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Abstract 22 

The characteristics of debris flows (e.g., velocity, discharge, kinematic energy) are highly dependent on 23 

surges incurring abrupt changes to flow height, velocity, and boulder concentration. Therefore, 24 

understanding the initiation and runout characteristics of surges is essential when planning debris flow 25 

mitigation. Monitoring performed using 10 time-lapse cameras (TLCs) in Ohya landslide, central Japan, 26 

where debris flows occur frequently due to mobilization of storage (i.e., talus cone and channel deposits), 27 

allowed us to obtain data on a series of surge processes, from initiation to termination, which occurred during 28 

each debris flow event. We also analyzed temporal changes in the spatial distribution of storage in the debris 29 

flow initiation zone, associated with sediment supply from hillslopes and evacuation of sediment by the 30 

occurrence of debris flows, through periodic measurements of topography using unmanned aerial vehicles 31 

(UAVs). Debris flow surges were mainly induced by repetitive mass movement of storage through the 32 

erosion of channel deposits by overland flow, sliding of channel deposits, and sediment and water supply 33 

from channel banks and tributaries. Development of a spontaneous wave on the flow surface was not an 34 

important formation process of surges in the Ohya landslide. Many debris flow surges initiated at channel 35 

sections with deep storage (>2 m in depth), located less than 30 m below a junction with a tributary, when the 36 

maximum 10-minute rainfall intensity exceeded 5 mm. Partly saturated flow, which has an unsaturated layer 37 

in its upper part, was the predominant flow type in the steep initiation zone, while fully saturated flow was 38 

predominant in the gentle transportation and deposition zones. Flow type often changed as the surges 39 

descended. Partly saturated flow was predominant when the volume of storage in the initiation zone was 40 

large, whereas fully saturated flow was predominant when the volume of storage was small. When we 41 

compared debris flows with similar total sediment volume, travel distance was long when fully saturated flow 42 

with high flow mobility was predominant because of the small volume of storage in the initiation zone. The 43 

volume of storage also affected flow path avulsion on the debris flow fan by controlling the flow mobility of 44 

surges. Consequently, the spatial distribution and total volume of storage are important factors controlling the 45 

initiation location, predominant flow type, and termination location of surges.  46 

 47 
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1. Introduction 49 

Debris flows are one of the most destructive geomorphic processes because of their high velocity, 50 

kinematic energy, and large volume of mobilized sediment. Such characteristics are highly dependent on 51 

surges incurring abrupt changes in discharge, velocity, and boulder concentration (Coussot and Meunier, 52 

1996; Arattano, 1999; Hürlimann et al., 2003; Berger et al., 2011b; Arattano et al., 2012; Abancó et al., 2014). 53 

Therefore, understanding the initiation and runout characteristics of surges is essential when planning debris 54 

flow mitigation (Arattano, 1999). 55 

Several initiation mechanisms of debris flows, such as the transition of landslide sediment into a debris 56 

flow (Imaizumi et al., 2008; Ogiso and Yomogida, 2015; Iverson and George, 2016), erosion of channel 57 

deposits by overland flow (Coe et al., 2008; Gregoretti and Dalla Fontana, 2008; Degetto et al., 2015), and 58 

failure of a landslide dam (Chen et al., 2004; Chen et al., 2014), have been reported based on field surveys. 59 

Many of these studies estimated debris-flow initiation mechanisms based on field surveys conducted after 60 

debris flow events and field monitoring in the transportation and deposition zones of debris flow torrents. 61 

However, data on the initiation mechanism of individual surges are limited (Imaizumi et al., 2016b) because 62 

of the difficulty of monitoring of debris flows in their initiation zone (Berti et al., 1999; Kean et al., 2013). 63 

Imaizumi et al. (2016b) observed a series of mass movements initiating debris flow surges at the Ohya 64 

landslide, Japan, where a large amount of sediment is stored as channel deposits and talus slopes. On the other 65 

hand, some laboratory analyses of flow mechanisms have concluded that a single-source mass can develop 66 

into multiple surges as a result of mechanical instability within a flow (Iverson, 1997; Major, 1997). 67 

Nevertheless, a common understanding of the initiation mechanisms of surges has yet to be obtained. 68 

The volume of debris flow material in the initiation zones (e.g., channel deposits and talus slopes) changes 69 

over time in association with sediment supply from hillslopes and the evacuation of sediment by debris flows 70 

and fluvial processes (Bovis and Jakob, 1999; Imaizumi et al., 2006; Berger et al., 2011a; Theule et al., 2012). 71 

Previous studies have pointed out that the rainfall threshold for occurrence of debris flow varies over time, 72 

even in a single torrent affected by changes in the volume of debris flow material (Bovis and Jakob, 1999; 73 

Jakob et al., 2005; Schlunegger et al., 2009; Chen et al., 2012; Theule et al., 2012). The initiation point of 74 



debris flow also varies among events, being affected by the spatial distribution of the storage (Coe et al., 75 

2008; Berger et al., 2011b). Therefore, the accumulation condition of debris flow material is likely an 76 

essential factor for explaining the timing and initiation location of debris flows and individual debris flow 77 

surges. The accumulation condition of debris flow material can be interpreted easily these days due to the 78 

development of measurement methods such as stereophotography using an unmanned aerial vehicle (UAV) 79 

(e.g., Schraml et al., 2015; Neugirg et al., 2016). 80 

It is known that flow characteristics (e.g., solid fraction, boulder size, travel distance) differ among debris 81 

flow events (Okano et al., 2012; Kean et al., 2013; Hürlimann et al., 2014; De Hass et al., 2018), and even 82 

among different surges during a single debris flow event (Berger et al., 2011b; Imaizumi et al., 2017). 83 

Rainfall pattern, particle size (mean and range), and the volume of transported material are considered 84 

potential factors controlling debris flow type (Okano et al., 2012; Kean et al., 2013; Hürlimann et al., 2014; 85 

Takahashi, 2014; Gregoretti et al., 2016). However, how rainfall pattern and the volume of debris flow 86 

material affect the flow characteristics of surges remains unclear.   87 

Field monitoring conducted at multiple sites along a debris flow torrent has revealed that flow 88 

characteristics of surges change as the surge migrates downstream, being influenced by the channel gradient, 89 

and by the erosion and deposition of sediment (Takahashi, 1991, Berger et al., 2011b; Arattano et al., 2012). 90 

Therefore, it is possible that the characteristics of surges in transportation and deposition zones of debris 91 

flows do not correspond to those in initiation zones. Flume experiments and theoretical studies have revealed 92 

that erosion and deposition of sediment are controlled by channel gradient and flow velocity (Takahashi, 93 

1991; Iverson and Ouyang, 2015). Because the flow characteristics of surges change within several to a few 94 

tens of seconds (Hürlimann et al., 2003; Arattano et al., 2012), monitoring with a short recording interval at 95 

multiple sites is needed to clarify changes in flow characteristics of surges as they flow.  96 

In the Ichinosawa catchment within the Ohya landslide scar, central Japan, intensive field monitoring has 97 

been undertaken since 1998 (Imaizumi et al., 2005; Imaizumi et al., 2006). This site is suitable for debris flow 98 

monitoring because of the high frequency of debris flows (about three or four events per year) that occur due 99 

to the mobilization of storage around channels (i.e., talus cone and channel deposits). Both fully saturated and 100 



partly saturated debris flows, where the latter type have an unsaturated layer in their upper part, have been 101 

observed frequently in the Ichinosawa because of the steep terrain (Imaizumi et al., 2017). The accumulation 102 

condition of the storage varies with time, resulting in the occurrence of various types of debris flows, such as 103 

fully and partly saturated debris flows (Imaizumi et al., 2017).  104 

The aim of this study was to clarify the initiation and runout characteristics of debris flow surges based on 105 

field monitoring in the Ichinosawa, including periodic measurement of topography using UAVs and intensive 106 

monitoring using time-lapse cameras (TLCs). The specific objectives of the study were to (1) clarify the 107 

initiation timing, location, and mechanism of surges; (2) clarify the characteristics of runout and termination 108 

of surges; and (3) reveal the contribution of each surge to the net change of topography during an entire debris 109 

flow. 110 

 111 

2. Study site 112 

We conducted field monitoring within the Ohya landslide scar in the Southern Japanese Alps (Fig. 1). The 113 

Ohya landslide, which was initiated during an earthquake in A.D. 1707, has a total volume of 120 million m3 114 

(Tsuchiya and Imaizumi, 2010). The climate at the site is characterized by high annual precipitation (about 115 

3,400 mm) (Imaizumi et al., 2005). Heavy rainfall (i.e., total rainfall >100 mm) occurs during the rainy 116 

season from June to July, and during the autumn typhoon season from August to October. The outcropping 117 

bedrock is composed of well-jointed sandstone and highly fractured shale of Paleogene age.  118 

It is south-facing with an altitude ranging between 1270 and 1905 m a.s.l., an area of 0.3 km2, and channel 119 

length of ca. 1000 m. The Ichinosawa catchment can be divided into two sections, upper and lower 120 

Ichinosawa, separated by a waterfall named “Ohya-ohtaki” located at 1,450 a.s.l. (P20 in Fig. 1b). 121 

The upper Ichinosawa is the initiation zone of debris flows and is characterized by a deeply incised channel 122 

and high and steep slopes (40–65°). Seventy percent of the slope is scree and outcropping bedrock; the 123 

remaining thirty percent is covered with forest, shrubs, and tussocks. Unconsolidated sediment, ranging from 124 

sand particles to boulders (Imaizumi et al., 2016b), is located in the channel bed and talus cones (Imaizumi et 125 

al., 2006). Freeze–thaw, which promotes rockfall and dry ravel, is the predominant sediment infilling 126 



mechanism (Imaizumi et al., 2006). The storage  volume displays seasonal changes caused by sediment 127 

supply from hillslopes in winter and early spring, and evacuation of storage due to the occurrence of debris 128 

flows in summer and autumn (Imaizumi et al., 2006). Stored sediment has never been completely eroded by 129 

debris flows. The channel gradient is mostly steeper than 25° and approaches the slope gradient of talus slope 130 

(37.3°; Imaizumi et al., 2017) in the uppermost part of the monitoring section (Fig. 2). 131 

The lower Ichinosawa is a debris flow fan, within which a large proportion of debris flows terminate. 132 

Because bedrock has never been exposed in the debris flow fan, the depth of channel deposits is not known in 133 

this area. The depth of deposits in the debris flow fan is estimated to be at least 5 m based on previous channel 134 

bed changes interpreted visually by periodic field surveys conducted since 1998. The Ichinosawa torrent 135 

joins the Hontani torrent at 1300 m a.s.l., becoming the Ohya River. Some debris flows pass through the 136 

junction with the Hontani torrent (e.g., one debris flow every several years) and flow down the Ohya River 137 

(Imaizumi et al., 2016a). The channel gradient in the lower Ichinosawa is mainly in the range of 15–20° (Fig. 138 

2). 139 

 140 



 141 

Figure 1. Map of the Ohya landslide and Ichinosawa catchment. (a) Entire Ohya landslide, which is 142 

surrounded by a black solid line. (b) Monitoring sites in the Ichinosawa catchment. Gentler and steeper 143 

terrains are expressed by light and dark colors, respectively. The longitudinal topography along the black line 144 

in the torrent is shown in Fig. 2.   145 
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Figure 2. Longitudinal profile of the Ichinosawa torrent on August 21, 2016. The channel gradient of each 5 148 

m section is also shown in the figure.   149 

 150 

3. Methodology 151 

3.1.  Debris flow monitoring 152 

Eight TLCs (TLC200 Pro; Brinno) were installed along the Ichinosawa torrent with a spacing of about 80 153 

m in the spring of 2016 to capture initiation, runout, and termination processes of debris flow surges. Another 154 

camera was installed near the junction with the Hontani torrent. In addition, two more cameras were installed 155 

along the Ichinosawa torrent in the spring of 2017, and one previously installed camera was removed. The 156 

interval of the TLCs was set at 15 s. We set 26 analysis points (P1 to P26) along the main channel of the 157 

Ichinosawa with a spacing of about 20 m to interpret the arrival timing of debris flow surges using TLC 158 

images. Some points (P4, P7, P17, P18, and P20 in 2016 and P4, P7, P8, and P18 in 2017) could not be 159 

analyzed because they were not covered by TLC images. We visually identified temporal changes of flow 160 

type (partly and fully saturated flow) during debris flow events from TLC images based on the existence of 161 

interstitial water on the flow surface (Imaizumi et al., 2017). The fully saturated flows are turbulent, and are 162 

characterized by a black surface due to high concentrations of silty sediment, sourced from shale in the 163 

interstitial water, completely filling the matrix of boulders. In contrast, muddy water is not identified in the 164 

flow surface matrix of partly saturated flows. The debris flow surges were classified into three types based on 165 

the flow type: surges in which only fully saturated flow was identified (Fig. 3a), surges in which both partly 166 

and fully saturated flows were identified (Fig. 3b), and surges in which only partly saturated flow was 167 

identified (Fig. 3c). In the Ichinosawa torrent, there are many small mass movements with short travel 168 

distances (< 20 m) associated with erosion by surface flow in the channel and failure of channel deposits and 169 

talus slopes (Imaizumi et al., 2016b). These mass movements are sometimes separate from the general debris 170 

flow, which is a mixture of sediment and water with a long travel distance (Coussot and Meunier, 1996). 171 

However, because these mass movements possibly affect the formation of debris flow surges, we interpreted 172 

all of these small mass movements as surges. 173 



To monitor rough changes in water height, a semiconductor-type water pressure sensor (S & DLmini; Oyo 174 

Co.), which monitored hydrostatic pressures up to 49 kPa with an accuracy of ± 3%, was placed in holes dug 175 

in the bedrock of the channel bed around P19. Although we installed the sensor in the channel section, where 176 

bedrock is usually exposed, deposition of sediment over the bedrock sometimes occurred. In such cases, the 177 

water level was the sum of the flow depth and the thickness of the deposits over the bedrock. Because the 178 

water height measured by a water pressure sensor is potentially affected by the density of sediment in 179 

interstitial water and the dynamic pressure of the flow, it was not used for detailed analysis. 180 

Precipitation, which is an important trigger of debris flows in the Ohya landslide (Imaizumi et al., 2017), 181 

was measured with a logging interval of 1 min using a tipping bucket rain gauge (0.2 mm for one tip) located 182 

in an open area near P14 (Fig. 1b).   183 

(a)

Partly saturated

Partly saturated

(b)

Partly saturated

Fully saturated

Front
Tail

(c)

Fully saturated

Fully saturated

 184 

Figure 3. Schematic diagram of surge types. (a)  Surges in which only partly saturated flow was identified. 185 

(b) Surges in which both partly and fully saturated flows were identified. (c) Surges in which only fully 186 

saturated flow was identified. 187 

 188 

3.2.  Periodic measurement of channel topography 189 

Temporal changes in the surface topography of storage in the Ichinosawa associated with the occurrence of 190 

debris flows were observed by periodic photography from 50 to 100 m above ground level using UAVs 191 



(Phantom 3 and Phantom 4 Pro; DJI). The entire debris flow channel was covered by 700 to 1000 192 

photographs in each period. Point clouds of ground surface topography were constructed from the 193 

photographs taken by UAVs using software for structure from motion (SfM) analysis (Photoscan; Agisoft). 194 

Coordinate values in a JGD2000 rectangular coordinate system at about 20 ground control points (GCPs), 195 

which were used to provide a coordinate system for the point clouds, were positioned according to static 196 

measurements obtained using global navigation satellite system (GNSS) devices (TOPCON, GRS-1), and 197 

according to real-time kinematic (RTK) measurements obtained using GNSS devices (Hemisphere, A101, 198 

A325, and R320). Digital elevation models (DEMs) with a grid size of 0.1 m were also built using Photoscan 199 

and a triangulated irregular network (TIN) model (Table 1).  200 

Bedrock topography beneath channel deposits in the upper Ichinosawa was estimated from 1-m grid 201 

DEMs obtained by airborne LiDAR scanning in seven periods (2005, 2006, 2009, 2010, 2011, 2012, and 202 

2013) (Imaizumi et al., 2016a). The lowest elevation of each grid cell within the seven periods was assumed 203 

to be the bedrock surface elevation. To reduce errors related to the positioning of the aircraft, the DEMs from 204 

2006, 2009, 2010, 2011, 2012, and 2013 were adjusted through comparison with those obtained in 2005 205 

(Imaizumi et al., 2016a). As a result of the adjustment, the mean and standard deviation of the difference in 206 

elevation in stable areas between two consecutive DEMs were smaller than 0.1 and 0.3 m, respectively. The 207 

depth of channel deposits in the lower Ichinosawa was estimated to be >5 m, as noted above. 208 

 209 

Table 1 Timing of UAV photography and specifications of SfM analyses. 210 

Date of photography 
Average spacing of 

cloud points (m) 

Grid size 

of DEM 

(m) 

Date of debris flow events 

Last event Next event 

August 21, 2016 0.113 0.10 June 25, 2016 September 8, 2016 

November 20, 2016  0.103 0.10 September 20, 2016 -* 

May 19, 2017 0.055 0.10 -* June 21, 2017 

August 6, 2017 0.023 0.10 June 21, 2017 August 7, 2017 

September 15, 2017 0.051 0.10 August 7, 2017 September 17, 2017 

September 21, 2017 0.068 0.10 September 17, 2017 October 22, 2017 

October 26, 2017 0.080 0.10 October 22, 2017 October 29, 2017 



November 6, 2017 0.078 0.10 October 29, 2017 -* 

* Column is blank because debris flow did not occur before (after) the UAV survey in the year. 211 

 212 

4. Results 213 

4.1. Initiation of debris flow surges   214 

A total of 10 debris flows were observed in 2016 and 2017 (Table 2). The maximum 10-minute rainfall 215 

intensity and total rainfall during all debris flow events exceeded 5 and 40 mm, respectively. TLCs were able 216 

to capture initiation, runout, and termination processes of debris flow surges during three events (September 217 

8, 2016, June 21, 2017, and October 29, 2017), but the TLCs failed to monitor during the other seven events 218 

because of the darkness at night.  219 

 220 

Table 2 List of debris flows in 2016 and 2017.   221 

Date 

Total 

rainfall 

(mm) 

Maximum 

10-min 

rainfall (mm) 

Storage volume 

before the event 

(m3)  

Total change in the 

storage volume during 

the event (m3)*b 

TLC 

monitoring 

May 4, 2016  91.0  5.3 – – –*a 

May 11, 2016 151.3  6.2 – – –*a 

June 25, 2016  49.9 10.9 – – –*a 

September 8, 2016 217.1 13.2 >17171 >2315 ◯ 

September 20, 2016 363.9  8.1 – – –*a 

June 21, 2017 180.4  6.7 29818 -9 ◯ 

August 7, 2017 203.7  8.4 – – –*a 

September 17, 2017 184.9 10.1 13997 2067 –*a 

October 22, 2017 316.0  9.2 11930 2426 –*a 

October 29, 2017 192.2 10.1  9504 2119 ◯ 

*a TLCs could not capture debris flow images because of the darkness at night. 222 

*b Difference in storage volume between before and after the debris flow event does not completely agree 223 

with total change in the storage volume during the debris flow event, because the area in which topography 224 

was successfully measured by UAV-SfM differed among measurement periods. 225 

 226 

Multiple surges were monitored by the water pressure sensor during each debris flow event, except the 227 

June 21, 2017 event (Fig. 4). On June 21, 2017, TLC monitoring showed that the debris flow, which consisted 228 



of only one surge, terminated above the water pressure sensor monitoring site (P19). Therefore, changes in 229 

the water level were likely caused by channel bed deformation. Debris flow surges generally began to occur 230 

when 10-minute rainfall intensity reached 5 mm. Even when a series of debris flow surges was suspended due 231 

to a decrease in rainfall intensity, surges restarted when rainfall intensity reached 5 mm again (e.g., around 232 

15:30 on September 8, 2016; Fig. 4a). Water level was generally lower than 0.05 m in the period without 233 

debris flow. However, water level sometimes exceeded 0.1 m in the period without debris flow surges (e.g., 234 

1:30 to 8:30 on September 8, 2016) because of aggradation of the channel bed around the water pressure 235 

sensor.  236 
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 237 

Figure 4. Changes in flow height measured by the water pressure sensor at P19 during debris flow events that 238 



were successfully captured by images by TLCs. (a) Debris flow on September 8, 2016. (b) Debris flow on 239 

June 21, 2017. (c) Debris flow on September 17, 2017. (d) Debris flow on October 22, 2017. (e) Debris flow 240 

on October 29, 2017. Time ranges of Figs. 6 and 8 are shaded gray. 241 

 242 

The TLC monitoring revealed that each debris flow surge was formed separately by mobilization of the 243 

storage (Fig. 5). Debris flow surges generally started to initiate in upper channel reaches when maximum 244 

10-minute rainfall intensity exceeded 5 mm, and progressively transited downstream after rainfall peaks (Fig. 245 

5a). Three mechanisms of initial movement of soil mass as surges were identified from TLC images, 246 

although the mechanism of many surges was not clear because of the long interval between TLC images. One 247 

is erosion of channel deposits by overland flow, which mainly occurred in the uppermost section of channel 248 

reaches (between P1 and P3). This process was typically identified when overland flow progressed on the 249 

unsaturated storage due to increasing water supply from farther upstream. The second mechanism was 250 

sliding of channel deposits, for which the travel distance was generally short. The third was sediment supply 251 

from the side of the main channel, including the channel bank and tributaries. Bank failures, which occurred 252 

due to erosion at the basal part of banks (steepened channel deposits beside the flow path) by stream flow, 253 

were mainly monitored in the lower section of upper Ichinosawa (e.g., around P15). Talus slopes at the 254 

junction with tributaries also failed due to erosion by stream flow. 255 

When we focused on a specific debris flow event, initiation points of surges were concentrated in specific 256 

channel sections. Initiation points of many surges on September 8, 2016 were in sections with deep channel 257 

deposits (e.g., >2 m depth) located <30 m below junctions with tributaries and having catchment areas >0.01 258 

km2 (e.g., channel section between P6 and P8; Fig. 6a). Similarly, on June 21, 2017, seventeen surges (61%) 259 

initiated in the section between P5 and P6, in which deep channel deposits (>5 m depth) existed near the 260 

junction with a large tributary (Fig. 6c). On October 29, 2017, the ratio of surges that initiated within the 261 

monitoring section (60%) was lower than that for the other two debris flows (80% and 75% during the 262 

September 8, 2016 and June 21, 2017 events, respectively; Figs. 5 and 6). The remaining surges on October 263 

29, 2017 (40%) initiated above P1, where deep storage existed at that time. Thus, the initiation points of 264 

surges are likely controlled by the spatial distribution of the storage depth, which varies with time because of 265 



the sediment supply from hillslopes and the evacuation of sediment by debris flows (Fig. 6). General 266 

characteristics of the initiation points, which are applicable to all three debris flow events, can be expressed 267 

by comparison between channel gradient and storage depth (Fig. 7a). Storage depth greater than 2 m is 268 

required for the initiation of many surges. In other words, few surges occurred in the monitoring section on 269 

October 29, 2017, because storage depth was lower than 2 m in most of the sections. Many surges initiated in 270 

the channel section steeper than 25°, but few surges initiated in the section gentler than 20° (Fig. 7a). It was 271 

also clear that many debris flows initiated in the section less than 30 m below the junction with tributaries, in 272 

which water and sediment are supplied from tributaries.  273 

 274 

 275 

 276 

Figure 5. Temporal changes in the initiation and termination points of debris flow surges on (a) September 8, 277 

2016, (b) June 21, 2017, and (c) October 29, 2017. Periods with rainfall intensity >5 mm are shaded pink. The 278 
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rainfall intensity was calculated from rainfall data with a logging interval of 1 min. 279 

 280 

 281 

Figure 6. Spatial distribution of initiation and termination points of debris flow surges. (a) Initiation points of 282 

surges during debris flow on September 8, 2016. (b) Termination points of surges during debris flow on 283 

September 8, 2016. (c) Initiation points of surges during debris flow on June 21, 2017. (d) Termination points 284 

of surges during debris flow on June 21, 2017. (e) Initiation points of surges during debris flow on September 285 

29, 2017. (f) Termination points of surges during debris flow on September 29, 2017. Locations of junctions 286 

with large tributaries are indicated by white arrows. 287 
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 290 
Figure 7. Initiation and termination number of surges in each channel section separated by analysis points 291 

(P1 to P20) within the upper Ichinosawa. (a) Initiation number of surges in each section. (b) Termination 292 

number of surges in each section. Circle sizes indicate the number of surges divided by the length of each 293 

channel section (about 20 m). Channel gradient and storage calculated with 1 m intervals along the main 294 

channel were averaged in each channel section. The DEM obtained by UAV-SfM just before each debris flow 295 

event was used for calculation of the channel gradient and storage depth. 296 

 297 

4.2. Runout and termination of debris flow surges 298 

As a result of the TLC monitoring, we could successfully observe temporal changes in flow type during a 299 

series of surges, as well as the transition of flow type as the surges migrated, which has not previously been 300 

reported in detail (Fig. 8). When we focused on a specific channel section, the predominant flow type of each 301 

surge changed frequently, even during a single event. Additionally, many surges changed flow type as they 302 

flowed downward (Fig. 8). 303 

The duration ratio of each flow type in the entire debris flow was different between the upper and lower 304 

parts of the Ichinosawa torrent. On September 8, 2016, the duration of partly saturated flow was clearly 305 

longer than that of fully saturated flow in the uppermost reaches of the monitoring section (between P1 and 306 

P3), whereas the ratio of fully saturated flow was higher in the lower channel reaches (Fig. 8). On June 21, 307 

2017, surges composed only of partly saturated flow appeared in the upper reaches (above P8), while a surge 308 

composed of fully saturated flow was observed in the lower reaches (P13). In this way, the ratio of partly 309 



saturated flow was generally higher in the upper channel reaches, while the ratio of fully saturated flow was 310 

generally higher in the lower channel reaches. Partly saturated flow preceded the appearance of fully 311 

saturated flow during surges composed of both flow types.  312 

The predominant type of flow also differed among the events (Table 3). On June 21, 2017, 96% of all 313 

surges whose flow type was identified by TLC images consisted of party saturated flow. In contrast, all surges 314 

on October 29, 2017 consisted of fully saturated flow.  315 

Because many surges occurred repetitively and terminated with short travel distance in the upper 316 

Ichinosawa, the number of debris flow surges in the upper Ichinosawa (above P20) was clearly higher than 317 

that in the lower Ichinosawa (below P20; Fig. 8). The ratio of surges reaching the lower Ichinosawa also 318 

differed among debris flow events. On June 21, 2017, all surges terminated within the upper Ichinosawa. In 319 

contrast, forty-four percent of surges (11 of 25 surges) reached the debris fan on October 29, 2017. The debris 320 

flow surges that reached the lower Ichinosawa usually occurred during rainfall peaks exceeding 5 mm for a 321 

long period (e.g., >20 min; Fig. 5). Termination points in the upper Ichinosawa were mainly located in 322 

channel sections with deep storage (>2 m), irrespective of the distance from junctions to tributaries (Figs. 6 323 

and 7).  324 
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 326 

Figure 8. Transit time of the head of debris flow surges at each analysis point from 10:40 to 11:40 on 327 

September 8, 2016. The flow type obtained from the TLC images was classified into three types: surges 328 



composed only of partly saturated flow from head to tail (Fig. 3a), surges composed of both partly saturated 329 

and fully saturated parts (Fig. 3b), and surges composed only of fully saturated flow from head to tail of the 330 

surge (Fig. 3c). The flow type was marked “unknown” if the images were not sufficiently clear to determine 331 

the flow type. A plot present at the uppermost site (P1) indicates that the surge initiated in the channel section 332 

above the monitoring site. 333 

 334 

 335 

Table 3 Number of debris flow surges classified into each debris flow types based on analysis of TLC images. 336 

“Partly saturated only” indicates that only partly saturated flow was identified from the initiation 337 

(appearance) to the termination of surges. The sum of the surge numbers does not correspond to the total 338 

number of debris flow surges, because the flow type of some surges was not clear due to fog, the presence of 339 

raindrops on the lens of TLCs, or long distance from TLCs to the analysis point. Note that there is a 340 

possibility that the TLC monitoring failed to identify the appearance of some flow types because of the long 341 

interval between images (15 s). 342 

 Partly saturated only Both fully and partly saturated Fully saturated only 

September 8, 2016 26 35 26 

June 21, 2017 17  0  1 

October 29, 2017 0 14 11 

 343 

 344 

4.3. Changes in the channel topography caused by debris flows 345 

Changes in the channel bed topography caused by five debris flows, which were successfully measured by 346 

UAV-SfM, showed that the locations of erosion and deposition areas differed among debris flow events (Fig. 347 

9). Storage in the upper Ichinosawa (above P20) was significantly eroded by debris flows on September 8, 348 

2016, September 17, 2017, and October 29, 2017 (Figs. 9a, 9c and 9e). Within these three events, the main 349 

deposition area of the September 8, 2016 event was located <150 m downward from the Ohya–Ohtaki 350 

waterfall (P20), whereas a large part of the sediment entrained by the October 26, 2017 event passed the 351 

junction with the Hontani torrent. The channel bed in the upper reaches was aggraded by the debris flow on 352 

October 22, 2017. As a result of the UAV survey following the October 22, 2017, event, new deposits derived 353 

from some slope failures were identified in the upper part of the basin (Fig. 9d). On June 21, 2017, when no 354 

surging was observed at the Ohya waterfall by a TLC, both erosion and deposition areas were located within 355 

the upper Ichinosawa, and channel bed deformation was not identified in the lower Ichinosawa (Fig. 9b). The 356 



debris flow path changed during the September 8, 2016 and September 17, 2017 events, but the path did not 357 

change clearly during the October 22, 2017 and October 29, 2017 events (Fig. 9).  358 

The total volumes of storage evacuated from the upper reaches by debris flows on September 17, October 359 

22, and October 29, 2017 were all within the range of 2000 to 2500 m3 (Table 2). The total change in storage 360 

caused by the September 8, 2016 event could not be obtained, because the uppermost part of the valley 361 

bottom (< 150 m in length) could not be captured by the UAV. The total volume change by this event was 362 

estimated to be less than 3500 m3 based on the loss of storage in the section interpreted by UAV-SfM and the 363 

length of channel reaches without topographic data. 364 

Clear erosion of storage with depth >2 m occurred in the channel sections in which many debris flow 365 

surges initiated on September 8, 2016 (e.g., channel section between P6 and P8; Figs. 7a and 9a). Clear 366 

aggradation was observed in the section where debris flow surges terminated in the lower Ichinosawa (e.g., 367 

channel sections P20 to P26 during the September 8, 2016 event; Figs. 6b and 9a), whereas aggradation 368 

around termination points in the upper Ichinosawa was not clear (e.g., channel sections P13 and P15 during 369 

the September 8, 2016 event; Figs. 5b and 8a). In such sections, TLC monitoring revealed that temporal 370 

storage left by previous surges was eroded by subsequent surges that traveled farther downstream. 371 

 372 

 373 



 374 

Figure 9. Changes in topography caused by debris flows measured by UAV-SfM. (a) Elevation change 375 

between August 21, 2016 and November 20, 2016 caused by the debris flow on September 8, 2016. (b) 376 

Elevation change between May 19, 2017 and August 6, 2017 caused by the debris flow on June 21, 2017. (c) 377 



Elevation change between September 15, 2017 and September 21, 2017 caused by the debris flow on 378 

September 17, 2017. (d) Elevation change between September 21, 2017 and October 26, 2017 caused by the 379 

debris flow on October 22, 2017. Locations of slope failure are shown in yellow. (e) Elevation change 380 

between October 26, 2017 and November 6, 2017 caused by the debris flow on October 29, 2017. Junction 381 

with the Hontani torrent is indicated by the black arrow. 382 

 383 

5．Discussion 384 

5.1. Initiation of debris flow surges 385 

Intensive monitoring using TLCs revealed that debris flow surges initiated separately by erosion of storage 386 

by surface flow, sliding of channel deposits, and sediment supply from channel banks and tributaries, rather 387 

than through the development of a spontaneous wave on the flow surface because of mechanical instability, 388 

which was presented in laboratory experiments and derived by consideration of the flow mechanism (Iverson, 389 

1997; Major, 1997). These three initiation mechanisms monitored by TLCs agree with those reported 390 

previously in the Ichinosawa based on video-camera monitoring (Imaizumi et al., 2016b). A large portion of 391 

the debris flow surges initiated in channel sections with deep storage (>2 m in depth; Fig. 7), implying that 392 

sufficient depth of storage is required for transportation of grouped sediment as a surge. The depth (>2 m) is 393 

larger than the size of the largest boulders in the channel, which changes from 1 to 2 m and is associated with 394 

the sediment supply from hillslopes and sediment transport by debris flows (Imaizumi et al., 2006, 2016b). 395 

Large boulders may resist movement of grouped sediment in cases of shallow storage depth.   396 

Because sediment storage in the upper Ichinosawa has never been completely evacuated by debris flows 397 

(Imaizumi et al., 2016a, 2017), the Ichinosawa can be characterized as a transport-limited basin, in which the 398 

timing of debris flows is controlled only by that of rainfall exceeding the initiation threshold (Imaizumi et al., 399 

2017). However, fewer debris flow surges occurred in channel sections with thin storage than in sections with 400 

thick storage (Fig. 7), indicating that weathering-limited (supply-limited) characteristics, which have been 401 

reported in other debris flow torrents (Bovis and Jakob, 1999), occur locally in the Ichinosawa. 402 

Increases in the stream water supplied by tributaries may also be an important factor affecting the 403 

formation of surges, because many surges on September 8, 2016 and June 21, 2017 initiated <30 m below the 404 



junction with tributaries (Figs. 7 and 8). Previous field monitoring also reported that water supply is one of 405 

the most important factors in the initiation of debris flows (Gregoretti et al., 2016; Imaizumi et al., 2016b).  406 

In addition to temporal changes in the initiation point of debris flows among the debris flow events, which 407 

have also been reported from other debris flow torrents (Coe et al., 2008; Berger et al., 2011b), temporal 408 

changes in the initiation points of surges were monitored even in a single debris flow event (Fig. 5). The 409 

initiation point of many surges was located in the upper channel reaches during rainfall peaks, then 410 

progressively shifted downstream (Fig. 5). The time lag in runoff peaks between the upper and lower channel 411 

reaches was likely affected by the difference in initiation timing of surges among channel sections. In 412 

addition, transportation of sediment from the upper to lower reaches by surges around rainfall peaks possibly 413 

created the storage accumulation condition that allowed debris flow surges to occur more easily in lower 414 

reaches. 415 

Many debris flow surges initiated in channels steeper than 22.2° (Fig. 7), which is the threshold gradient 416 

for the occurrence of partly saturated sediment mass (Imaizumi et al., 2017). In addition, partly saturated flow 417 

was predominant in the upper part of the monitoring section in the upper Ichinosawa (Fig. 8). Because 418 

initiation areas in many other torrents are also steeper than 22.2° (e.g., VanDine, 1985; McCoy et al., 2013), 419 

partly saturated debris flows are also considered to be important in other torrents.  420 

 421 

5.2 Runout and termination of flow 422 

As reported from many other torrents (e.g., Okano et al., 2012; Kean et al., 2013; Hürlimann et al., 2014), 423 

the major flow type in the Ichinosawa varied among debris flow events (Table 3). The volume of debris flow 424 

material along the channel and the rainfall pattern are considered to be controlling factors affecting the flow 425 

type (Okano et al., 2012; Kean et al., 2013; Hürlimann et al., 2014; Staley et al., 2014; Zhou et al., 2015). The 426 

debris flow of June 21, 2017, when the volume of storage was the largest of the three events monitored by 427 

TLCs, was dominated by partly saturated flow, whereas the debris flow of October 29, 2017, when the 428 

volume of storage was the smallest among the three events, was dominated by fully saturated flow (Table 3). 429 

This agrees with the previously described trend in the Ichinosawa whereby the ratio of partly saturated flow 430 



increases with increases in the volume of storage (Imaizumi et al., 2017). In the Ichinosawa, fully saturated 431 

flow is predominant during long-lasting and high total rainfall depth (duration of >5 h, total rainfall depth 432 

>50 mm) events, whereas partly saturated flow is predominant during short rainfall events with low total 433 

rainfall depth (duration of <5 h, total rainfall depth <50 mm) (Imaizumi et al., 2017). The rainfalls during the 434 

three debris flows that could be successfully observed by TLCs in this study were all characterized by long 435 

duration and high total rainfall depth. Therefore, the differences in flow type among the three debris flows 436 

were likely attributable to the volume of storage within the basin rather than the rainfall pattern. 437 

Channel gradient is considered a factor controlling the solid concentration of a debris flow (Egashira et al., 438 

2001; Takahashi, 2014; Lanzoni et al., 2017). Analysis of the static force at the bottom of flow revealed that 439 

partly saturated flow is an important flow type in steeper channel sections (>22.2° in the Ichinosawa), while 440 

fully saturated flow is important in gentler channel sections (Imaizumi et al., 2017). Our TLC monitoring 441 

showed a trend similar to the trend of those studies: partly and fully saturated flows were predominant in 442 

steep channel sections (e.g., above P10 with channel gradient >25°) and gentle channel sections (e.g., below 443 

P20 with channel gradient <20°), respectively (Figs. 2 and 8). 444 

Changes in flow type as surges migrated, which has also been monitored in other debris flow torrents (e.g., 445 

Hürlimann et al., 2003; Arattano et al., 2012), were frequently monitored in the section between P10 and P15, 446 

in which deep channel deposits accumulate (Fig. 8). Some surges lost or shortened their partly saturated part 447 

in this section, and only fully saturated flows passed through (Fig. 8). In the Ichinosawa, overland flow is 448 

rarely observed in sections with deep sediment storage in the period before the arrival of surges (Imaizumi et 449 

al., 2016b), indicating that a large part of the sediment storage is unsaturated, at least in its surficial layer. 450 

Decreases in flow mobility, caused by infiltration of interstitial water into unsaturated storage (Staley et al., 451 

2011), likely occurred over such deep storage, resulting in the loss of the partly saturated part of surges. Only 452 

fully saturated flow, which contains abundant interstitial water, can pass over such channel sections.  453 

As reported in previous observations in many debris flow torrents (Suwa and Yamakoshi, 1999; Imaizumi et 454 

al., 2016a; Wasklewicz and Scheinert, 2016; De Haas et al., 2018), the travel distance of debris flows differed 455 

among events (Fig. 8). Most surges during the June 21, 2017 event, which were dominated by partly saturated 456 



flow, terminated above P7 (31 of 33 surges; Table 3). In contrast, many surges during the September 8, 2016 457 

and October 29, 2017 events, when many fully saturated flows were observed, flowed down into the lower 458 

Ichinosawa (below P20). Because solid concentration is an important factor controlling the mobility of debris 459 

flows (Egashira et al., 2001; Takahashi, 2014), high solid concentration and poor interstitial water of the 460 

partly saturated flow may have resulted in the shorter travel distance of surges during the June 21, 2017 event 461 

than during the other two events.  462 

The travel distance of debris flows also differed among the four debris flows reaching the lower 463 

Ichinosawa, although the volume of sediment entrained by these debris flows was not significantly different 464 

(Fig. 9, Table 2). Many debris flow surges terminated in the upper part of the debris flow fan (just below P20) 465 

on September 8, 2016 (Fig. 7b). Decreases in the channel gradient at P20 (Fig. 2), which in turn decrease the 466 

upper limit of solid concentration in debris flow (Egashira et al., 2001; Takahashi, 2014; Lanzoni et al., 2017), 467 

likely facilitated the termination of the surges. In contrast, debris flows on September 17, 2017, October 22, 468 

2017, and October 29, 2017 flowed farther downstream. Because total rainfall depth and maximum 469 

10-minute rainfall intensity on September 17, 2017 and October 29, 2017 were lower than those on 470 

September 8, 2016 (Table 2), the difference in rainfall amount was not an important factor controlling the 471 

travel distance of these debris flow events. The solid concentration in surges during the September 8, 2016 472 

event was possibly higher than in other debris flows because of the large volume of storage (Table 2), 473 

resulting in the short travel distance.  474 

Additionally, the travel distance was different among surges even in a single debris flow event comprising 475 

multiple surges (Figs. 5 and 8). Rainfall pattern, rather than volume of storage, affected the travel distance of 476 

individual surges. When the rainfall intensity exceeded 5 mm 10 min−1 for a long period (e.g., around 11:00 477 

and 15:30 on September 8, 2016 and 15:50 on October 29, 2017), many surges reached below P20 (Fig. 5). 478 

Abundant water supply from continuous intensive rainfall likely increases the mobility of surges. 479 

  480 

5.3 Channel bed changes caused by each surge and the entire debris flow 481 

On September 8, 2016, although only significant erosion was identified by the UAV-SfM monitoring in the 482 



upper Ichinosawa (Fig. 9a), TLC images revealed frequent degradation and aggradation according to the 483 

initiation and termination of surges during the debris flow event. This indicates that temporal changes in 484 

channel topography are not as simple as those estimated from net changes in topography over an entire event. 485 

On September 8, 2016 and October 29, 2017, TLCs captured some debris flow surges initiating on channel 486 

deposits that were left by previous debris flow surges. Therefore, changes in the spatial distribution of storage 487 

by previous surges also affects the initiation point of subsequent surges.  488 

Avulsion of the debris flow path, which is a common phenomenon on debris flow fans worldwide (e.g., 489 

Suwa and Okuda, 1983; Imaizumi et al., 2016a, de Hass et al., 2018), was monitored during the September 8, 490 

2016 and September 17, 2017 events (Fig. 9). De Hass et al. (2018) reported that avulsion of the debris flow 491 

path occurs by the formation of plugs when mobility of the debris flow is low. During the event of September 492 

8, 2016, some surges on the debris flow fan were composed of partly saturated flow (Fig. 8), which generally 493 

has low flow mobility (Imaizumi et al., 2006; Imaizumi et al., 2017). Although the debris flow on September 494 

17, 2017 could not be monitored by TLCs, it is likely that partly saturated flows were dominant because of 495 

the large volume of storage before the event (Table 3). Therefore, low mobility of the debris flow surges, 496 

particularly those formed by partly saturated flow, possibly affected avulsion of the debris flow path during 497 

the two events. In contrast, the mobility of the surges on October 22 and October 29, 2017, which did not 498 

cause avulsion of the debris flow path (Fig. 9), is considered to be high because of the small volume of 499 

storage before the event.  500 

 501 

6. Summary and Conclusion 502 

To clarify the initiation and runout characteristics of debris flow surges, we conducted field monitoring in 503 

the Ohya landslide scar, where debris flows occur frequently according to the mobilization of storage (e.g., 504 

channel deposits and talus slopes). Using TLCs, we successfully obtained data on initiation, runout, and 505 

termination processes of surges that occurred repetitively during each debris flow event. Debris flow surges 506 

were mainly formed by repetitive mass movement of storage within a debris flow initiation zone. The 507 

development of spontaneous waves on the flow surface was not an important formation process of the surges. 508 



Because many surges occurred in channel sections with deep storage (>2 m in depth) near junctions with 509 

large tributaries, the existence of debris flow material and water supply are likely important for the formation 510 

of surges. Partly saturated flow is the predominant flow type in the steep initiation zones, and fully saturated 511 

flow is the predominant flow type in gentle transportation and deposition zones. The volume of storage in the 512 

initiation zone likely affected flow type, travel distance of surges, and avulsion of flow path on a debris flow 513 

fan by controlling the mobility of surges. 514 

Our study elucidated that characteristics of surges, such as flow type, travel distance, and locations of 515 

erosion and deposition, differ not only among debris flow events, but also among surges within a single 516 

debris flow event. The significant erosion and deposition of sediment by a debris flow, identified by 517 

comparison of topography before versus after an event, result from repetitive erosion and deposition by 518 

individual surges with various characteristics. Therefore, periodic measurement of the topography is 519 

insufficient when attempting to understand the behavior of surges. Our monitoring also showed that 520 

monitoring systems in lower channel reaches cannot observe all debris flow surges that form in initiation 521 

zones, because many surges terminate in the upper part of the torrent. Additionally, the flow type of surges in 522 

the initiation zone of debris flows is different from that in lower reaches because of differences in channel 523 

gradient. Consequently, monitoring of debris flows at multiple points is required to understand the series of 524 

processes from initiation to termination. 525 
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