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Abstract: 7 

Semi-continuous production of pyroclastic material by intermittent strombolian, 8 

vulcanian and sub-plinian eruptions at Volcán Tungurahua, Ecuador has created a 9 

persistent rain-triggered lahar hazard during the 1999-present eruptive episode. Lahars 10 

threaten the city of Baños, which lies approximately 8 km from the crater, as well as 11 

other villages and vital infrastructure situated in close proximity to the dense radial 12 

drainage network of the volcano. This study analyses the initiation of rain-triggered 13 

lahars and the influence of antecedent rainfall on this process in two northern 14 

instrumented drainages, La Pampa and the Vazcun. Analysis of lahar-triggering rainfall 15 

intensity and duration between March 2012 and June 2013 yields a power-law 16 

relationship, while Receiver Operating Characteristic (ROC) analysis indicates that peak 17 

rainfall intensity (10 minute, 30 minute and 60 minute) is the most effective single 18 

predictor of lahar occurrence.  The probability of a lahar exceeding a pre-defined 19 

magnitude increases with peak rainfall intensity. Incorporation of antecedent rainfall 20 

(24 hour, 3 day, 5 day and 7 day) as a secondary variable significantly impacts lahar 21 

probabilities, particularly during moderate-high intensity rainfall events. The resultant 22 

two and three-dimensional lahar probability matrices are applied to rainfall data 23 

between 1st July and 31st December 2013 with the aim of predicting lahar occurrence. 24 
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Composite lahar indicators comprised from the mean lahar probability estimates of 25 

individual matrices are shown to perform this task most effectively. ROC analysis 26 

indicates a probability >80% that these composite indicators will generate a higher 27 

estimated lahar probability for a randomly selected lahar event than a randomly 28 

selected non-lahar event. This method provides an average of 24 minutes of additional 29 

warning time compared with the current Acoustic Flow Monitors (AFMs) used for lahar 30 

detection, effectively doubling warning times for key downstream infrastructure in the 31 

two drainages. Ultimately, this method of lahar analysis could be used to construct real-32 

time probabilistic rain-triggered lahar forecasts as an aid to current lahar hazard 33 

mitigation techniques at any location with a significant rain-triggered lahar hazard and a 34 

basic instrumental set-up.  35 

 36 

1.0 Introduction 37 

Volcán Tungurahua (Lat. 01o28げS; long. 78oヲΑげWぶ ｷゲ ; ヵ,023 m high stratovolcano 38 

located in the Eastern Cordillera of the Ecuadorian Andes (Fig. 1), lying approximately 39 

120 km south of Quito and 33 km Southeast of Ambato, the capital of Tungurahua 40 

Province (Hall et al. 2013). The steep-sided edifice features a radial drainage pattern, 41 

whilst the Puela, Chambo and Pastaza rivers surround the volcano to the South, West 42 

and North respectively.  The Pastaza river flows eastwards, past the city of Baños (pop. 43 

18,000), which lies c. 8 km North of  the summit of the volcano at an altitude of 1,800 44 

metres above sea level (Williams et al. 2008; Eychenne et al. 2012; Hall et al. 2013). 45 

Baños is a popular tourist destination and its population increases to as much as 50,000 46 

during holiday periods (Hall et al. 2013). Due to its location, the city (along with 47 
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surrounding smaller villages) is threatened by numerous hazards from Tungurahua 48 

including lahars, pyroclastic density currents (PDCs) and ashfall (Williams et al. 2008). 49 

This issue is further exacerbated by recent increases in population, infrastructure and 50 

economic activity in the region (Biggs et al. 2010). The primary road linking Baños with 51 

the Pan-American Highway and other provincial cities crosses several of the lahar-prone 52 

northern drainages of Tungurahua; whilst smaller roads which reduce travel times to the 53 

large city of Riobamba cross many of the western drainages (Sorenson et al. 2003).  54 

Previous lahar-centric studies at Tungurahua have focused on the modelling of 55 

single flow events (Williams et al. 2008). This contrasts with studies of lahar initiation 56 

thresholds over a significant time period such as those undertaken at Mt. Pinatubo 57 

(Arboleda and Martinez 1996; Martinez et al. 1996; Rodolfo et al. 1996; Tungol and 58 

Regalado 1996; Van Westen and Daag 2005); Mt. Mayon (Rodolfo and Arguden 1991); 59 

Mt. Merapi (Lavigne et al. 2000a; Lavigne et al. 2000b); Mt. Semeru (Lavigne and Suwa 60 

2004); Soufriere Hills (Barclay et al. 2007); Volcán de Colima (Capra et al. 2010); 61 

Sakurajima (Hikida et al. 2007) and Yakedake (Okano et al. 2012). This study presents an 62 

evaluation of the lahar activity within two lahar-prone Northern drainages of 63 

Tungurahua between March 2012 and December 2013; with a primary focus on the 64 

impacts of antecedent rainfall on the probability of lahar occurrence.  65 

[Figure 1] に Overview Location Map 66 

1.1  Eruptive Activity at Volcán Tungurahua 67 

Since Spanish colonial records began in 1532 AD, Tungurahua has displayed 68 

frequent eruptive activity (Hall et al. 1999). There are 17 known distinct eruptions during 69 

this timespan, and an average of one major eruptive episode per century. Such major 70 
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eruptions have occurred in 1640-1641, 1773-1777, 1886-1888, 1916-1918 and 1999-71 

Present and range in composition from basaltic andesite to dacite (Hall et al. 1999; Le 72 

Pennec et al. 2008; Biggs et al. 2010).  73 

The current period of eruptive activity began in October 1999 after 74 

approximately 80 years of dormancy and has featured intermittent strombolian, 75 

vulcanian and sub-plinian eruptions (Eychenne et al. 2012; Hall et al. 2013). Eruptive 76 

products have been predominantly andesitic (58-59% SiO2) with rare dacitic outbreaks 77 

(Samaniego et al. 2011; Eychenne et al. 2012; Hall et al. 2013). This activity (VEI 1-3) has 78 

been characterised by lava emissions, tephra falls, PDCs and lahars; with one explosive 79 

phase in August 2006 producing PDCs with runout distances of 7.5-8.6 km. These flows 80 

ヴW;IｴWS デｴW H;ゲW ﾗa T┌ﾐｪ┌ヴ;ｴ┌;げゲ WSｷaｷIW ;ﾐS caused six fatalities (Eychenne et al. 2012; 81 

Douillet et al. 2013a; Douillet et al. 2013b; Hall et al. 2013; Bernard et al. 2014). May 82 

2010 included another explosive eruptive phase featuring PDCs with runout distances of 83 

1-3 km (Eychenne et al. 2012; Myers et al. 2014), whilst more recently eruptive activity 84 

in July 2013 and February, April and August 2014 has produced PDCs and ashfall 85 

deposits.  86 

1.2 Lahar Background 87 

A ﾉ;ｴ;ヴ ｷゲ Iﾗﾏﾏﾗﾐﾉ┞ SWaｷﾐWS ;ゲ さ; ヴ;ヮｷSﾉ┞ aﾉﾗ┘ｷﾐｪ ﾏｷ┝デ┌ヴW ﾗa ヴﾗIﾆ SWHヴｷゲ ;ﾐS 88 

┘;デWヴ ふﾗデｴWヴ デｴ;ﾐ ﾐﾗヴﾏ;ﾉ ゲデヴW;ﾏ aﾉﾗ┘ぶ aヴﾗﾏ ; ┗ﾗﾉI;ﾐﾗざ (Smith and Fritz 1989). 89 

Therefore, the term lahar describes a continuum of flow types, often categorised in 90 

scientific literature into sub-divisions such as debris flows (>60% sediment by volume), 91 

hyperconcentrated flows (20-60% sediment by volume) and streamflows (<20% 92 

sediment by volume) (Fagents and Baloga 2006; Doyle et al. 2010). Liquid-solid 93 
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interactions within a lahar can be highly variable on both a spatial and temporal scale 94 

due to erosional and depositional processes including bulking (the increase in flow 95 

volume by erosion), de-bulking (volume loss by selective deposition), dilution (the 96 

increase in flow volume via the interaction with a water source) and infiltration (the loss 97 

of liquid into permeable substrates) (Fagents and Baloga 2006).  98 

Lahar initiation requires a supply of volcaniclastic material, a source of water, 99 

adequate relief and a trigger mechanism. The latter can include crater lake ejection 100 

(Kilgour et al. 2010); crater lake breaching (Manville and Cronin 2007; Massey et al. 101 

2009); syn-eruptive melting of ice and snow by PDCs and surges (Lowe et al. 1986; 102 

Major and Newhall 1989; Pierson et al. 1990; Waythomas et al. 2013); debris avalanche 103 

de-watering (Cummans 1980) and rainfall initiation (Waldron 1967; Rodolfo and 104 

Arguden 1991; Major et al. 1996; Rodolfo et al. 1996; Hodgson and Manville 1999; 105 

Lavigne and Thouret 2003; Barclay et al. 2007; Capra et al. 2010; Dumaisnil et al. 2010; 106 

de Bélizal et al. 2013). The primary initiation mechanism at Tungurahua is that of rainfall 107 

on fresh pyroclastic deposits.  108 

Rain-triggered lahars occur due to a variety of specific mechanisms. These 109 

mechanisms include rilling and erosion due to heightened Hortonian overland flow as a 110 

result of deposit saturation (Horton 1945; Collins et al. 1983; Collins and Dunne 1986; 111 

Kean et al. 2011); as well as shallow landslides (often above an internal detachment 112 

surface such as a contact between ash layers) via buoyant support provided by 113 

heightened sub-surface water pressure within saturated deposits (Iverson and Lahusen 114 

1989; Hodgson and Manville 1999; Manville et al. 2000; Crosta and Dal Negro 2003; 115 

Zanchetta et al. 2004). Additional competing processes involved in rain-triggered lahar 116 

initiation are those of surface crust formation and rain splash erosion (Fiksdal 1982; 117 
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Collins et al. 1983; Collins and Dunne 1986; Folsom 1986; Bradford et al. 1987a; 118 

Leavesley et al. 1989; Manville et al. 2000). Below a rainfall kinetic energy threshold, 119 

rain beat compaction forms a runoff-enhancing surface crust on pyroclastic deposits 120 

that enhances Hortonian overland flow and encourages potential lahar formation via 121 

sheetwash. Once this rainfall kinetic energy threshold is exceeded the detachment of 122 

surface particles by splash erosion becomes the dominant process rather than crust 123 

formation (Wang et al. 2014). Rain splash erosion of this nature has high erosional 124 

potential and whilst it does not decrease deposit infiltration rates like surface crust 125 

formation, it does increase the amount of available material that can be easily 126 

transported (Bradford et al. 1987a; Wang et al. 2014). Other factors which have been 127 

identified as impacting the nature of the rain-triggered lahar hazard include pyroclastic 128 

deposit thickness (Rodolfo and Arguden 1991; Janda et al. 1996; Scott et al. 1996), the 129 

grain size distribution of the pyroclastic material (Yamakoshi and Suwa 2000; Ogawa et 130 

al. 2007; Craddock et al. 2012), deposit volatile content (Waldron 1967), slope angle 131 

(Gómez et al. 2003), vegetation coverage (Yamakoshi and Suwa 2000; Major and 132 

Yamakoshi 2005; Alexander et al. 2010), vegetation type (Capra et al. 2010), climate 133 

(Lavigne et al. 2007; Okano et al. 2012; de Bélizal et al. 2013), the presence of volatile 134 

salts and/or hydro-repellent compounds (Murata et al. 1966; Waldron 1967; Capra et 135 

al. 2010), and the post-deposition age and experiences of the deposit (Fiksdal 1982; 136 

Major and Yamakoshi 2005).  137 

Lahars are a high-frequency hazard at Tungurahua due to high annual rainfall and 138 

the frequent eruptive activity which regularly replenishes supplies of loose 139 

unconsolidated pyroclastic material on the volcano. This hazard is further enhanced by 140 

the steep upper slopes of Tungurahua, which have an average gradient of c. 28o (Hall et 141 
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al. 2013). Tungurahua lies in the Intertropical Convergence Zone (ITCZ) and this results 142 

in warm, moist air from the Amazon lowlands condensing as it meets the Eastern 143 

Cordillera of Ecuador, giving rise to an estimated 3,000 mm of annual rainfall. However, 144 

sharp topographic irregularities and high relief in the region produce significant spatial 145 

variability and numerous local microclimates (Garreaud 2009; Le Pennec et al. 2012; 146 

Hunink et al. 2014) so that some high altitude locations receive >6,000 mm yr-1 due to 147 

enhanced orographic rainfall (Garreaud 2009). Summer precipitation in the region is 148 

typically characterised by intermittent aguaceros (deluges) between dry periods whilst 149 

winter precipitation usually occurs in the form of more sustained lovizna (drizzle) that 150 

gives larger total rainfall (Le Pennec et al. 2012).     151 

 152 

2.0 Methods 153 

2.1 Study Region  154 

The Vazcun and La Pampa catchments located on the northern slopes of Volcán 155 

Tungurahua are the focus of this study (Fig. 3). The La Pampa catchment (5.07 km2) 156 

covers twice the area of the Vazcun catchment (2.23 km2). The Vazcun is generally 157 

steeper (mean slope 40.4o versus 31.8o), but both catchments have a similar maximum 158 

gradient (77.0o and 77.6o respectively). These two drainages were selected for analysis 159 

due to the high frequency of rain-triggered lahars within them, their proximity to 160 

human activity and vital infrastructure, and the fact that they are instrumented (Fig. 3). 161 

[Figure 2] に Photos of Lahars & Impacts        162 

Following the onset of new eruptive activity in October 1999, the majority of 163 

lahars in the La Pampa drainage partially or totally blocked the road between Baños and 164 

the Pan-American Highway for hours or even days (Fig. 2C). No injuries or fatalities 165 
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occurred as a result but several cars have been buried by lahar deposits after failed 166 

attempts to cross the La Pampa during the early-stages of flow inundation. In 2008 this 167 

issue was alleviated by the construction of a bridge; however large lahars still pose a 168 

risk to this vital piece of infrastructure. One of the largest known lahars in the La Pampa 169 

catchment occurred on the 10th May 2000, with an estimated peak discharge of 110 170 

m3s-1 and a flow volume of at least 1x105 m3.   171 

The El Salado Baths are a popular visitor attraction within the Vazcun Valley 172 

located approximately 1 km upstream of Baños. These baths host around 300 visitors 173 

per day in peak season and on the 12th February 2005 the outer walls were partially 174 

destroyed by a large lahar (Fig. 2) (Williams et al. 2008). This flow came within tens of 175 

centimetres of inundating the baths, had a peak discharge of approximately 100 m3s-1 176 

and an estimated total volume of 5.4-7x104 m3 (Williams et al. 2008). The El Salado 177 

Baths remain a location at risk from lahars in the Vazcun Valley, along with the primary 178 

road bridge approximately 1 km further downstream and other structures proximal to 179 

the drainage in western parts of Baños.  180 

Acoustic Flow Monitors (AFMs) perform simple signal processing on the ground 181 

vibration signals picked up by cheap and robust geophones to  detect the passage of 182 

lahars [e.g. Pinatubo (Tungol and Regalado 1996); Merapi (Lavigne et al. 2000b); 183 

Ruapehu (Cole et al. 2009)]. There is a network of c. 14 active AFMs around Tungurahua 184 

located in 6 different drainages. The Vazcun (VAZ-01) and La Pampa (JUI-01) AFMs 185 

utilised in this study (visible in Fig. 3) are located at altitudes of 2,455 m and 2,390 m 186 

respectively. The Vazcun AFM lies c. 4 km upstream of the primary road crossing (alt. 187 

1,850 m) and 2.9 km upstream of the El Salado Baths (alt. 1,950 m). The La Pampa AFM 188 

lies c. 1.9 km upstream of the primary road crossing (alt. 2,000 m).  These AFMs register 189 
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the average amplitude recorded at five minute intervals on a continuous basis. The 190 

single telemetered rain gauge on the slopes of Tungurahua is located at an altitude of 191 

2,725 m in the Pondoa region on the Northern slopes of the volcano (Fig. 3) and 192 

provides rainfall data every 5 minutes at a sensitivity of 0.5 mm.  193 

[Figure 3] に さBｷヴSゲ E┞Wざ GI“ VｷW┘ ﾗa V;┣I┌ﾐ ;ﾐS L; P;ﾏヮ; 194 

Tungurahua is monitored from the Tungurahua Volcano Observatory (OVT), 195 

operated by the Instituto Geofísico, Escuala Politécnica Nacional (IGEPN) and located 196 

approximately 12 km NNW of the crater. In addition to the monitoring at OVT, a 197 

community-based monitoring system consisting of a network of volunteers known as 198 

vigias has existed at Tungurahua since 2000 (Stone et al. 2014). This network currently 199 

consists of approximately 35 vigias and fulfils multiple risk reduction roles by working 200 

collaboratively with both local communities and the scientists at OVT (Stone et al. 201 

2014).     202 

2.2 Datasets  203 

AFMs can yield information regarding flow magnitude via the calibration of 204 

output data with visual observations of active flows and their velocity and stage height, 205 

assuming that sediment concentration and grain-size distribution are constant. 206 

Sequential AFMs along the same channel can indicate the frontal propagation velocity 207 

of flows (Lavigne et al. 2000b; Marchi et al. 2002; Cole et al. 2009). The sediment 208 

concentration and grain-size distribution of flows can also be inferred if broadband 209 

seismometers are utilised in conjunction with AFMs (Burtin et al. 2008; Cole et al. 2009; 210 

Kumagai et al. 2009; Zobin et al. 2009; Schneider et al. 2010). Debris flows typically 211 

peak in the low band (<100 Hz) of AFMs whilst hyperconcentrated flows and 212 
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streamflows typically peak at higher frequencies (Marcial et al. 1996; Huang et al. 2004; 213 

Cole et al. 2009; Doyle et al. 2009). The AFMs installed at Tungurahua use L10AR digital 214 

exploration geophones with a maximum dynamic range of 3.8x10-3 cms-1 vertical 215 

ground velocity: signal processing produces amplitude measures in low frequency (10-216 

100 Hz), high frequency (100-300 Hz) and full frequency (10-300 Hz) bands. 217 

AFM data at Tungurahua comprises daily spreadsheets containing timestamp, 218 

average low band amplitude, average high band amplitude, average full band amplitude 219 

and battery functionality at a resolution of five minutes. Rainfall data also consists of 220 

daily spreadsheets; containing 5 minute resolution information regarding measured 221 

rainfall to a sensitivity of 0.5 mm. Initial data processing involves compilation and 222 

synchronisation of Vazcun AFM, La Pampa AFM and Pondoa rain gauge data to enable 223 

the initial identification of lahar activity and rainfall events.    224 

2.3 Event Selection  225 

Two primary criteria have been employed to select events for further study. First, 226 

if at least 10 mm of rainfall is recorded in a single event at the Pondoa rain gauge then 227 

the event will be analysed. A rainfall event is defined in this instance as a period of 228 

recorded rainfall between two dry spells of six hours or longer. This minimum inter-229 

event time of six hours is selected due to its frequent use in soil erosion studies 230 

(Wischmeier and Smith 1978; Todisco 2014) Second, events on the AFM records that 231 

feature sustained low band amplitudes of >100 counts for >10 minutes will also be 232 

analysed.  233 

A ﾉ;ｴ;ヴ さ;ﾉWヴデざ W┗Wﾐデ ﾗII┌ヴゲ ┘ｴWﾐ デｴW pre-definWS さ;ﾉWヴデざ デｴヴWゲｴﾗﾉS ｷﾐ デｴW ﾉﾗ┘ 234 

band signal is exceeded for consecutive recordings (i.e. > 10 minutes). This binary alert 235 
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system detects lahars with discharges that could pose a potential risk to people and/or 236 

infrastructure. During this study period, the threshold values were set by the OVT at 237 

530 for the Vazcun AFM and 500 for the La Pampa AFM, corresponding to currently 238 

estimated flow discharges in excess of c. 10-15 m3s-1 and c. 20-25 m3s-1 respectively. 239 

This study thus provides a detailed analysis of all rainfall events of д10 mm recorded at 240 

the Pondoa rain gauge between March 2012 and December 2013; as well as detailed 241 

analysis of all significant lahar activity in the Vazcun and La Pampa drainages over the 242 

same duration.  243 

 244 

3.0 Intensity/Duration (I/D) Analysis  245 

Lahar-triggering rainfall is here SWaｷﾐWS ;ゲ さヴ;ｷﾐa;ﾉﾉ デｴ;デ ｷﾐIﾉ┌SWゲ ﾐﾗ ヮ;┌ゲWゲ ﾉﾗﾐｪWヴ 246 

than 30 minutes and results in a flow that exceeds a pre-SWaｷﾐWS AFM ;ﾏヮﾉｷデ┌SWざ 247 

(Tungol and Regalado 1996); in this case the pre-defined AFM amplitudes are the lahar 248 

alert thresholds described above. Analysis of lahar-triggering rainfall duration and lahar-249 

triggering rainfall intensity has been frequently utilised as a means of examining lahar 250 

initiation thresholds at many volcanoes; e.g. in the Philippines (Rodolfo and Arguden 251 

1991; Arboleda and Martinez 1996; Martinez et al. 1996; Rodolfo et al. 1996; Tungol 252 

and Regalado 1996; Van Westen and Daag 2005), Indonesia (Lavigne et al. 2000a; 253 

Lavigne et al. 2000b; Lavigne and Suwa 2004), Mexico (Capra et al. 2010), Montserrat 254 

(Barclay et al. 2007) and Japan (Hikida et al. 2007; Okano et al. 2012). This analysis 255 

typically produces a power-law relationship suggesting lahar initiation occurs along a 256 

continuum from short duration, high intensity rainfall events to long duration, low 257 

intensity events.  258 
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[Figure 4]- I/D Plot with Tungurahua Lower and Upper Bounds + Other Locations 259 

Fig. 4 illustrates this relationship for 23 of 29 lahar alert events within the Vazcun 260 

and La Pampa drainages of Tungurahua between March 2012 and June 2013 associated 261 

with triggering rainfall recorded at the Pondoa rain gauge. Six lahar alerts (20.7%) 262 

occurred with no detected triggering rainfall at the Pondoa rain gauge and were 263 

omitted from the analysis. These six lahar alerts highlight the spatial variability of 264 

rainfall around Tungurahua and the potential limitations of the single telemetered rain 265 

gauge. Of the remaining lahar alerts, 82.6% plot between a lower boundary curve of 266 

I=1.1D-0.75 and an upper boundary curve of I=5D-0.75.   267 

 268 

4.0 Receiver Operating Characteristic (ROC) Analysis 269 

The I/D analysis method does not take into account factors such as antecedent 270 

rainfall magnitude and eruptive activity that could impact both rainfall-runoff 271 

relationships and sediment availability, potentially affecting the rainfall thresholds 272 

required to initiate lahars of a given magnitude.  Here, the influence of these factors is 273 

investigated using Receiver Operating Characteristic (ROC) analysis within the IBM SPSS 274 

statistics software package. ROC analysis is a common diagnostic test that was first 275 

utilised during World War Two to assess the ability of radar systems to differentiate 276 

between noise and signals associated with enemy planes (Swets et al. 1988). This 277 

method illustrates the performance of a binary classifier system as different 278 

contributing instances are assessed (Fawcett 2006). In this case, the binary classifier 279 

system is the presence (or lack) of a lahar alert during a rainfall event of 10 mm or 280 

above. ROC analysis is used to investigate the sensitivity of lahar alert occurrence in the 281 
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Vazcun and La Pampa drainages to potential contributing variables between March 282 

2012 and June 2013. These variables are total event rainfall, peak rainfall intensity, 283 

antecedent rainfall, number of recorded explosions and elapsed time since last 284 

reported PDC activity.  In order to apply this analysis technique to lahars at Tungurahua 285 

the potentially contributing factors need to be defined and quantified. 286 

Total Event Rainfall is defined as the rainfall recorded between two dry periods of 287 

дヶ ｴﾗ┌ヴゲく ‘;ｷﾐa;ﾉﾉ W┗Wﾐデゲ aW;デ┌ヴｷﾐｪ дヱヰ ﾏﾏ ﾗa デﾗデ;ﾉ ヴ;ｷﾐa;ﾉﾉ ;ヴW ┌デｷﾉｷゲWS ｷﾐ デｴW ‘OC 288 

analysis; with total rainfall recorded at a resolution of 0.5 mm.  289 

Peak rainfall intensity (mm/min) is defined as the maximum rainfall intensity 290 

value recorded by the Pondoa rain gauge during the same rainfall event that produced 291 

the relevant lahar alert. Rainfall intensity is analysed during all rainfall events дヱヰ ﾏﾏ 292 

and is recorded at a time resolution of five minutes for three rainfall intensity time 293 

scales; 60 minutes, 30 minutes and 10 minutes.  294 

Antecedent rainfall is calculated for each analysed rainfall event at a resolution of 295 

0.5 mm. Four antecedent rainfall timescales are recorded; 24 hours, and 3, 5 and 7 296 

days. In the case of a lahar alert event the antecedent rainfall is calculated for the 297 

period preceding the onset of the relevant rainfall event.  298 

In order to analyse the relationship between renewed sediment supply and lahar 299 

occurrence an eruptive activity timeline for the data period was created from the daily 300 

activity reports published by IGEPN. These reports contain information on long-period, 301 

volcanic-tectonic and tremor seismicity, number of explosions, visibility level, evidence 302 

of ash fall, observed plume height, wind direction, evidence of PDC activity and runout 303 
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distance/direction of PDCs. Due to its reliance on qualitative observations the volume of 304 

information available varies on a daily basis.  305 

 (Figure 5) - Timeline 306 

Fig. 5 illustrates the potential use of such a timeline by displaying time since last 307 

PDC activity and daily recorded explosions at Tungurahua as potential proxies for 308 

eruptive activity and thus sediment supply. This timeline also features daily rainfall and 309 

the timing of lahar alert events between March 2012 and June 2013 (Fig. 5). Fig. 5 does 310 

not visually suggest that the upper catchments of the Vazcun and La Pampa drainages 311 

are sediment limited, with lahar alerts occurring throughout the data period during high 312 

magnitude rainfall events; irrespective of the timing of eruptive activity. Explosion 313 

frequency over 5 different timescales (24 hours, 3 days, 7 days, 30 days and 60 days) 314 

and time since last reported PDC activity are used in the ROC analysis as proxies for 315 

sediment supply in an attempt to statistically analyse the impacts of the eruptive cycle 316 

upon lahar alert occurrence.  317 

The primary graphical output of ROC analysis is called a ROC curve (Fig. 6). Such 318 

curves plot the percentage of true positives against the percentage of false positives for 319 

each possible diagnostic threshold value (Swets et al. 1988; Fawcett 2006). The ROC 320 

curve of a perfect diagnostic test would begin in the lower left corner of a plot, go 321 

straight up to the upper left corner, and then to the upper right corner; indicating that it 322 

is both 100% sensitive and 100% specific (Swets et al. 1988; Fawcett 2006). Conversely, 323 

a random test with correct diagnosis odds of 50/50 would theoretically produce a 324 

diagonal line from the lower left corner to the upper right corner. The effectiveness of 325 

diagnostic tests can thus be compared by evaluating the area of the graph which lies 326 
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under the ROC curve; a perfect test producing an area of 1 and a random test producing 327 

an area of 0.5 (Swets et al. 1988; Fawcett 2006).  328 

 329 

4.1 ROC Curves 330 

[Figure 6abcd] に ROC Curves & Stats 331 

Fig. 6a displays lahar alert centric ROC curves for the three peak rainfall intensity 332 

timescales (10, 30 and 60 minutes) and total event rainfall, fig. 6b displays lahar alert 333 

centric ROC curves for four antecedent rainfall periods (24 hour, 3, 5 and 7 days) and 334 

time since last PDC activity, whilst fig. 6c displays lahar alert centric ROC curves for 335 

reported explosion frequency over the 5 timescales ranging from 24 hours to 60 days. 336 

The three peak rainfall intensity timescales (ROC areas >0.8), and to a lesser extent total 337 

event rainfall (ROC area >0.76), are the most effective independent predictors of lahar 338 

alert occurrence (Fig. 6a). All four of these variables achieve statistical significance at a 339 

level >99%. Conversely, antecedent rainfall, explosion frequency and time since last 340 

PDC activity show no relationship with lahar alert occurrence (i.e. they plot close to the 341 

diagonal reference line representing a random relationship) (Fig. 6b, c).  342 

 343 

5.0 Probabilistic Analysis  344 

[Figure 7] に 2D Probability Plots for 10, 30 and 60 Minute Peak Rainfall Intensity 345 

Probabilistic analysis of lahar alert occurrence is a potentially useful tool for lahar 346 

hazard mitigation. ROC analysis indicates that the best individual indicator of lahar alert 347 

occurrence is peak rainfall intensity (Fig. 6) and therefore this variable is utilised to 348 

investigate lahar alert probability. Fig. 7 displays the variation in lahar alert probability 349 
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as peak rainfall intensity increases for rainfall events д10 mm (n = 99, of which 30 were 350 

associated with 44 separate periods of lahar alert).  The 10 mm rainfall event analysis 351 

criterion excludes 2 lahar alert-producing rainfall events: i.e. 6.25% of rainfall events 352 

that produced a lahar alert signal did not exceed our rainfall event threshold (д10 mm 353 

of rain) in the Vazcun and La Pampa drainages between March 2012 and December 354 

2013.    355 

  [Figure 8] に 3D Probability Plots of Lahar Alert Occurrence 356 

Several previous studies have suggested that high levels of antecedent rainfall 357 

functions to saturate deposits, increase runoff and thus lower the rainfall required to 358 

trigger lahars (Lavigne et al. 2000a; Barclay et al. 2007; Okano et al. 2012). Therefore, 359 

high antecedent rainfall would be expected to increase lahar probability across a whole 360 

spectrum of rainfall conditions. Despite displaying little correlation with lahar alert 361 

occurrence when utilised as a single variable during ROC analysis (Fig. 6), antecedent 362 

rainfall has a significant impact when used as a secondary variable in combination with 363 

peak rainfall intensity at Tungurahua (Fig. 8). In the three-dimensional probability plots 364 

in fig. 8, lahar alert probability increases when antecedent rainfall is increased, but only 365 

during mod-high peak rainfall intensity events. At low peak rainfall intensities the lahar 366 

probability is relatively unaffected by antecedent rainfall impacts. This pattern could be 367 

explained by two mechanisms. Firstly, the infiltration rates of Tungurahua eruptive 368 

deposits may remain sufficiently high, even after significant antecedent rainfall, to 369 

prevent lahar triggering runoff during low intensity rainfall, but not during moderate 370 

and high rainfall intensity events. Secondly, antecedent rainfall could increase the 371 

bulking efficiency of lahars due to higher water content in channel floor deposits: low-372 

intensity rainfall fails to trigger lahars regardless of channel saturation, but moderate-373 
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high intensity rainfall-triggered lahars more readily grow to a level where they trigger 374 

an alert. Increased bulking efficiency under high antecedent rainfall conditions is 375 

attributed to the development of positive pore pressures in saturated channel floor 376 

sediments as the flows pass over them (Iverson et al. 2010; Reid et al. 2011), promoting 377 

progressive bed scour, introducing additional fluid to the lahar, and preventing fluid loss 378 

from the flow into the channel floor (Kean et al. 2011). In summary, we infer in this 379 

specific case that increased antecedent rainfall does not reduce lahar initiation 380 

thresholds; instead it acts only to increase lahar alert probability at high rainfall 381 

intensities.  382 

 383 

6.0 Predicting Events に さRW;ﾉ-デｷﾏWざ L;ｴ;ヴ FﾗヴWI;ゲデｷﾐｪ 384 

As a test of the utility of using the two and three-dimensional probability matrices 385 

displayed in figs. 7 & 8 ;ゲ ; デﾗﾗﾉ デﾗ ヮヴWSｷIデ ﾉ;ｴ;ヴ ;ﾉWヴデ ヮヴﾗH;Hｷﾉｷデ┞ ┌ゲｷﾐｪ さヴW;ﾉ-デｷﾏWざ 386 

rainfall data, we examined the rainfall record between 1st July and 31st December 2013. 387 

As this time period is included in the construction of figs. 7 & 8 ふIﾗﾏヮヴｷゲWS ﾗa ΓΓ дヱヰ 388 

mm rainfall events between 1st March 2012 and 31st December 2013) each rainfall 389 

event is analysed using probability matrices constructed from the other 98 rainfall 390 

events in order to minimise bias. The optimal method for this testing would use 391 

probability matrices constructed from all events that had occurred prior to the test-392 

event; however due to the limited size of the dataset and considering the relatively 393 

constant lahar hazard at Tungurahua, all 98 other rainfall events are used to construct 394 

the probability matrices in order to maximise the amount of information in the subsets 395 

of each matrix (Druzdzel and van der Gaag 2000). Aﾉﾉ дヱヰ ﾏﾏ ヴ;ｷﾐa;ﾉﾉ W┗Wﾐデゲ in the test 396 
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period were analysed to estimate the associated lahar alert probability and then our 397 

predicted lahar alert catalogue (Table 1) was compared with the actual lahar alert 398 

record.  399 

[Figure 9] に Single Real-time event. December 20th 2013.  400 

For example, a single rainfall event on 20th December 2013 produced a lahar alert 401 

signal in the La Pampa drainage (Fig. 9). Calculated lahar alert probability goes up as 402 

peak rainfall intensity increases with time during the rainfall event (Fig. 9). Significantly, 403 

peak estimated lahar alert probability for each of the three displayed matrices occurs 404 

prior to triggering of the (AFM-derived) lahar alert signal by the flow itself. Calculated 405 

ヮW;ﾆ ﾉ;ｴ;ヴ ;ﾉWヴデ ヮヴﾗH;Hｷﾉｷデ┞ Wゲデｷﾏ;デWゲ aﾗヴ ;ﾉﾉ дヱヰ ﾏﾏ ヴ;ｷﾐa;ﾉﾉ W┗Wﾐデゲ HWデ┘WWﾐ 1st July and 406 

31st December 2013 are displayed in Table 1. Comparison with the actual lahar alert 407 

record enables the performance of the two and three-dimensional probability matrices 408 

to be assessed using ROC analysis.  409 

[Table 1] に Matrix of Peak Probability Estimates for July-December 2013 Rainfall 410 

Events 411 

Each column in table 1 is analysed relative to the real-life occurrence or non-412 

occurrence of lahar alert signals during the 30 featured rainfall events between 1st July 413 

and 31st December 2013. ROC curves and associated statistics (Table 2) describing the 414 

performance of each set of peak estimated lahar alert probabilities are generated and a 415 

selection of these curves are displayed in Fig. 10. Results show mixed performance by 416 

the individual probability matrices shown in columns A-P of table 1. Several matrices 417 

achieved ROC curve areas >0.8 and statistical significance at a level of 95% (p-value 418 

гヰくヰヵぶが Sｷゲヮﾉ;┞ｷﾐｪ WaaWIデｷ┗W ﾉ;ｴ;ヴ ヮヴWSｷIデｷﾗﾐが ┘ｴｷﾉゲデ ﾗデｴWヴ ｷﾐSｷ┗ｷS┌;ﾉ ﾏ;デヴｷIWゲ ヮWヴaﾗヴﾏWS 419 
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less effectively over the test periodく TｴW ヮWヴaﾗヴﾏ;ﾐIW ﾗa デｴW さIﾗﾏヮﾗゲｷデWざ ﾉ;ｴ;ヴ 420 

indicators (composed of the mean probability outputs of multiple individual probability 421 

matrices) displayed in columns P-Y of table 1 was more consistently effective. 90% of 422 

these composite indicators achieved statistical significance at a level of 95% and they   423 

produced ROC curve areas ranging from 0.71 to 0.89 with a mean value of 0.80.       424 

[Figure 10] に Selected ROC curves assessing the performance of probability 425 

matrices 426 

[Table 2] に ROC Curve Statistics 427 

The timing of the calculated peak lahar alert probabilities is also important, in 428 

addition to the performance of the probability matrices in predicting lahar alerts. This 429 

method of probabilistic analysis only provides a significant advance over the real-time 430 

AFM outputs if it consistently predicts potential lahars before such flows are detected 431 

by AFMs. Table 3 considers the 8 known lahar alert signal events that took place 432 

between 1st July and 31st December 2013 and assesses the time of peak estimated 433 

probability relative to the initial generation of the lahar alert signal. The mean 434 

additional warning time per matrix type ranges from 17 minutes to 36 minutes with a 435 

mean value of 24.5 minutes, whilst 75% of the tested lahar alert events featured a 436 

mean additional warning time of >20 minutes (Table 3). Lahar transit times between the 437 

La Pampa AFM and the primary road bridge crossing the drainage are currently 438 

estimated at 14±2 minutes, whilst in the Vazcun this value is estimated at 19±2 439 

minutes. 440 

[Table 3] に Table describing peak probability time vs. lahar alert signal occurrence 441 

 442 

7.0 Discussion      443 
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7.1 Rainfall I/D Analysis  444 

Initial analysis of lahar alert triggering rainfall in the Vazcun and La Pampa 445 

drainages of Tungurahua indicated a power-law relationship between lahar-triggering 446 

rainfall intensity and duration. This is in common with previous studies of rain-triggered 447 

mass-flow events in disturbed earth systems, such as other active volcanoes (Rodolfo 448 

and Arguden 1991; Arboleda and Martinez 1996; Tungol and Regalado 1996). The 449 

majority of lahar alerts analysed at Tungurahua between March 2012 and June 2013 450 

plotted within a region bounded by the curves I=1.1D-0.75 (lower boundary) and I=5D-0.75 451 

(upper boundary) (Fig. 4). The coefficients of the power-law relationship vary from 452 

volcano to volcano, likely as a function of a range of factors including the grain-size 453 

distribution of the pyroclastic material covering the flanks of the volcano. The relatively 454 

high position of the Mayon curve in fig. 4 is probably due to the relatively high 455 

infiltration levels at Mayon as a result of the comparatively coarse, granular and porous 456 

volcaniclastic surface materials present on the slopes of the volcano (Rodolfo and 457 

Arguden 1991). The three lower boundary curves at Pinatubo (Sacobia & Pasig-Potrero) 458 

and Tungurahua display relatively similar, overlapping thresholds, possibly due to finer 459 

ash, lower surface infiltration rates, and thus heightened surface runoff. Furthermore, 460 

the definitions of けtriggering rainfallげ in Tungol and Regalado (1996) ,Rodolfo and 461 

Arguden (1991), Arboleda and Martinez (1996), and this study differ. The definition of a 462 

さﾉ;ｴ;ヴ W┗Wﾐデざ ;ﾉゲﾗ varies; Rodolfo and Arguden (1991) pick events subjectively judged to 463 

have reached debris flow status; Arboleda and Martinez (1996) and Tungol and 464 

Regalado (1996) use events which exceed a low band AFM value of 100 (estimated at 465 

25 m3s-1); and this study uses events that trigger a lahar alert signal (estimated at >10-466 
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15 m3s-1 in the Vazcun drainage and >20-25 m3s-1 in the La Pampa). All of these factors 467 

preclude I/D relationships derived at one volcano from being applied at another. 468 

Furthermore, in addition to the lack of standardisation within the process, the 469 

intensity/duration method is of limited use for real-time lahar prediction due to an 470 

inability to predict the likelihood of a lahar under any given set of rainfall parameters 471 

(Fig.4). IﾐIﾗヴヮﾗヴ;デｷﾐｪ さﾐﾗﾐ-ﾉ;ｴ;ヴざ W┗Wﾐデゲ ｷﾐデﾗ ;ﾐ;ﾉ┞デｷI;ﾉ ﾏWデｴﾗSゲ ｷﾐ ﾗヴSWヴ デﾗ ｪWﾐWヴ;デW 472 

lahar alert probabilities is potentially a more valuable method from a lahar forecasting 473 

perspective.   474 

7.2 ROC Analysis 475 

The initial aim of the probabilistic lahar alert analysis was to identify the key 476 

indicators of lahar alert occurrence. The ROC curves displayed in fig. 6 indicate that peak 477 

rainfall intensity is the most accurate independent indicator of lahar alert occurrence. 478 

Conversely, antecedent rainfall, explosion frequency and time since last PDC activity are 479 

shown to be ineffective when used as independent indicators of lahar alert occurrence.     480 

Rainfall event magnitude (ROC curve area of 0.76) also displays statistically 481 

significant (>99%) correlation with lahar alert occurrence, but to a lesser degree than 482 

peak rainfall intensity. This indicates that peak rainfall intensity is more effective than 483 

total volume of rainfall in predicting lahars large enough to trigger lahar alerts. From a 484 

physical viewpoint, short timescale, high-intensity rainfall may be more likely to 485 

overwhelm deposit infiltration capacity and generate lahar-forming surface run-off.  486 

Rainfall event magnitude (i.e. total rainfall) fails to make a distinction between low 487 

intensity rainfall events which may not overcome such an infiltration rate threshold and 488 

higher intensity rainfall events which have the potential to do so.   489 
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The importance of short term peak rainfall intensity relative to total rainfall in 490 

predicting lahar alerts highlights several potentially important competing processes. As 491 

discussed in the introduction, surface crust formation due to rain beat compaction of 492 

fine eruptive material has been well documented at a number of volcanoes (Leavesley et 493 

al. 1989; Pierson et al. 1996; Manville et al. 2000; Yamakoshi and Suwa 2000). This crust 494 

is often initially formed during post-deposition periods of high intensity rainfall, reducing 495 

infiltration rates and increasing surface runoff, thus heightening the potential for rain-496 

triggered lahars (Yamakoshi and Suwa 2000). This process competes with rain splash 497 

erosion, which disrupts surface crusting once a rainfall kinetic energy threshold is 498 

exceeded, increasing the amount of material available for transport by Hortonian 499 

overland flow but also exposing more permeable substrates (Bradford et al. 1987b; 500 

Wang et al. 2014). Rill formation similarly exposes more permeable substrates to 501 

subsequent rainfall events, but also yields additional sediment (Leavesley et al. 1989). 502 

This dynamic between surface crusting of deposits, rain splash erosion and rill network 503 

formation plays an important role in lahar initiation (Leavesley et al. 1989; Yamakoshi 504 

and Suwa 2000). Despite the potential of this cyclical process to create temporal and 505 

spatial variation in surface infiltration rates, peak rainfall intensity is shown by the ROC 506 

analysis to perform consistently well as an independent indicator of lahar alert 507 

occurrence in the Vazcun and La Pampa drainages at Tungurahua. 508 

7.3 Probabilistic Analysis & Real-Time Forecasting 509 

The probabilistic analysis of lahar alert occurrence displays the increasing 510 

probability of a lahar alert as peak rainfall intensity (10 minute, 30 minute and 60 511 

minute) increases (Fig. 7), as well as the impacts of antecedent rainfall upon these 512 
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probabilities (Fig. 8). This probabilistic analysis enables the calculation of an evolving 513 

lahar alert probability if the database is updated in real-time. It also enables the analysis 514 

of different time periods within the overall database; aiding assessment of temporal 515 

changes in lahar initiation thresholds and thus lahar occurrence probabilities. Such 516 

temporal changes can be due to catchment disturbances as a result of eruptive activity 517 

or landslides, fluctuations in sediment availability and seasonal meteorological variations 518 

impacting rainfall type and frequency. 519 

The method also acknowledges the uncertainty associated with rain gauge 520 

location and meteorological variability. The telemetered Pondoa rain gauge at 2,725 m 521 

on the Northern slopes of Tungurahua lies c. ヱがンヰヰ ﾏ HWﾉﾗ┘ デｴW Wゲデｷﾏ;デWS さﾉ;ｴ;ヴ 522 

ｷﾐｷデｷ;デｷﾗﾐ ヴWｪｷﾗﾐざ. As such there is likely to be significant spatial and temporal variation 523 

in rainfall between the two locations: i.e. 6 lahar alerts between March 2012 and 524 

December 2013 were not associated with any recorded triggering rainfall at the Pondoa 525 

gauge. A denser network of rain gauges at a variety of altitudes would aid the 526 

identification and reduction of uncertainty between actual and recorded rainfall. This 527 

rainfall variation is prevalent at Tungurahua due to the steep slopes, high relief and 528 

topographic irregularities. Orographic rainfall in particular could be more effectively 529 

captured if high altitude (>4000 m) rain gauges were installed; however this would not 530 

be a cost effective measure given the likely lifespan of such instruments. 531 

A probabilistic approach acknowledges the possibility of lahar occurrence when 532 

low rainfall intensities are recorded at the rain gauge as well as the potential for lahar 533 

absence when high rainfall intensities are recorded. This emphasises the potential 534 

benefit of simultaneously using multiple techniques for lahar hazard mitigation, with 535 

probabilistic lahar forecasting offering heightened warning times and the AFM network 536 
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acting as a failsafe whilst also yielding additional information regarding specific lahar 537 

magnitudes and timing. With such an approach there is the potential for the occurrence 538 

of false alarms. Volcanology frequently exhibits the complexity of managing potentially 539 

high-impact hazards with variable probabilities and therefore the balance between 540 

issuing warnings and being concerned about false alarms is challenging (Donovan et al. 541 

2014). At Tungurahua this balance would rely upon the effective performance of the 542 

lahar probability matrices, the AFM network and the community-based volcano 543 

monitoring of the vigía network. Vigías living near major lahar-prone valleys have 544 

previously been given motorbikes by Civil Defense so that they can check for lahars 545 

during rainfall whilst as a network they also act as a communication channel for 546 

increasing community awareness (Stone et al. 2014). Therefore they would act as a key 547 

component in both the early identification of any potential false alarms and in 548 

enhancing understanding within the communities as to why such false alarms could 549 

occur.   550 

In order to test the lahar alert probability matrices in real-time, two and three-551 

dimensional probability matrices were applied to the rainfall record between 1st July 552 

and 31st December 2013. Assessment of the performance of the lahar alert probability 553 

matrices was achieved via ROC analysis of the peak output probabilities of each matrix 554 

relative to the actual lahar alert record during this time span (Table 1). The results of 555 

this forecasting exercise show that dynamic lahar alert probability matrices based on 556 

peak rainfall intensity and antecedent rainfall have the potential to effectively predict 557 

lahar alert occurrence in conjunction with real-time rainfall data at Tungurahua. 558 

Effectiveness is improved when the output peak lahar probability estimates of different 559 

probability matrices (based on various timescales of peak rainfall intensity and 560 
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antecedent rainfall) are combined and averaged to form a composite indicator of 561 

potential lahar occurrence. In addition to the effective prediction of lahar occurrence, 562 

only one significant false alarm (30/11/13) occurred during this 6 month test period.  563 

The timing of the peak lahar probability estimated from rainfall data relative to 564 

the generation of an AFM lahar alert signal is also important for assessing the potential 565 

applications of the method (Table 3). Lahar prediction from rainfall data effectively 566 

doubles warning times based on AFM lahar alert signals alone in the Vazcun and La 567 

Pampa drainages. Automation of probabilistic analysis of real-time telemetered rainfall 568 

data at Tungurahua could act as an accurate first-stage lahar warning system at OVT for 569 

IGEPN, backed up by second-stage AFM alerts (event confirmation or failsafe), in 570 

addition to the community-based monitoring of the vigía network. 571 

 572 

8.0 Conclusions  573 

Investigation of rain-triggered lahars in two northern drainages of Tungurahua 574 

showed a power-law relationship between rainfall intensity (I) and duration (D), in 575 

common with previous studies at other active volcanoes and wild-fire impacted 576 

watersheds.  82.6 % of lahar events occur between a lower boundary of I=1.1D-0.75 and 577 

an upper boundary of I=5D-0.75.  578 

ROC analysis demonstrated that peak rainfall intensity (10 minute, 30 minute and 579 

60 minute) is the most effective predictor of lahar alert occurrence, while antecedent 580 

rainfall magnitude, explosion frequency and time since last known PDC activity have no 581 

value as independent indicators of lahar alert occurrence.  Probabilistic analysis of all 582 

rainfall events of д10 mm confirmed this relationship for multiple peak rainfall intensity 583 
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timescales, with escalating 10 minute, 30 minute and 60 minute peak rainfall intensities 584 

demonstrating an increase in lahar alert probability.  585 

 Antecedent rainfall was shown to have significant impacts upon lahar alert 586 

probability when used as a secondary variable in conjunction with peak rainfall 587 

intensity, increasing lahar alert probabilities at moderate-high peak rainfall intensities 588 

but not during low intensity rainfall events. Increased antecedent rainfall does not 589 

appear to reduce lahar initiation thresholds, due to relatively high saturated infiltration 590 

rates on the upper edifice of Tungurahua, but rather increases lahar alert probability 591 

during moderate- high intensity rainfall events by increasing flow bulking efficiency 592 

through entrainment of saturated channel deposits. Tungurahua does not appear to be 593 

sediment-limited with respect to lahar initiation, with flows occurring consistently 594 

during the study period of March 2012-December 2013 irrespective of the cycle of 595 

eruptive activity.   596 

Application of two and three dimensional probability matrices to real-time rainfall 597 

data between 1st July and 31st December 2013 displayed the potential to predict lahar 598 

alert occurrence at a high level of confidence. Furthermore, lahar prediction based on 599 

composite indicators created from the mean values of multiple probability matrices 600 

yielded more reliable lahar warnings than the individual matrices. The matrix derived 601 

peak lahar probabilities yielded significantly earlier warnings than the AFM-based lahar 602 

alert signals, producing average additional warning times of over 24 minutes per event. 603 

Lahar transit times between the La Pampa and Vazcun AFMs and the primary road 604 

crossing of each drainage are estimated at 14±2 minutes and 19±2 minutes 605 

respectively. As such, this method displays the potential to significantly increase 606 

effective lahar warning times.   607 
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This study illustrates a probabilistic method of lahar analysis that could be used as 608 

a tool in lahar hazard mitigation at any location where rain-triggered lahars present a 609 

hazard. Currently, lahar warning systems typically depend on the exceedance of a single 610 

pre-defined AFM amplitude. Calibration of AFM records with visual observations of flow 611 

volumes, discharges, velocities and sediment concentrations can refine lahar detection 612 

to produce multiple AFM thresholds correlated with different peak discharges and/or 613 

flow properties. The addition of multiple flow magnitude thresholds into this 614 

probabilistic method could assist in the effective modelling of potential flow inundation 615 

and arrival times. Despite the low false alarm generation rate during the 6 month test 616 

period uncertainty remains regarding the disparity between recorded rainfall at the 617 

Pondoa rain gauge and actual rainfall in the lahar initiation region. Further work on the 618 

spatial variation of rainfall at the volcano would test the strength of the Pondoa rain 619 

gauge as a single data source from which to make effective lahar predictions.  620 
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Figure Captions:  925 

Fig. 1 Location Map of Tungurahua Volcano. 926 

Fig. 2 (A) Early Stages of the 12th February 2005 Vazcun Valley lahar. Flow front is visible at 927 

the upstream end of the El Salado Baths.  (B) Peak stage height of the 12th February 2005 928 

Vazcun Valley lahar. (C) Efforts to clear the Baños to Pan-American Highway link in October 929 

2007 after a lahar in the La Pampa drainage inundated the road. All photos courtesy of 930 

IGEPN. 931 

Fig. 3 Shaded relief DEM map of the northern slopes of Tungurahua Volcano. The catchment 932 

upstream of the La Pampa AFM is displayed in green and the catchment upstream of the 933 

Vazcun AFM is displayed in red.  934 

Fig. 4 Lahar alert triggering rainfall intensity vs duration plot for Vazcun and La Pampa lahar 935 

alerts between March 2012 and June 2013. Upper and lower power-law best fit curves 936 

illustrate the boundaries of the estimated lahar alert triggering zone. Lower boundary 937 

curves for Mayon volcano debris flows between 1986 and 1989 (Rodolfo and Arguden 938 

1991); Pinatubo Pasig-Potrero lahars in 1992 (Arboleda and Martinez 1996) and Pinatubo 939 

Sacobia lahars in 1992 (Tungol and Regalado 1996) are also displayed for comparison. 940 

Fig. 5 Timeline displaying the elapsed time since the last reported PDC activity at 941 

Tungurahua (dashed line), the number of daily recorded daily explosions (green) and the 942 

daily rainfall (blue) between 1st February 2012 and 20th June 2013. The occurrence of lahar 943 

alert signals (red) is also depicted.  944 

Fig. 6 (A), (B) and (C) show Receiver Operating Characteristic (ROC) curves displaying the 945 

ability of several variables to predict the occurrence of lahar alerts. The diagonal reference 946 

lines are an example of an idealised random relationship. The accompanying table (D) 947 

describes the output statistics relating to the lahar alert centric ROC curves. 948 

Fig. 7 Two-Dimensional probability plots displaying the variation in lahar alert probability as 949 

peak rainfall intensity increases. 10 minute peak rainfall intensity (top); 30 minute peak 950 

rainfall intensity (middle); 1 hour peak rainfall intensity (bottom). March 2012-December 951 

2013 data. 952 

Fig. 8 Three dimensional probability plots depicting the probability of a lahar alert (scale on 953 

vertical axis) in the Vazcun and La Pampa drainages based on various peak rainfall intensities 954 

and antecedent rainfall conditions. March 2012-December 2013.  955 

Fig. 9 Lahar Alert event which occurred on December 20th 2013. 3 of the 12 lahar alert 956 

ヮヴﾗH;Hｷﾉｷデ┞ ﾏ;デヴｷIWゲ ゲｴﾗ┘ﾐ ｷﾐ aｷｪく Β   ;ヴW ┌デｷﾉｷゲWS ｷﾐ Iﾗﾐﾃ┌ﾐIデｷﾗﾐ ┘ｷデｴ さヴW;ﾉ-デｷﾏWざ ヴ;ｷﾐa;ﾉﾉ S;デ; 957 

to produce dynamic lahar alert occurrence probabilities throughout the rainfall event.  958 
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Fig.10 Receiver Operating Characteristic (ROC) curves describing the ability of several of the 959 

probability matrices shown in table 1 to predict the generation of lahar alert signals 960 

between July and December 2013. Corresponding ROC curve areas are displayed in the 961 

figure legend. The diagonal reference line depicts an example of a random relationship.  962 

Table Captions: 963 

Table 1 PW;ﾆ Wゲデｷﾏ;デWS ﾉ;ｴ;ヴ ;ﾉWヴデ ヮヴﾗH;HｷﾉｷデｷWゲ S┌ヴｷﾐｪ ;ﾉﾉ дヱヰ ﾏﾏ ヴ;ｷﾐa;ﾉﾉ W┗Wﾐデゲ ﾗII┌ヴヴｷﾐｪ 964 

between July 1st and December 31st 2013; as predicted by all available probability matrices. 965 

In addition to the outputs of the individual probability matrices (columns A-O), categorised 966 

mean probabilities are also displayed (columns P-Y). Black rows depict lahar alert producing 967 

events. Grey rows represent events which did not trigger a lahar alert signal. White rows 968 

display events which did not feature available AFM data.    969 

Table 2 Summary statistics relating to the Receiver Operating Characteristic (ROC) analysis 970 

of the probability estimates shown in table 1, with respect to their ability to effectively 971 

predict lahar alert signals between 1st July and 31st December 2013. Grey rows indicate the 972 

matrices shown in Fig. 9.       973 

Table 3 Analysis of the additional warning time that is provided by the various probability 974 

matrices when applied to the eight lahar alert signal producing events between 1st July and 975 

31st December 2013.  The time-scale of the antecedent rainfall consideration is not 976 

considered in this table as it only impacts the magnitude of the peak probability and has no 977 

effect upon its timing. 978 
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