 11.3 mm, constituting 50% of the total precipitation for the entire season. On that day, a high daily air temperature was also recorded (7.1 °C). As a result of the event, considerable changes were observed in the channel bottom morphology in both measurement cross-sections (Figure 5 and Figure 6). In the gorge, scour processes were dominant within the entire channel cross-section (−1.07 m2), its bottom was quite evenly deepened over its entire length (−0.75 m2), and both banks eroded (Table 3). In both cases, scour processes covered both the lower and upper parts of the bank, resulting in widening of the channel (Figure 5). Erosion was also dominant in the second measurement cross-section (XS II), (−0.7 m2). At XS II, the channel bottom with two symmetrical thalwegs was incised by −0.35 m2 and −0.07 m2, respectively (Table 3). Scour also covered both the lower and upper part of both banks, causing a slight widening of the channel (Figure 6).



In the inter-flood period (until 8 July), the morphology of the channel bed in the gorge was not subject to considerable transformations (Figure 5). In that period, the channel bottom was selectively washed, and material deposition was low (Table 3). Within both banks, the intensity of channel processes was low, and as a consequence the channel width and bank line were not subject to considerable changes (Figure 5). Different tendencies were recorded in the second cross-section in the mouth section, where a considerable transformation of the channel occurred (Figure 6). A ridge in the channel bottom separating the thalwegs was eroded such that they became connected, resulting in the lowering of the channel bottom (−0.73 m2). The NE side of the bottom was aggradated, and the NE and SW banks were eroded (Figure 6).



Another large flood with ablation origin had a culmination on 10 August, and the discharge exceeded 2 m3·s−1 [55]. In the gorge (XS I), changes in the channel bottom morphology were inconsiderable (Figure 5). The main current of the river was shifted towards the SSE bank, where a shallow thalweg developed. Material was deposited on the opposite side, and the channel bottom was aggradated (Table 3). Neither of the banks was subject to substantial transformations, and the width of the channel did not change (Figure 5). Deposition was dominant in XS II, and a point bar developed in the channel axis (Figure 6). The thalweg was slightly incised and the lower part of the NE bank was eroded, whereas the upper part was aggradated, similar to the lower part of the SW bank (Table 3). The channel width decreased to its approximate state from the end of July (Figure 6).



In the exceptionally wet year 2013, a total of four precipitation events with a daily total of 10 mm were recorded, one on 19 July (14.2 mm) and three in August (13–16) with a total amount of 46.9 mm, constituting 50% of total annual precipitation. As a result, high discharges were maintained almost throughout the measurement period (approximately 2 m3·s−1), with a culmination on 16 August (4.6 m3·s−1) [55]. This resulted in a different tendency of development of the mouth section of the channel (Figure 7 and Figure 8). In July, in the gorge of the valley, a channel with an erosional bottom developed without an evident thalweg zone and with stabilised banks (Figure 7). The channel bottom after the first culmination of the ablation-precipitation flood in July was only insignificantly transformed, and the balance was almost even, with no clear tendencies (Table 3). Similar tendencies occurred after the flood within the channel bottom. The NNW bank was aggradated in its lower part and eroded in its upper part, while the balance of the SSE bank was negative (Table 3).



Similar processes and tendencies were observed at the end of July in the second measurement cross-section in the mouth section of the river (Figure 8). Here, the SW bank was slightly aggradated, and the width of the channel did not substantially change. In August, after another flood, the channel bottom in the gorge was aggradated (+0.8 m2). Similar processes occurred along both banks (Table 3), such that the channel width did not change substantially (Figure 7). A radical transformation of the channel bottom occurred in the mouth section, where in the SW part a large longitudinal bar developed, cutting off a fragment of the channel (Figure 8). On the opposite side, intensive scour of the NW bank occurred, followed by a streambank shift by 3.5 m. The scour and fill erosion within the entire cross-section, however, was positive (+0.79 m2). The main current of the river was shifted under the NW bank, and the bottom part of the channel was planated (Figure 8).





5. Discussion


In the period 2009–2013, detailed measurements of changes in the morphology of the Scott River channel bottom were performed in the lower course of the valley, where a rapid retreat of the Scott Glacier has been observed since the early 20th century [34,52,54,59,60,61,62]. The deglaciation of the valley changed the conditions of the proglacial river catchment, and consequently the intensity of fluvial processes and changes in the valley morphology [27,28,29,30,31,53]. Quasi-continuous monitoring of hydrodynamic conditions and the fluvial transport rate showed relatively low indices of sediment discharge, associated with a decrease in the supply of material from ablation of the retreating Scott Glacier [27] and an increase in the water capacity with an increase in the thickness of the active permafrost layer [31,34]. An exceptionally low rate of bedload transport in the gravel-bed river during the summer of 2009, also determined by meteorological conditions, was surprising [27,28,29,53].



Measurements of fluvial transport after 2009 confirmed low sediment transport indices, and the evident predominance of suspension and solutions over bedload [30,34]. In the Scott River catchment, meteorological conditions and the occurrence of floods determines sediment transport as well as associated changes in channel and valley floor morphology. During large floods, particularly ablation-precipitation events, total bedload flux was from 59% to 77% [31,34]. The effect of weather and extreme events on the modern development of the relief of the valley floor and channel was also repeatedly emphasised for proglacial rivers [7,8,9,13,17,20,22,23,24,25,38,63,64,65,66].



The cited papers periodically present results concerning the intensity of channel processes in catchments of gravel-bed rivers, particularly including bedload transport. According to Froehlich [44,45], this results from the lack of an effective measurement methodology. Detailed research conducted by Ashworth and Ferguson [64] revealed high variability and differentiation of channel processes in braided rivers. The authors emphasised the role of hydrodynamic conditions (discharge regime) and availability of sources of supply of material transported in the channel [65]. In synthetic studies, the predominance of bottom incision over streambank erosion is usually assumed for gravel-bed rivers and bedload channel patterns [67,68,69,70,71]. Moreover, deposition is usually dominant in beds of gravel-bed rivers, and the channel is characterised by high instability and frequent changes (channel shift) along the course of the streambank. The channel is dominated by relatively shallow discharges, and the morphology of its bottom by longitudinal bars. The rivers can develop complex multiple channel patterns, often at a transitional stage [10,11,38]. Scarce detailed research also showed the importance of local factors on the spatial distribution, extent, and temporal frequency of streambank erosion, which as a consequence causes problems in the comparison of obtained results [8,13,22,64,71]. According to Palmer et al. [72], large variations at individual sites and in annual rates suggest that between the banks, erosion rates may be confounded by the timing and magnitude of discharge events, storage of sediments within the channel system, and the remobilization of eroded material.



Quasi-continuous measurements of the intensity of streambank erosion conducted in the Scott River catchment from 2009–2013 also showed high variability. At the seasonal temporal scale, the intensity of erosion of the channel banks in cross-section XS I varied from 0 m2 to 0.5 m2. Similar values were obtained for cross-section XS II: from 0 m2 to 0.35 m2. In reality, scour or fill processes periodically dominated along both banks, and their balance showed different values, from −0.35 m2 to +1.2 m2. The channel-widening index also showed a broad range from −1.7 m to +4 m (Table 4), suggesting relatively high instability along the course of the streambank, and lateral migration of the analysed channels. The presented data, however, suggest a lack of a permanent development tendency, and remain in an evident relation to the occurrence (or lack) of extreme events. The development tendencies of the channel bottom are usually inherited from extreme events, and meteorological conditions determine the direction of development of the channel at a large temporal scale (>1 year). Annual and inter-seasonal changes in the channel are subject to fluctuations depending on the temporal scale, but also show spatial variability; therefore, the term and location of measurement of the intensity of streambank erosion is of strategic importance, particularly if the analysis concerns long-term changes [72]. An optimal solution involves continuous measurements with an appropriate spatial distribution along the cascade system of the catchment, and especially homogenous and low-order catchments [9,13,22,32,33,36,73,74].



The problem in the determination of the intensity of streamline erosion in gravel-bed rivers also concerns the selection of the measurement technique, which further determines the measurement unit. Different methods usually generate incomparable indices, and their interpretation can be ambiguous or false in the case of a lack of continuous measurements. The streambank erosion rate is usually expressed as m·y−1, estimated by means of geodesic benchmarks, or increasingly frequently by means of GPS techniques [72]. The channel-widening index is determined in a similar way (m·y−1 or m·event−1). In the case of both measurements, however, incomplete information is provided on the actual processes occurring within the submerged part of the bank. The indices, rather, illustrate the shift of the channel and/or its lateral migration, but in such a case, the comparability of results requires their reference to the length of a relevant section/sector of the channel (i.e., m·m−1). Moreover, measurements performed in the Scott River catchment show variable streambank erosion processes and their intensity in the lower and upper part of the bank. The bank is also often degraded or aggradated along a relatively stable course of a streambank. Similar methodological problems occur in the case of the determination of total scour/fill for a particular channel cross-section; therefore, the authors propose broader consideration of the scour-rate index in the channel cross-section, accurately describing both the scour/fill balance and dynamics of channel processes throughout the channel bottom (Table 4). Moreover, measurements in cross-sections with a cascade distribution will facilitate the conversion of the obtained results to streambank erosion rate in m·y−1.



The selection of two measurement cross-sections in the Scott River catchment was also aimed at the determination of the tendencies of development of the relief of the channel bottom and determination of the effect of the alluvial fan on the intensity of channel processes, particularly streambank erosion. The obtained results confirmed high variability of the processes depending on meteorological conditions and the occurrence of extreme events [27,28,30,31,53]. In the mouth section during floods, but also in the presence of sources of material within the channel itself (particularly bars), the rate of fluvial transport and channel processes was usually higher than in the gorge. The results confirm the thesis stating that the alluvial fan can be an area of supply of material transported in the river channel [27,30,31]. Research by Kociuba [30] with the application of TLS also showed multidirectional tendencies of the zone, where surface erosion can periodically predominate. Hodgkings et al. [17] also pointed to the alluvial bottom of the proglacial river as a potential and important source of supply of material transported in the river channel.




6. Conclusions


1. Detailed research on streambank erosion conducted in the years 2009–2013 in selected cross-sections of the Scott River channel confirmed a high variability and spatial distribution of erosion. In cold climate zones, high seasonal variability of hydro-meteorological conditions is observed. The primary factor regulating the intensity of streambank erosion in the melt season was meteorological conditions associated with the rate of glacier ablation, constituting the main source of alimentation. The value of streambank erosion depended on the frequency and magnitude of ablation–precipitation floods, accounting for 50–80% of total sediment discharge flux [31]. Extreme weather events resulted in the retreat of the bank with a maximum annual streambank erosion index of 1.77 m2. The streambank erosion index, however, rarely exceeded 0.3 m2. The contribution of streambank erosion was usually lower than bottom incision, both in the seasonal cycle and during extreme events. Seasonal indices of total scour in the channel bottom, however, show that changes in the morphology of the gravel-bed river channel are relatively rapidly equalised at the end of the season, and in terms of balance they usually do not exceed 0.5% of cross-sectional area. As a result, on a short time scale the stabilisation of the course and morphology of the channel and its development pattern is observed. The Scott River seems to adjust to the current alimentation regime. On the other hand, within the valley floor in the gorge zone, erosion processes were prevalent over the five-year study period. In the zone of the alluvial fan, alternating prevalence of erosion or deposition was observed in particular years. Such tendencies also confirm the importance of local factors related to geology and slope of the valley, which modify the effect of regional and, particularly, climatic factors. In the case of a rapid retreat of the Scott Glacier, the regime of the river changes. Its channel is in the transition phase, which is characterised by a decrease in the intensity of erosion and deposition processes. The occurrence of extreme hydrometeorological phenomena, however, causes considerable transformation of the channel and valley floor, and determines the direction of its further development.



2. High variability of the annual intensity of streambank erosion was also determined by local factors related to the location of measurement cross-sections. The Scott River channel, both in the gorge (XS I) and the outlet (XS II), is characterised by different bed morphology and development tendencies. As a result, the channel-widening index documents variable seasonal (from −1 m to +1 m) and inter-seasonal tendencies. Exceptionally large (up to 3.5 m) lateral NNW streambank shift was recorded during a 3-day flood from August 2013 in the outlet of the river (XS II). The inter-seasonal analysis of the scour/fill balance in the cross-sections suggests an important role for the availability of local sources of material (longitudinal and point bars). Tendencies of changes in channel morphology, recorded in bank widening and incision, are of episodic character. The term, frequency, and duration of the measurement periods can affect the results obtained considerably and make their comparison difficult; therefore, standardisation of measurement methods is advisable. It is also of key importance to investigate the river regime and the course of deposit transport in the channel from source to sink thoroughly [7,13,22,32,33,35,36,73].
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Figure 1. Location of the study site: (A) on the Svalbard Archipelago and NW part of Wedel-Jarlsberg Land: 1. valley glaciers, 2. glacial accumulation zones/terminoglacial zones, 3. rivers and water bodies, 4. catchment border; (B) on the lower part of the Scott River catchment with marked measurement cross sections XS I and XS II (background aerial photo by NPI (2011; Available online: http://toposvalbard.npolar.no/flyfoto.html?id=25163523; accessed on 9 March 2018). 
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Figure 2. (A) Downstream view of the lower part of the Scott River valley (in the foreground is the location of cross-section—XS I where the gorge is cutting through lifted marine terraces); (B) upstream view of the second cross-section—XS II; (C) an example of the GNSS survey in the Scott River cross-sections (XS II). 
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Figure 3. Changes in the channel bottom in XS I between 2009 and 2013: 1. Bedrock, 2. Current stage, 3. Previous stage (last season), 4. Dry streambank. 
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Figure 4. Changes in the channel bottom in XS II between 2009 and 2013: 1. Bedrock, 2. Current stage, 3. Previous stage (last season), 4. Dry streambank. 
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Figure 5. Changes in the channel bottom in XS I in 2012: 1. Bedrock, 2. Current stage, 3. Previous stage, 4. Dry streambank. 
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Figure 6. Changes in the channel bottom in XS II in 2012: 1. Bedrock, 2. Current stage, 3. Previous stage, 4. Dry streambank. 
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Figure 7. Changes in the channel bottom in XS I in 2013: 1. Bedrock, 2. Current stage, 3. Previous stage, 4. Dry streambank. 
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Figure 8. Changes in the channel bottom in cross-section II in 2013: 1. Bedrock, 2. Current stage, 3. Previous stage, 4. Dry streambank. 
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Table 1. Variability of selected hydro-meteorological components in the Scott River catchment in the years 2009–2013 relative to the multiannual averages. The data are presented by different sources: Kociuba, Janicki [27,56]; Kociuba et al. [29]; Medrak [58]; Franczak et al. [55]; Kociuba [34].
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	Season
	Air Temperature (°C)
	Precipitation Sum Total (mm)
	Water Temperature (°C)
	Channel Wide (m)
	Water Velocity (m·s−1)
	Water Discharge (m3·s−1)





	2009

10.07–06.09
	2.0–7.0

(4.9) *
	18.1
	-
	7–11
	-
	1.3–2.4

(2.0)



	2010

27.06–10.08
	1.9–6.2

(4.5)
	8.6
	-
	9.2–10.4

(10.0)
	0.58–1.13

(0.71)
	0.7–1.8

(1.19)



	2011

09.07–23.08
	1.5–7.2

(3.7)
	12.0
	-
	-
	-
	-



	2012

12.07–23.08
	2.0–7.1

(4.6)
	23.5
	1.6–4.4

(3.2)
	-
	-
	0.3–2.2

(0.9)



	2013

10.07–18.08
	2.7–7.9

(5.7)
	98.9 **
	2.0–3.0

(2.8)
	-
	-
	0.74–2.7

(1.8)



	2009–2013
	1.5–6.2

(4.7)
	(32.2)
	1.6–4.4

(3.0)
	-
	-
	0.3–2.7

(1.5)



	1986–2011
	0.2–10.2

(5.0)
	(32.4)
	-
	-
	-
	0.8–2.4

(0.96) *







Notes: * minimum and maximum daily values of the parameters, mean value for the measurement period in brackets; ** according to Franczak et al. [55]. The measurements of discharge parameters were performed in a stationary mode at both cross-sections. Changes in water level were recorded at 10-min time intervals with the use of diver dataloggers. Discharge was calculated based on rating curves generated from water depth and flow velocity measured every week by propeller current meters and portable acoustic digital current meters.
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Table 2. Inter-annual variability of channel processes and intensity of streambank erosion in the Scott River channel.
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Channel Processes




	

	
SSE Streambank

	
Channel Bottom

	
NNW Stream Bank

	
Channel Total




	
Time

	
S (m2)

	
F (m2)

	
B (m2)

	
S (m2)

	
F (m2)

	
B (m2)

	
S (m2)

	
F (m2)

	
B (m2)

	
S (m2)

	
F (m2)

	
B (m2)






	
A. Cross-section I (XS I)




	
July, 2009

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
July, 2010

	
0.06

	
0.01

	
−0.05

	
0.18

	
0.01

	
−0.17

	
0.22

	
0.13

	
−0.08

	
0.45

	
0.15

	
−0.31




	
July, 2011

	
0.06

	
0.02

	
−0.04

	
0.18

	
0.47

	
+0.29

	
0.49

	
0

	
−0.49

	
0.73

	
0.49

	
−0.24




	
July, 2012

	
0.04

	
0.04

	
0

	
0.23

	
0.07

	
−0.16

	
0

	
0.11

	
+0.11

	
0.27

	
0.22

	
−0.05




	
July, 2013

	
0.01

	
0.11

	
+0.1

	
0.57

	
0.0

	
−0.57

	
0

	
1.16

	
+1.16

	
0.58

	
1.27

	
+0.69




	
B. Cross-section II (XS II)




	
July, 2010

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
July, 2011

	
0

	
0.07

	
+0.07

	
0.82

	
0

	
−0.82

	
0.05

	
0.07

	
+0.02

	
0.87

	
0.14

	
−0.73




	
July, 2012

	
0.18

	
0

	
−0.18

	
0.02

	
0.22

	
+0.20

	
0.35

	
0

	
−0.35

	
0.55

	
0.22

	
−0.33




	
July, 2013

	
0.32

	
0

	
−0.32

	
1.25

	
0.0

	
−1.25

	
0.34

	
0.09

	
−0.25

	
1.91

	
0.09

	
−1.82








Notes: S—scour, F—fill, B—balance.
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Table 3. Variability of channel processes and intensity of streambank erosion in the Scott River catchment outlet in the years 2012 and 2013.
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Channel Processes




	
Time

	
SSE Streambank

	
Channel Bottom

	
NNW Stream Bank

	
Channel Total




	
S (m2)

	
F (m2)

	
B (m2)

	
S (m2)

	
F (m2)

	
B (m2)

	
S (m2)

	
F (m2)

	
B (m2)

	
S (m2)

	
F (m2)

	
B (m2)






	
A. Cross-section I (XS I)




	
2012 year




	
19 July

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
24 July

	
0.08

	
0

	
−0.08

	
0.75

	
0

	
−0.75

	
0.24

	
0

	
−0.24

	
1.07

	
0

	
−1.07




	
5 August

	
0.01

	
0.02

	
+0.01

	
0.07

	
0.06

	
−0.01

	
0.05

	
0.01

	
−0.04

	
0.13

	
0.09

	
−0.04




	
11 August

	
0.02

	
0

	
−0.02

	
0.28

	
0.11

	
−0.17

	
0.02

	
0.02

	
0

	
0.32

	
0.13

	
−0.19




	
2013 year




	
17 July

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
22 July

	
0.04

	
0.01

	
−0.03

	
0.08

	
0.06

	
−0.02

	
0.10

	
0.01

	
−0.09

	
0.22

	
0.08

	
−0.14




	
29 July

	
0.06

	
0.01

	
−0.05

	
0.05

	
0.05

	
0

	
0.13

	
0.03

	
−0.10

	
0.24

	
0.09

	
−0.15




	
19 August

	
0.01

	
0.01

	
0

	
0

	
0.8

	
+0.8

	
0

	
0.13

	
+0.13

	
0.01

	
0.94

	
+0.93




	
B. Cross-section II (XS II)




	
2012 year




	
19 July

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
24 July

	
0.19

	
0

	
−0.19

	
0.45

	
0

	
−0.45

	
0.06

	
0

	
−0.06

	
0.70

	
0

	
−0.70




	
5 August

	
0.13

	
0

	
−0.13

	
0.91

	
0.18

	
−0.73

	
0.22

	
0

	
−0.22

	
1.26

	
0.18

	
−1.08




	
11 August

	
0

	
0.04

	
+0.04

	
0.08

	
0.63

	
+0.55

	
0.12

	
0.20

	
+0.08

	
0.20

	
0.76

	
+0.50




	
2013 year




	
17 July

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
29 July

	
0.14

	
0

	
+0.14

	
0.13

	
0.04

	
−0.09

	
0.05

	
0.03

	
−0.02

	
0.32

	
0.07

	
−0.25




	
19 August

	
0

	
0.09

	
+0.09

	
0.08

	
2.55

	
+2.47

	
1.77

	
0

	
−1.77

	
1.85

	
2.64

	
+0.79








Notes: S—scour, F—fill, B—balance.
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Table 4. Comparison of selected scour indices for the Scott River channel cross-sections.






Table 4. Comparison of selected scour indices for the Scott River channel cross-sections.





	
I.d.

	
Period

	
Wetted Area (m2)

	
Changes of Bedrock Top

	
Maximal Channel Width * (m)

	
Channel Widening (m)




	
Area (m2)

	
Index (m2)






	
Cross-section I (XS I)




	
1

	
VII 2009

	
2.14

	
3.88

	
-

	
8.74

	
-




	
2

	
VII 2010

	
1.96

	
3.69

	
−0.19

	
6.0

	
−1.74




	
3

	
VII 2011

	
1.58

	
3.48

	
−0.21

	
10.03

	
+4.03




	
4

	
VII 2012

	
1.70

	
3.44

	
−0.04

	
9.58

	
−0.45




	
5

	
VII 2013

	
1.90

	
3.60

	
+0.16

	
7.77

	
−1.81




	
Cross-section II (XS II)




	
1

	
VII 2010

	
1.48

	
4.19

	
-

	
9.75

	
-




	
2

	
VII 2011

	
2.20

	
3.48

	
−0.71

	
9.51

	
−0.24




	
3

	
VII 2012

	
1.99

	
3.16

	
−0.32

	
9.97

	
+0.46




	
4

	
VII 2013

	
1.98

	
2.71

	
−0.44

	
11.42

	
+1.45








Notes: * for XS I the parameter was determined for the water stage in the channel: H1 = 5.4 m a.s.l., and for XS II for water stage: H2 = 0.9 m a.s.l.
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