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20 Abstract

21 This study examined the effects of climate-induced flood event variability and peak sequencing on
22 the morphological response of a sub-arctic river. We classified 32 years of discharge hydrographs
23 of a sub-arctic river in terms of their flood event shape variability and peak sequencing, and linked
24  themto seasonal and annual climate conditions. We utilised morphodynamic modelling to examine
25 the effects of the flood characteristics on the morphological response of the river. The findings
26 highlight the critical role that discharge hydrograph shape and sequencing plays in shaping river
27 morphology and sediment transport dynamics. The increasing frequency of double-peaking floods,
28 associated with higher geomorphic activity and sediment loads due to rising temperature and
29  precipitation amount, points to alterations in morphological response of the river channel. This
30 suggests a gradual change in long-term morphological adjustment and potentially a gradual shift in
31 sediment transport regime in the future. These shifts could have long-term implications for river
32  stability, sediment connectivity, and ecosystem dynamics. Even in regions where hydroclimatic
33 changes are not yet fully visible, the flood event characteristics can be evolving and re-shaping the
34  morpodynamics of the river channel. The study underscores the importance of catchment-scale
35 assessments and future research into the combined effects of flood sequencing, sediment transport,
36 and changing hydroclimatic conditions.
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37 1. Introduction

38 Hydrological variability significantly affects riverine sediment fluxes, especially in cold climate rivers
39  where sediment transport is highly seasonal, occurring predominantly during spring floods (Syvitski,
40 2002; Favaro & Lamoureux, 2015; Zhang et al., 2022). Snowmelt driven spring floods carry majority
41  of the annual sediment budget and therefore, they define the timing and volume of sediment
42  transport and ultimately the whole river morphology. Currently, cold climate rivers are experiencing
43 rapid shifts of sediment-transport and hydroclimatic regimes (Meri6 et al., 2019; Beel et al., 2021; Li
44 et al., 2021; Zhang et al., 2023; Blafield et al., 2024a). As hydroclimatic conditions evolve, the
45  characteristics of flood events are also changing, with possible implications for sediment transport
46  dynamics. For instance, shift of snow-to-precipitation ratio and changes in the timing and intensity
47  of snowmelt have already altered flood hydrographs i.e. the event shape, magnitude, duration, and
48  sediment transport capacity in cold climate rivers (Wohl et al., 2017; Gohari et al., 2021; Hopwood
49 etal., 2021; Zhang et al., 2022; Blafield et al., 2024a; Lintunen et al., 2024).

50

51 Flood events are usually classified by their generating processes (e.g., intense precipitation,
52 snowmelt, rain-on-snow, ice jamming, dam break etc.), with less emphasis on the event shape and
53 sequences itself. Previous studies (Viglione et al., 2010; Fischer et al., 2019; Gohari et al., 2022)
54  have however reported that the ongoing regime shifts has altered flood event shapes and during the
55  past century multi peaking floods have become more common, not only in central Europe but at high
56 latitude areas as well. In multi-peaking floods, the sequence and duration of different peak types
57 significantly affects sediment transport volume and pattern (Mao, 2018). Therefore, understanding
58 the contribution of flood event sequences to sediment transport is crucial for predicting the climate
59 change impact on fluvial sediment transport and morphological response of the river systems (Mao,
60 2012; Karimaee Tabarestani & Zarrati, 2015). Especially in cold climate rivers, which have
61 historically had one major snowmelt driven flood and low sediment loads, but with hydroclimatic shift,
62 these regions are becoming hotspots of increased sediment loads (Syvitski et al., 2002; Li et al.
63 2021; Zhang et al., 2022).

64

65 One effective way to evaluate the sediment transport process and morphological response of the
66 river channel is through hysteresis pattern, which describes the sediment transport affected by
67 riverbed structure, sediment composition and availability at different stages of the flow hydrograph
68 (Williams, 1989; Reesink & Bridge, 2011; Gunsolus & Binns, 2017). In cold climate rivers various
69 types of sediment hysteresis have been observed due to highly seasonal and varying sediment
70 availability (Vatne et al., 2008; Kociuba, 2021; Wenng et al., 2021; Zhang et al., 2021; Liébault et
71 al., 2022). Yet, measuring bedload and hysteresis in natural rivers during high flows is still today
72 demanding and easily biased and therefore long timeseries of bedload transport are scarce
73 worldwide (Mao, 2018; Zhang et al., 2023). Thus, we rely on laboratory experiments, computational
74 modelling and field measurements of suspended load when evaluating and measuring the current
75 and predicting the future sediment fluxes and morphodynamic response of the river channels.

76

77  The ability to evaluate and predict the effects of climate change on sediment transport rates and
78  morphological response is essential not only for understanding fluvial morphodynamics—such as
79  channel stability and sediment connectivity—but also for a wide range of river engineering and
80 management applications (Mao, 2018; Gupta et al., 2022; Najafi et al., 2021). Therefore, this study
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81 aims to: i) Analyse and classify the variation in flood event hydrographs over the past 32 years in a
82  sub-arctic river, ii) Link the flood events to seasonal and annual climate conditions, and iii) Evaluate
83 the channels morphological response distinctive to each flood event type utilising morphodynamic
84 modelling and sediment hysteresis analysis. We expect to detect linkages between flood event
85 hydrograph shape and climatic conditions as well as individual patterns of morphological response
86 and sediment hysteresis.

87

88 2. Study area

89 Meandering and unregulated Pulmanki River locates in northern Finland and is divided into two
90 separate sections by the Lake Pulmankijarvi. The river is a tributary to Tana River which flows into
91 the Arctic Ocean on Norwegian side of the border. The channel is frozen from October to May, and
92 the seasonal discharge ranges from 0.5 to 100 m3/s. A spring flood generated by the snowmelt
93 occurs annually in mid-May or early June, lower discharge peaks are associated with precipitation
94  events during July, August and September. The river belongs to subarctic-nival hydrological regime
95 (Lininger and Wohl, 2009) and to Kdppen climate class: “Cold, without dry season, but with cold
96 summer” as the area is affected by the great Asian continent and both, Atlantic Ocean and the Gulf
97  Stream.

98

99 The area of interest in this study is a 6-kilometre-long reach on the upper course of the Pulmanki
100 River approximately 13 meters above the mean sea level (a.m.s.l). This reach consists of 13
101 meander bends with a reach sinuosity of 2.4. The river flows through glaciolacustrine and glacio-
102 fluvial sediments deposited on the fjord bottom after the final wasting of Fennoscandian ice sheet
103  (Mansikkaniemi,1967; Hirvas et al., 1988; Johansson et al., 2007). The D50 value of the channel
104 bed material ranges from 0.1 mm to 4 mm and a sandy bedload (D50 0.43 mm) dominates the
105  sediment transport. The channel bed is unvegetated and mobile through the year. The amount of
106  suspended material is minimal (0-180 mg/L), even during the spring flood (Lotsari et al., 2020). The
107  bed morphology is typical for sand bed rivers and consists of dunes, ripples, pools, and riffles.
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109  Figure 1. Area of interest. A) The study area's location in the Northern most Finland. B) Model area
110 is marked with rectangle, and the locations of LeveLogger sensors (LL), discharge (Q), and weather
111  station with circular markers. Pulmanki catchment 2x2 m DEM by National Land Survey of Finland.
112
113 3. Data & Methods
114  Discharge hydrographs of the years 1992-2023 were analysed and classified to recognise variability
115 in spring flood event shapes. The most typical flood event of each hydrograph type was selected for
116  morphodynamic modelling to evaluate the channels morphodynamic response and sediment
117  transport dynamics. The flood events extracted from the classified hydrographs were linked with
118 climate data from equivalent time period to examine possible connections between climate and flood
119 event shapes. Mann-Kendall trend test was run on the hydroclimatic variables to detect possible
120 trends in the time-series. Continuous discharge and water level monitoring has been conducted in
121 Pulmanki River since 2008 during open water season (May-September). The Pulmanki River
122 discharge time-series was complemented with Polmak discharge station data from Tana River (Fig.
123 1) to cover the whole 32-year time period. Sediment and bedload transport samples were collected
124  during the spring and autumn field work from various discharge conditions.
125
126 3.1 Hydrograph measurements and generation
127  Hydrographs of open water season were generated utilising a combination of data sources. For the
128  years 2008-2023, rating curves based on combination of field data were generated; water pressure
129  sensor data (Levelogger 5, Solinst), water level data measured with Virtual Reference Station-Global
130  Navigation Satellite System (VRS-GNSS), and discharge data measured with Acoustic Doppler
131  Current Profiler (ADCP M9, Sontek). Each year, the water pressure sensors were placed into the

4
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132 upper Pulmanki River after ice-breakup in spring and picked up before winter (see locations in Fig
133 1). This way the sensors covered the whole open water season and seasonal variations of water
134  pressure, water level and discharge with 15 minute interval. The location of the sensors was identical
135 each year. To compensate atmospheric influence on water pressure, an air pressure sensor data
136  from Solinst Barologger was subtracted from the water pressure readings. During field campaigns
137 in May and September water level and discharge were measured daily from the LevelLogger
138 locations for creating rating curves between LevelLogger pressure, water level (WL) and discharge
139 (Q). Based on the rating curves, a 3™ order polynomial function was selected for calculating annual
140 hydrographs of open water seasons (Figure 2A).

141

142  For the years 1992-2007, openly available daily discharge data from Polmak measurement station,
143 maintained by the Norwegian Water Resources and Energy Directorate (NVE) was used (see
144  location in Fig 1). The station is located in the main channel of Tana River at the spot where Pulmanki
145  River discharges into Tana and has been operating since November 1991 until today. The discharge
146  for Pulmanki River was derived from the Polmak station data using rating curve and 3 order
147  polynomial function between the Polmak station discharge (Q) and Pulmanki River Q of 2008-2023
148  derived from the LevelLoggers (Figure 2B). The final hydrographs of Pulmanki river are based on
149  these two equations and data sources. The hydrographs were validated against ADCP discharge
150 measurements from Pulmanki River main channel. These measurements were excluded from the
151  rating curve creation. See the details of error metrics in Table 1.
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153  Figure 2. Rating curves for Pulmanki River hydrographs. A) Regression curve of discharge
154 measurements (y) and LevelLogger water level (x) in Pulmanki River 2008-2023. This polynomial
155  function A was used to calculate hydrographs for years 2008-2023 B) Regression curve showing the
156  relationship between the discharge in Pulmanki (y) and Polmak (x) during 2008-2023. This
157  polynomial function B was used for calculating Pulmanki River discharge for years 1992-2007.
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163  Table 1. Error metrics of the final hydrographs derived from two different data sources: LevelLogger
164  discharge data and Polmak Station discharge data.

Pulmanki River Min. Error | Max. Mean MAE SDE r R2 n

Q (m3/s) Error Error (m3/s) (m3/s)

Derived from: (m?/s) (md/s)

LevelLogger -9.59 10.73 -0.24 2.92 3.74 0.94 |0.89 | 152
Polmak Station -51.48 20.34 -0.39 2.59 4.65 0.89 | 0.80 | 1804

165
166  3.2. Hydrograph classification

167  The hydrographs were classified into distinct flood event types based on the peak shape in Python.
168 A threshold value of 23.46 m®/s (75th percentile, p75 discharge) for flooding was set to classify
169  significant spring flood events during May and June. The definition for high and low flood event was
170  set to be either above or below the mean flood discharge of 40 m?/s, respectively. The event
171 classification was done by estimating different flood peak features such as peak timing, prominence,
172 peak height, and peak event duration. First, Savitzky-Golay smoothing filter was applied to the
173  dataset to reduce noise and enhance the detectability of flood peaks. This was accomplished using
174  the Savgol_filter function from the “scipy.signal” module, with a window size of 11 and a polynomial
175  order 3. Peak shapes within the smoothed data were identified and classified into distinct flood
176  events using the “find_peaks" function from the “scipy.signal” module.

177

178  Four different event types were detected: A) High one peak (Q>40 m?/s), B) Low one peak (Q<40
179 m?/s), C) Two separate peaks (Q>p75, Q<p75, Q>p75) and D) Wavy peak (two Q>p75 peaks)
180  (Figure 3A-D). For modelling purposes, the most typical event of each type was selected (red solid
181 linein Fig. 3A-D). The precipitation driven discharge peaks in July, August and September were left
182 out of the analysis as none of them exceed the flood threshold discharge of p75. In addition, previous
183  studies indicate that the majority of high latitude rivers transport most of their annual load during the
184 main flood event, i.e., spring flood (Syvitski, 2002; Zhang et al., 2022; Blé&field et al., 2024b).
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186  Figure 3. All generated hydrographs in 1992-2023. The classification led to four distinct flood event
187  shapes: A) High one peak flood, B) Low one peak flood, C) Two separate peaks, and D) Wavy peak.
188  The solid red hydrograph is the most typical flood event of each shape which was thus used in the
189  morphodynamic model. Red dashed line is the 75th percentile threshold discharge for flood.

190
191 3.3. Hydroclimatic data and trend analysis

192  Climate data from the Nuorgam weather station (see location in Fig. 1), 11 metres above the mean
193 sea level and 17 kilometres North from the Pulmanki River, was downloaded from the Finnish
194 Meteorological Institutes open data service. Daily Total, Min, Mean and Max temperature,
195  precipitation, and snow depth data of years 1991-2023 was selected for the analysis as these
196 variables are closely related to the hydrological properties of rivers (Veijalainen et al., 2010;
197 Irannezhad et al., 2022). Annual Min, Mean, Max and Total values were derived from the daily data
198 and used in the trend analysis (Fig. 4). In addition, duration of snow cover, precipitation events, and
199 occurrence of Extreme snow/precipitation events (95" percentile) were derived for the trend
200 analysis. For detailed analysis of springtime trends, the corresponding measures were derived for
201 March, April, and May as well. Only one weather station was included in the analysis as other
202  stations are located 50-100 kilometres away with over 100-meter elevation difference to the area of
203 interest. The year 1991 was included in the climate time-series as the analysis was conducted on
204 hydrological years instead of calendar years.

205 The Mann-Kendall (MK) trend test was carried out on all climate variables with a = 0.05 significance
206 level identifying statistically significant monotonic trends. In addition to climate variables, the MK-
207 trend test was run on the classified flood hydrographs to examine trends in the occurrence interval,
208 timing, volume, and duration of each flood event hydrograph type. Possible serial correlations were
209 removed by using Hamed & Rao (1998) M-K moadification, which is explained in detail in e.g.,
210 Daneshvar Vousoughi et al., 2013; Jhajharia et al., 2014). The effect of outliers on the trend was
211  neglected by using a non-parametric linear regression Sen’s slope estimator (Sen, 1968).
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213 Figure 4. The annual climate time-series of the 32-year time period derived from the daily data. The

214  corresponding flood event types are marked on the x-axis.
215
216  3.4. Sediment and bedload sampling

217 Both grab samples with Van Veen sediment sampler, and bedload samples with Helley-Smith
218  sampler were collected from the riverbed. A total of 70 grab samples (ca. 500 g) and 24 bedload
219  transport samples during various discharges (sampling time 6 minutes) were collected from the area
220 of interest. The samples were dry sieved using half-phi interval and the amount of material in each
221 sieve was weighted. Sample statistics were calculated in GRADISTAT-program (Blott & Pye, 2010)
222 using Method of Moments which is based on logarithmic distribution of sample phi sizes.
223  GRADISTAT utilises its own scale with only four classes (Silt, 0.002—-0.063 mm; Sand, 0.063—-2 mm;
224 Gravel, 2-64 mm; and Boulders, 64—2048 mm). The results of sediment and bedload sampling were
225 utilised in the morphodynamic model as multiple sediment fractions, spatially varying Manning’s
226  Roughness parameter, and for calibrating and validating the sediment transport rates (see details in
227 Blafield et al., 2024b).
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229  Figure 5. A) Spatial distribution of sediment fractions D10, D50 and D90 based on the collected field
230 samples. B) D50 particle diameter distribution of all the collected bedload and grab samples in
231  micrometres.

232
233 3.4 Morphodynamic modelling

234  The authors have previously presented and validated the model used in this study (Blafield et al.,
235  2024b). A depth-averaged morphodynamic model with curvilinear, unstructured grid of 2x2 meter
236  cell size was built utilizing FLOW 2D-module of Delft3D software. The models’ geometry was based
237 on a digital elevation model derived from Structure-from-Motion, specific details can be found in
238  Bléfield et al., (2024b) and general from Micheletti (2017). Multiple sediment fractions and spatially
239 varying Manning's Roughness was used based on the field samples since it significantly enhances
240 the predicted morphodynamics (Kasvi et al., 2014). The model solved independently the morphology
241  based on the van Rijn (1993) approach, and the transport boundary conditions based on the
242 Neumann law. This way the model adjusted the inflow supply and concentration equal to those inside
243 the model and very little accretion occurred near the boundaries. The default scheme for dry cell
244 erosion of banks was used. The parametrization of the model, calibration and validation details can
245  Dbe found in Blé&field et al., (2024b). In this study, four different flood event hydrographs (A-D in Table
246  2.) were run over the same starting geometry with identical sediment composition to evaluate
247  transport conditions, hysteresis, and channels morphological response to the flood events shape
248 and sequences. The spin up and output interval were both set to 720 minutes to better match the
249 time frame of this study. The model morphology was updated at each time-step. Later, the
250 geomorphic activity for each flood event type was calculated from the model outputs based on the
251  total mobilised volume of sediment within the inundated area.
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252

253  Table 2. The details of each model run. The flow conditions of flood events A-D are based on the
254  hydrograph classification in chapter 3.2. The morphological parameters are based on the sediment
255  and bedload sampling on the field.

Event Duration Peak Q | Total Q Volume m3 | Sediment | Morphology | Sediment
(days) m3/s Supply composition
A 7 80 29 868 586 Feeding Sand bed Sand,
Gravel
B 13 35 34 851 505 Feeding Sand bed Sand,
Gravel
C 14 48 26 2383 45 Feeding Sand bed Sand,
Gravel
D 9 60 31 20 1609 Feeding Sand bed Sand,
Gravel

256

257 4. Results

258

259 4.1 Hydroclimatic conditions and flood event type variability

260 The comparison of flood events A-D and the prevailing climate conditions showed that each flood
261 eventtype could be linked to slightly different climate conditions (Fig. 6). High one peak flood events
262  (A) had the coldest annual and spring temperature conditions, with relatively high annual and spring
263 snow depth (Fig. 6). High annual and low springtime precipitation were linked with high peak floods.
264 Low one peak flood events (B) exhibited the most stable conditions, with very little variation (Fig. 6).
265  Its spring temperatures were slightly above freezing, and it experienced moderate conditions in snow
266  depth and precipitation amount in both annual and spring time. Flood events with two separate peaks
267 (C) showed the lowest snow sums, moderate mean temperature, and precipitation amount (Fig. 6).
268 In addition, it had more variability than event B but did not reach the extremes seen in events A or
269 D. Finally, the wavy flood events (D) experienced the warmest temperatures, high amount of snow,
270 and high levels of both, annual and spring precipitation (Fig. 6). However, this flood event type
271  experienced a wide range of variation, particularly in spring variables but overall, the conditions were
272 wettest, snowiest, and warmest of all.

10
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274  Figure 6. Distribution, median and variation of climate variables associated with each flood event
275  type. Upper row consists of annual data and lower row of spring quartile data (April, May, June).
276  Types A and D were linked to high snow amount. Type B had the lowest variability, whereas Type
277  C had the highest variability. In general, there were more variation in spring variables than annual
278  variables, which implicates that the hydroclimatic conditions preceding the spring flood impact the
279  flood event type more than the prevailing spring conditions.

280

281  The wavy (D) and high one peak (A) events appeared the most frequently, both occurring 10 times
282 within the 32-year time-series. The wavy event D had an average duration of 9 days whereas high
283  one peak event A lasted 7 days on average. Low one peak event B occurred 7 times and had the
284  longest average duration of 13 days. Finally, the event C of two separate peaks was the least
285  frequent type with 5 occurrences lasting 14 days on average. No significant trends were observed
286  inrecurrence interval, duration, volume, or timing of the flood event types within the time-series (Fig.
287 7). Trend analysis on the climate variables solely revealed that in snow-related variables (mean,
288  maximum, and extreme snow), all trends were positive with statistically significant increase in both
289  annual (square marker) and spring time (circle marker) trends, particularly for maximum and mean
290 snow depth. Snow days, however, showed non-significant weakly negative trends (Fig. 7).
291  Temperature trends were mostly positive, with significant increases in both annual and spring
292 maximum temperature, indicating warming, especially for the annual maximum temperature (Fig.
293 7). Minimum temperature showed no significant trend in annual or spring time data. Precipitation-
294  related trends were more variable. Minimum precipitation exhibited mostly negative trends, while
295 mean precipitation showed some significant increases in both annual and spring trends (Fig. 7).
296 Maximum and extreme precipitation trends were annually non-significant but showed slight
297 increases. Spring extreme precipitation however, showed significant decreasing trend. Number of
298  precipitation days had no significant trend. Overall, snow metrics showed increasing trends and both
299 annual and spring time temperatures were increasing, however, precipitation parameters indicated
300 variable trends with least significance.

11
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301

302 Figure 7. The MK-trend test results of the climate-related variables during the 32-year study period.
303 Red markers indicate statistically significant trends and black markers non-significant. Square
304  markers represented annual trends, while circles represent seasonal trends in spring.

305
306 4.2 Morphological response to sediment transport hysteresis

307 The four different flood event types were modelled with identical starting morphology. The results
308 indicate the event shape significantly impacted the morphological response and sediment transport
309 hysteresis, rather than the total discharge volume of the flood event. The amount of total transported
310 sediment (TTS) and the type of sediment hysteresis differed in each of the event shapes. Wavy
311 event (D) had the largest volume of TTS. The first peak was 59 % and the second peak 41 % of the
312 events TTS. The first peak had therefore 28 % higher transport rate than the second peak. In a flood
313  event of two separate peaks (C), the first peak composed 63 % and the second peak 37 % of the
314 TTS, respectively. The transport rate of the second peak was thus 42 % lower than in the first peak.
315 The TTS of event C was 17 % lower than TTS of event D. High one peak event (A) had 4 % lower
316  TSS volume than event D, and 11 % higher TTS than event C. The low one peak event B had 30 %
317 lower TTS than the High one peak event A, and 20-32 % lower TSS than the double peaking events
318 C and D, respectively.

319

320 All the events experienced mainly counterclockwise sediment hysteresis (transport peak occurring
321  after the peak flow) (Fig. 8A-D), meaning the sediment transport lags the changes in discharge and
322 flowconditions. However, the sediment hysteresis loops differed in complexity and shape depending
323 onthe flood event type. The single peak events A and B had simple counterclockwise loop-shaped
324 hysteresis, with sediment transport occurring after the peak discharge (Fig. 8A-B). Event C had more
325 complex hysteresis including multiple counterclockwise loops, indicating that the sediment mobilised
326 in the first event was likely settled between the peaks as the second peak had significantly lower
327 TTS (Fig. 8C). In the wavy event D, the first peak hysteresis was counterclockwise, but the second
328 peak sediment occurred before the second peak discharge, leading to clockwise hysteresis (Fig.
329 8D). This led to a complex hysteresis indicating variability in sediment mobilisation processes and
330 availability. Each of the events experienced higher TTS values during the falling limb than in the
331 rising limb with the corresponding discharge value, indicating that the sediment transport volume
332  was not directly proportional to discharge (Fig. 8A-D). This discrepancy between TTS and discharge
333 during the falling limb highlights the role of delayed and progressive sediment mobilisation and
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delayed morphological response of the bed forms. This implies that the event shape has a notable

334
335 influence on the sediment transport hysteresis and therefore on the riverbed morphology.
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337 Figure 8. The modelled flood event hydrographs and sediment load at each timestep. On the upper
338 right corner of each graph is the sediment hysteresis of the event type. The blue arrows indicate
339 rising limb and red arrows falling limb of the flood. The red dashed line shows the threshold p90
340 discharge. A) High one peak event and sharp counterclockwise sediment hysteresis. B) Low one
341 peak event and wide counterclockwise sediment hysteresis. C) Event with two separate peaks and
342 counterclockwise sediment hysteresis with a loop. D) Wavy type event and hysteresis loop with
343 counterclockwise and clockwise directions.

344

345 Each event demonstrated distinct patterns of morphological response (Fig. 9A-D), influenced by
346 Variations in sediment hysteresis, stream power and flow velocity. Event A had the second highest
347 total volume of mobilised sediment and geomorphic activity (Fig. 9A). The event experienced the
348 Most significant erosion throughout the whole reach, whereas deposition areas were localised. The
349 highest rates of stream power were observed in this event, with values exceeding 24 W/m?, and a
350 mean flow velocity of 0.61 m/s, which both contributed to the substantial erosion and the overall net
351 sediment loss of -14 772 m3. The sediment feeding from upstream could not compensate to the
35p  balance. In contrast, event B experienced the lowest geomorphic activity, with a more balanced
353 distribution of erosion and deposition across the river reaches imitating classic meander behaviour
354 and morphological response with distinct riffles and pools (Fig. 9B). The stream power was
355 significantly lower than in event A, with most values under 10 W/m? with a mean flow velocity of 0.36
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356 M/s. These conditions likely allowed the fed, eroded and transported sediment to settle within the
357  reach, resulting in a net sediment gain of 5 482 ma.

358
359 Event C was rather balanced event with even distribution of erosion and deposition and the lowest
360 et change with a gain of 1 132 m® of sediment (Fig. 9C). The upstream section experienced the
361 heaviest erosion whereas the downstream section gained the most sediment, middle reach
352 experienced minor changes. The stream power for event C was moderate with values mostly under
363 16 W/mz, the value of 20 W/m?2 was only occasionally exceeded. Event D had the most fragmented
364 Morphological response with small-scale areas of both erosion and deposition distributed throughout
365 theriver reach (Fig. 9D). The stream power distribution of event D was closer to that of event A, with
366 Values reaching over 20 W/m2, and a mean flow velocity of 0.54 m/s. Despite this higher energy,
367 event D produced a more balanced sediment budget, though it still resulted in a net sediment loss
368 Of -6 267 m3. The geomorphic activity per unit area was highest for events A and D, both of which
369 Showed considerable erosion and sediment mobilization but ended up with different morphological
370 response of the riverbed. Events B and C showed lower geomorphic activity, with a tendency toward
371 sediment deposition rather than erosion. The pattern of morphological change caused by the
37  modelled flood events were thus linked to the peak shape and sequences and the following sediment
373 hysteresis pattern, which had significant effect on the morphological response of bed forms. Events
374 A and B experienced distinct areas of erosion and deposition whereas in the double peaking events
375 Cand D the changes were more irregular and fragmented around the reach.
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377  Figure 9. Morphological adjustment of each flood event (A-D) in left panel: A) Distinct areas of heavy
378 erosion and deposition. B) Less prominent morphological changes but distinct areas of erosion and
379  deposition. C) More complex morphological changes patched around the river reach. D) Heavy
380 erosion and deposition spread complexly within the reach. Right panel: A-D events mean and max
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381 velocity, histograms of stream power (x) distribution within number of model cells (y), volume of
382  erosion, deposition, and net change, and geomorphic activity.

383

384 5. Discussion

385

386 5.1. Flood event types and hydroclimatic conditions

387 The observed trends in climate variables and flood event types aligned with well-documented
388 responses to climate change in cold regions (Cockburn & Lamoureux, 2008; Vormoor et al., 2016;
389 Matti et al., 2017; Arp et al., 2020). The significant increase in both mean and maximum spring
390 temperatures matched global climate model predictions for continued warming at high latitudes
391 (Koenigk & Brodeau, 2017; Huo et al., 2022). The increased snow depth also aligned with Pulliainen
392 etal. (2020), who reported rising snow accumulation and snow water equivalent (SWE) in the studied
393 region. Despite this, no significant changes in flood volumes were observed, consistent with previous
394 studies in Fennoscandia (Veijalainen et al., 2010; Korhonen & Kuusisto, 2010; Matti et al., 2017;
395 Lintunen et al., 2024). This lack of change was attributed to longer snowmelt periods, resulting from
396 warming temperatures, which lead to more stable runoff during spring (Fischer & Schumann, 2019;
397 Zhang et al., 2023). Additionally, no significant trends were found in the timing, duration, or interval
398 of flood events, consistent with earlier research in snowmelt-dominated regions (Veijalainen et al.,
399 2010; Vormoor et al., 2016; Matti et al., 2017).

400

401  Despite the absence of major trends, low-peak floods (B) increased in both volume and duration,
402  while wavy floods (D) showed a reduction. Both were influenced by rising spring temperatures and
403  deeper snow, conditions expected to intensify across the Northern Hemisphere (Callaghan et al.,
404 2012; Kunkel et al., 2016; Conolly et al., 2019; Pulliainen et al., 2020; Hu et al., 2023). These events
405 also exhibited an increase of occurrence interval indicating that these flood event types are likely to
406 become more common in the future. High one peak floods (A), however, were associated with colder
407  spring temperatures, higher precipitation, and deep snow, consistent with findings that cold springs
408 delay snowmelt and ground thaw, leading to high discharge peaks when the thaw eventually occurrs
409 (Labuhnetal., 2018). Unlike double-peaking floods, single-peak events involved lower temperatures
410 and precipitation during spring, and therefore the rain-on-snow effect could be linked to the wetter
411  conditions seen in double-peaking hydrographs.

412 Double-peaking floods were connected to warm temperatures and heavy precipitation, both of which
413  are expected to increase at high latitudes due to climate change (Zhang et al., 2023; Bloschl et al.,
414  2017). Rain-on-snow events, which have become more frequent (Fischer & Schumann, 2019),
415  significantly amplify runoff and flood peaks, particularly together with deep snow packs and
416  accelerated melt from warmer spring temperatures. This study found evidence supporting this trend,
417  consistent with previous research (Pulliainen et al., 2020; Zhang et al., 2023) supporting the
418  potential future hydroclimatic regime shift. The findings highlight the complex effects of climate
419  change on flood events and underscore the importance of considering flood event sequencing in
420 assessing the impacts of hydroclimatic shifts. Future research could explore climate
421  teleconnections, such as the North Atlantic Oscillation (NAO) or Arctic Oscillation (AO), to better
422 understand the conditions driving specific flood events (Dahlke et a., 2012; Villarini et al., 2013;
423  Irannezhad et al., 2022).

15



https://doi.org/10.5194/egusphere-2024-3802
Preprint. Discussion started: 7 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

424 5.2. Flood event types and morphological response

425  The study showed that the channel bed’s morphological response was strongly influenced by flood
426  event shape and sequences, as well as sediment hysteresis, rather than just flood magnitude. All
427  events exhibited dominant counterclockwise hysteresis, common in sand-bed rivers with upstream
428 sediment supply and bedload-dominated transport (Tananev, 2015; Gunsolus & Binns, 2017).
429  However, the riverbed’s morphological response varied with the events hydrograph shape. Single-
430 peak events (A and B) produced distinct erosion and deposition patterns, while double-peaking
431  events (C and D) led to fragmented, small-scale morphological features. Particularly, event B formed
432  classic riffles and pools typical of meandering rivers (Hooke, 2003, Salmela et al., 2022), whereas
433 the reduced sediment transport during second peaks in double-peaking events, also noted in
434  previous flume experiments (Martin & Jerolmack, 2013; Mao, 2018), resulted in complex, small-scale
435  bedforms.

436

437  The reduction in sediment transport during the second flood peak has been previously attributed to
438  bed surface reorganization, including coarser sediment exposure (armouring) and infiltration of finer
439  sediments (kinetic sieving), which stabilised the bed, requiring more energy for remobilisation
440 (Curran & Waters, 2014; Dudill et al., 2017; Ferdowsi et al., 2017; Mao, 2018). However, event D
441  displayed clockwise hysteresis during the second peak, suggesting that the riverbed was not able to
442  stabilise between the peaks, enabling faster remobilization of sediments during the second peak and
443  therefore higher TTS compared to other flood events. The fragmented bedforms from double-
444  peaking floods were likely caused by secondary bedforms cannibalizing the larger topography from
445  the first peak, a phenomenon observed in flume studies (Wilbers & Brinke, 2003; Martin et al., 2013).
446  In addition to flood hydrograph shape and hysteresis pattern, sediment particle size played a key
447  role in morphological adjustment. The middle reach with the largest particles (Fig. 5) was eroded
448  only during events A and D, while events B and C caused minimal change in this section of the river.
449  This finding was consistent with earlier research on patrticle size impact on sediment hysteresis and
450  remobilisation of the sediment particles (Mao, 2012; Malutta et al., 2020).

451

452  Despite variations in the modelled runoff volumes, the study identified distinct morphological
453  response patterns for each flood event type. These patterns, shaped by sediment hysteresis,
454  distribution of sediment particle size and flood event sequences, align with findings from previous
455  studies (Martin & Jerolmack, 2013; Gunsolus & Binns, 2017; Mao, 2018). The results highlighted the
456  crucial role of different flood event types in shaping river morphology, revealing that, while event
457  variation likely helps maintain channel equilibrium in long-term, prolonged exposure to certain
458  events—such as high-energy or multi-peaking floods—could disrupt this balance. Such evolution
459  have the potential to destabilise the channel, by altering sediment connectivity, transport processes,
460 and ultimately the morphological structure of the river systems (Bracken et al., 2015; Zhang et al.,
461 2023). Understanding these responses is essential for predicting future river behaviour and
462  managing morphological stability.

463
464  5.3. Forecasted hydroclimatic shift and long-term morphological adjustment

465  This study highlighted the importance of understanding how fluvial sand and gravel-bed systems
466 respond to climatic conditions, particularly by examining the shape and sequencing of flood
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467  hydrographs, which are often overlooked, and more focus is paid on factors like flood volume, timing,
468  orfrequency. The results revealed that flood event type and peak sequencing had significant impact
469  on the morphological response of the channel. This together with the observed trends, suggested
470 that even in regions, like the one studied, where hydroclimatic changes are not yet fully visible
471 (Veijalainen et al., 2010; Lintunen et al., 2024), flood event characteristics are evolving with
472 consequences to the river morphology. This and the overserved trends in the hydroclimatic variables
473 underscores that hydroclimatic change is not uniform in space and time across cold regions and
474  rivers should be assessed at the catchment scale to predict future morphological adjustment
475  accurately.

476

477  The increase (decrease) of double (single) peaking floods could lead to changes in river system
478  stability, sediment loads, and the spatial distribution of long-term morphological adjustment if certain
479  type of morphological response begin to accumulate (Bracken et al., 2015; Zhang et al., 2023;
480 Blafield et al., 2024a). Furthermore, previous research findings suggesting that sediment loads in
481  cold regions could rise by 20-30 % for every 1-2 °C increase in temperature (Syvitski et al., 2002; Li
482 etal., 2021) was supported by this study, as the double-peaking floods showed higher geomorphic
483  activity and sediment loads compared to single peaking events of similar volume. This increase
484  together with altered morphological response pattern could eventually lead to sediment transport
485  regime shift. However, the anticipated shift is likely to be a gradual process (Zhang et al., 2023), and
486  the river system may eventually stabilise again. Yet, before stabilizing the shift is likely to challenge
487  the river channel stability, making the long-term morphological adjustment, like meander migration,
488 less predictable (Wohl et al., 2017; Hopwood et al., 2021).

489

490  Shifts in the sediment transport regime, along with changes in morphological response and long-
491 term adjustment to evolving flood patterns, are likely to influence the morphological response to
492  summer and autumn precipitation by altering sediment availability and bed form composition.
493  Although these precipitation peaks were not the focus of this study, these seasonal peaks should be
494  considered when predicting and evaluating long-term morphological adjustment of river channels as
495 the distribution of seasonal sediment load is likely shifting towards summer and autumn peaks (Li et
496 al., 2021; Zhang et al., 2023; Bl&field et al., 2024a). This could have significant implications for river
497  ecosystems, flood risk management, and infrastructure planning (Beel., et al., 2021; Gupta et al.,
498  2021; Najafi et al., 2021). Therefore, future research should focus on understanding the combined
499  effects of flood event sequencing, changing precipitation patterns, and sediment transport dynamics
500 under evolving climatic conditions. Long-term monitoring and advanced modelling efforts will be
501 essential to predict the future morphological adjustments of rivers and develop strategies for
502 mitigating these changes' impacts on ecological systems.

503
504 6. Conclusions
505

506  The findings of this study emphasise the critical role that flood event variability and sequencing play
507 in shaping the morphological response of fluvial sand and gravel-bed systems in cold regions. The
508 results demonstrated that even in areas where hydroclimatic changes are not yet fully visible, flood
509 event characteristics are evolving and remain closely linked to specific climatic conditions. Each
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510 flood event type produced distinct morphological responses, such as the formation of riffles and
511  pools during single-peaking floods, and more fragmented and irregular bed forms in double-peaking
512 floods. Additionally, sediment grain size significantly influenced the spatial distribution of erosion
513 and deposition. The increase of double-peaking flood events, coupled with rising temperatures,
514  could lead to a shift in sediment transport regimes, resulting in heightened geomorphic activity and
515 altered sediment loads. The results underscore the importance of assessing hydroclimatic
516  conditions and flood hydrograph sequences at the catchment scale to accurately predict future
517 morphological adjustment as the impacts of hydroclimatic shift are not uniform across the arctic.
518  Future research should focus on the combined impacts of flood sequences, precipitation patterns,
519 and sediment transport dynamics to develop effective strategies for managing the evolving river
520 systems under climate change. These changes are expected to affect long-term river stability, with
521  significant implications for river ecosystems and flood risk management.
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