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Volcanic debris flows (lahars) are highly destructive volcanic phenomena
and present significant challenges in numerical simulation. This manuscript
tackles the three fundamental requirements for modelling gravitational flows:
determining plausible source configurations; selecting suitable topographic
data; and employing appropriate mathematical models to assess the current
hazard posed by long-distance lahars at Cotopaxi volcano. After incorporating
these elements, we successfully simulated the characteristics of a future 1877-
type lahar under current conditions, accounting for glacier size and topography.
For the source conditions, or “scenario”, we identified 27 equidistant source
locations along the lower edge of the current glacier's extent. Each source
was assigned a hydrograph based on the weighted volume of water available
on Cotopaxi's current glacier. Additionally, we introduced a methodology for
quantifying channel width when high-resolution digital elevation models (DEMs)
are available. This method enabled us to determine the minimum pixel size
required for accurate representation of ravine shapes. While higher resolution
DEMs demand robust computational resources and extended computational
timeframes, we upscaled Cotopaxi's DEM from 3 m to 15 m to balance accuracy
and efficiency, as a 15-m DEM capture over 90% of the topography and
reduces computing time significantly. Optimizing DEM selection is crucial,
especially when contemplating future ensemble approaches. After employing
the dynamic-based model Kestrel, parameterised for large lahars, we obtained
predictions closely aligned with field observations, historical flow conditions
inferred for the 1877 lahar-event, and results from previous simulation studies.
Notably, we observed higher depths and speeds in canyons compared to plains,
consistent with historical reports and previous studies. Minor discrepancies in
the inundation area, when compared with existing hazard maps, emphasize
the importance of understanding flow dynamics and lahar trajectories for
effective hazard assessment and mitigation strategies. Furthermore, our results
contribute valuable information to current hazard maps and can aid in
damage quantification and cost/benefit analyses, particularly when planning the
construction of mitigation infrastructure.
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1 Introduction

Debris flows are fast-moving gravity-driven flows, consisting
of a mixture of loose sediments, debris and water that
propagate downhill following natural and artificial channels,
which can travel from a few to tens of kilometres (Vallance,
2005; Laigle and Bardou, 2021). Debris flows can be triggered
by heavy rainfall (Piersonetal, 1996; Basileetal, 2003;
Jonesetal, 2015; Yuetal, 20155 Mead and Magill, 2017;
Phillips et al., 2024), melting of snowpack or permafrost
(Kaab et al.,, 2005), glacier outburst (Rana et al., 2021; Shugar et al.,
2021; Vasconezetal., 2021), earthquakes (Schusteretal.,, 1996;
2021; 2022a; Vasconez et al.,
2022b) or volcanic eruptions (Pierson, 1985; Pierson etal,
1990; Thouret, 1990; Manville et al., 1998; Mothes et al., 2004;
2012).
they can carry meter-size-boulders,

Coviello et al., Vasconez et al.,

Worni et al., They are extremely destructive since

debris and
significant damage to

sediments
that can cause infrastructure and
communities along their path (Blong, 2000; Auker etal.,, 2013;
Thouret et al,, 2020). Damage is induced by the combination
of the collisional forces of boulders, burial, and the hydrostatic
and hydrodynamic pressures acting simultaneously on the
exposed infrastructure (Heetal., 2016; Thouretetal., 2020;
Chehade et al., 2021).

Here, we focus on debris flows that are triggered when
explosive volcanic eruptions promote the sudden interaction
between hot pyroclastic density currents (PDCs) and the snow/ice
on glacier-clad volcanoes. Hereinafter called primary “lahars”
which is a term derived from the Javanese language that
refers to volcanic debris flows (Smith and Lowe, 1991). On
ice-clad volcanoes, some of the most recent and catastrophic
examples include Nevado del Ruiz (Colombia) in 1985 which
claimed the life of ~23,000 people 1990)
and Cotopaxi (Ecuador) in 1877 which caused more than
400 causalities (Sodiro, 1877; Wolf, 1878), and is the focus
of this study.

Currently, Cotopaxis hazard maps solely delineate areas
prone to lahar inundation in the event of a 1877-type eruption
(Vasconez et al., 2015; Mothes et al., 2016a; Mothes et al., 2016b).
However, to enhance early warning systems, evacuation plans

(Pierson et al.,

and potentially construct mitigation infrastructure, additional
physical parameters such as maximum speed, depth, and arrival
times are required. Lahar simulation at Cotopaxi is not novel,
with the first study dating back 20 years ago by Aguilera et al.
(2004). Given the detailed documentation and accessibility of
outcrops from the 1877-lahar event, previous simulations and
hazard maps heavily rely on insights from this specific event
(Andrade et al., 2022).

Numerical simulation of gravity flows, like lahars, necessitates
three fundamental components: (i) defining source conditions, (ii)
selecting a digital elevation model (DEM) and, (iii) employing
a mathematical/physical model to describe the phenomenon.
The objective of this study is to conduct new and sophisticated
dynamic-based numerical simulations of lahars, specifically
considering the example of Cotopaxi 1877-lahar event under the
current conditions, accounting for glacier size and topography.
This effort aims to augment the existing information in the
current hazard maps by incorporating critical physical parameter
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such as maximum depth, speed, hydrostatic and hydrodynamic
pressure. To achieve this, we first identify pragmatic configurations
to model the melting of the glacier by PDCs as source
parametrizations for dynamic modelling. Next, we determine an
appropriate resolution of topographic maps to facilitate reliable
simulations on long-distance lahars. Finally, we validate our
predictions by comparing them with observation of large lahars
at Cotopaxi.

2 Case study

Cotopaxi (0.677°S, 78.436°W, 5,897 masl) is a glacier-clad
active volcano located in the Eastern Cordillera of the Ecuadorian
Andes (Hall et al., 2008). It lies 60 km southeast of Quito (Ecuador’s
capital city with a population of ~2.7 million) and 35 km northeast
of Latacunga (population ~170,000) (Figure 1). Cotopaxi has
a massive glacier-cap that covers ~10.5km? (Céceres, 2016)
with an average thicknesses of 47 + 7m and an estimated
volume of 450 + 100 million m® (Van Wyk de Vries et al., 2022).
The volcano has a perfect conical shape from which tens of
gullies spring and join downstream forming three main river
systems: Pita River to the North, Cutuchi River to the South
and Tambo-Tamboyaku Rivers that flow to the East (Figure 1).
Many cities are located along these three main drainages, such
as Los Chillos valley, Latacunga and Salcedo (Figure 1). As a
consequence, more than 300,000 people are highly exposed to
future lahars from Cotopaxi (Frimberger etal., 2021), and this
number is anticipated to increase with further urbanization.
Moreover, critical infrastructure, such as high-voltage electric
transmission lines, hospitals, schools, airports, road networks,
water supply and others, can be severely affected or destroyed
since they are located in the path of the lahars (Rodriguez et al.,
2017; Guimardes et al., 2021) and/or in the areas more prone
to be affected by heavy ash fallout (Ramirezetal., 2022;
Tadini et al., 2022).

The last major lahars at Cotopaxi occurred on 26 June 1877
after several months of activity that significantly intensified in
June (Sodiro, 1877; Wolf, 1878). That day, the volcano expelled
an 8km high, above the crater level (acl), ash column and
pyroclastic density currents that flowed over snow and ice,
and generated debris flows from the mixture of pyroclastic
material with melt-water that swept down the three main
drainages of the volcano (Sodiro, 1877; Wolf, 1878). According to
historical reports, more than 400 people lost their lives, >5,000
heads of cattle were swept away, and several farms and textile
factories were buried by the flows (Sodiro, 1877; Wolf, 1878).
In 1877, Latacunga was the most populated city in the path of
lahars and consequently was severely impacted by them, even
though many people survived by fleeing to the closest hills
(Sodiro, 1877; Wolf, 1878).

According to Barberietal. (1995), Cotopaxis Plinian-type
eruptions, capable of forming PDCs, have a recurrence period
of 120 years, with the last one occurring in 1877, i.e., 147 years
ago. Furthermore, in 2019, Tadinietal. (2021) conducted an
expert elicitation process to determine the likely nature of future
explosive activity at Cotopaxi. They found that the most probable
next Cotopaxi eruption is thought to be a VEI one to two
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eruption, like the one that occurred in 2015 (Bernard et al., 2016;
Hidalgo et al., 2018; Hidalgo et al., 2024), assigning a probability
of ~26-44% (Tadini et al., 2021). Indeed, an eruption of this kind
started in October 2022 and ended in July 2023 (Hidalgo et al.,
2024; Vasconez Miiller etal,, 2024). Additionally, Tadini et al.
(2021) suggest that, for the next 100 years, the average joint
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probabilities for a sub-Plinian or Plinian type-eruption (like-
1877) is 30%-40%, which is a substantial probability of having
a major explosive eruption at Cotopaxi occurring in the near-
future. A future large lahar-forming eruption is likely to produce
catastrophic damage, potentially destroying infrastructure and
devasting the lives and livelihoods of communities settled along
their drainages. The flows are likely to propagate for long
distances, with impacts felt far from the volcano. Therefore,
there is a need to base planning decisions for regions around
Cotopaxi on consideration of future large lahars such as
occurring in 1877.

3 Data

Most of the data we used in this study have been sourced from
historical reports, fieldwork campaigns, hazard maps published
by the Instituto Geofisico - Escuela Politécnica Nacional (IG-
EPN), and published research conducted over the last 4 decades.
In the following sections, we briefly summarize the most
relevant information extracted from this collection which we
then utilize in our simulations as either input parameters or for
validation of our results. For locations mentioned in the text refer
to Figure 1.

3.1 Historical reports about the 1877
Cotopaxi eruption

Historical reports provide a detailed description of the evolution
of Cotopaxi’s eruptions and their negative impacts. In many cases
they also include quantitative information, albeit with the methods
and technology available at the time. The 1877 eruption was
observed by several authors with scientific backgrounds who have
provided a detailed description of eruption phenomena and their
associated impacts. Specifically, they focused on the lahars produced
during the eruption, describing geological characteristics such as
inundation areas, and in some cases, quantified depth, speed,
peak discharge, volume, and arrival times. Below, we summarize
the most relevant information retrieved from these chronicles
(Table 1; Figure 1).

Since the beginning of 1877, gas and ash columns were expelled
from the crater and sometimes the glow illuminated the nights,
as well as “underground roars” which rumbled at the vicinity of
the volcano (Wolf, 1878). On 21st April, the eruption intensified,
ballistic blocks reached 200-300 m above the crater and, at the
eastern flank, a “river of fire” spilled over (Wolf, 1878). By the end of
May, the entire volcano was covered by a black layer of ash and the
eastern crater lip had an accumulation of fresh lava (Wolf, 1878).
On 25th June, an eruption occurred which was even more intense
than that in April. “Underground roars” accompanied a 6-8 km acl
high ash plume which caused ash fallout in Machachi, with lesser
amounts falling in Quito and Latacunga; lightnings and a “river of
fire” towards the west lightened up the night to complete the scene
(Wolf, 1878). At the sunrise on 26™ June 1877, the volcano was
completely clear and calm; no subaerial activity was observed (Wolf,
1878). At 6h30 (all times here are local time) a huge “smoke column”
filled the blue sky, and at 8h00 it darkened Quito (Wolf, 1878). At

frontiersin.org


https://doi.org/10.3389/feart.2024.1426088
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Vasconez et al.

10.3389/feart.2024.1426088

TABLE 1 Quantitative parameters for Cotopaxi’s lahars in 1877 extracted from the historical chronicles by the eyewitnesses Luis Sodiro and Theodor

Wolf. For locations refer to Figure 1.

Parameter Description
PDC duration at the cone (<5 km) 15-30 min
at the cone (<10 km) 30 min
Lahar transit duration at the valleys (<40 km) 1h
At Tungurahua bridge (~100 km) 2h
At Manzanahuico ravine (~5 km) 50 m 100 m
At Las Planchas plain (~15 km) 10-15m
At Latacunga (~40 km) 1m
Depth
At Cashapamba (~40 km) 2m
At La Caldera (~25 km) ~60 m
At Tungurahua bridge (~100 km) 100 m
Top Speed > horse galloping >25 km/h
From Callo to Mulalé >36 km/h
From Cotopaxi to Latacunga (~40 km in 30 min) ~80 km/h
From Mulal6 to Tungurahua bridge (~100 km in 3 h) ~36 km/h ~30 km/h
Average speed To Pedregal (~30 km in 30 min) ~60 km/h
To Chillos (~40 km in <1 h) ~50 km/h
From Chillos to Los Reales (~60 km in 2h30) ~20 km/h
From Cotopaxi to Pacific Ocean (~325 km in 18 h) ~18 km/h
Peak discharge At Tungurahua bridge (~100 km) 12,000 m*/s
Volume At Tungurahua bridge (~100 km) 86.4 million m?

10h00, “underground thunders surrounded the atmosphere” and
“cannon fires” were heard in Esmeraldas, Cuenca and Tumbes (Wolf,
1878), more than 200 km away from the volcano.

“At that time the volcano was boiling like the foam of a pot of
rice on fire, which suddenly starts to boil over and spill out.
In few minutes the volcano was completely covered by the ash
and gases expelled from the flows and was invisible for the rest
of the day, especially when the ash and lapilli fallout began
darkening the sky. From then on, only the deaf rumbling
of the water flows which immediately formed, was heard”
(Wolf, 1878).

The pyroclastic flows lasted only 15-30 min while the transit of
the ‘avenidas” (lahars) lasted for 30 min near the volcano and an
hour in the nearest valleys (Wolf, 1878).

Two months after the eruption, Theodor Wolf led an expedition
to the summit and confirmed that the destruction occurred in
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most of the ravines, i.e., lahars occurred in all directions from the
crater, especially in the western, southern, and eastern drainages.
The area affected by the lahars was huge and most of the gullies
were overtopped and inundated the adjacent drainages (Sodiro,
1877). The debris, ice and sediments were mainly deposited on
the plains of Limpiopungo, Llavepungo and Mudadero (<12 km),
meanwhile channelized in the canyons (Wolf, 1878). According
to Wolf (1878), Manzanahuaico ravine, 50-m wide and 90-m
deep, was completely filled, and part of the flow overtopped and
inundated the continuous ravines until reaching Las Planchas
plain with a 10-15m deep flow, over an area of 5km?at the
southern flank (Wolf, 1878). In addition, an inundated area of
28 km? between Tiopullo and Latacunga with an average depth
of 1 m was estimated by Sodiro (1877). At the confluence of
the Pumancuchi and Cutuchi rivers, the drainage channelized,
and the flow was confined, so that damage was limited. To the
North, after inundating Llavepungo plain, the flow was channelized
in the Pita River, between Pasochoa and Sincholahua volcanoes,
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but it overtopped towards Santa Clara River at La Caldera site,
inundating Sangolqui town (Sodiro, 1877). At Pita, the flow
inundated Cashapamba to a depth of 2 m, and San Rafael town over
3 km?. There was minor damage further downstream at Tumbaco
where the river channelized the flow again (Sodiro, 1877). Along
its path, more than a dozen of bridges were destroyed in the
northern, southern and eastern drainages (Sodiro, 1877; Wolf,
1878). Remarkably, the topography played a very important role
in saving Latacunga and other towns from catastrophic impacts.
For instance, the plain between Rumipamba and Pumacunchi
River was completely inundated and the flows destroyed San
Felipe town, while Yanayacu River took a large portion of the
flows and channelized them, both preventing damage to Latacunga
(Wolf, 1878).

The advance of the flows “shook the ground” and between
Callo and Mulalé it had an average propagation speed of >10 m/s
(>36 km/h), while from Cotopaxi to Latacunga (~40km) the
flow lasted only 30 min (Wolf, 1878), which implies an average
propagation speed of at least 80 km/h. Additionally, Sodiro
(1877) wrote that travellers were unable to escape the flow
even though they were on horseback at top speed (>7 m/s or
>25km/h). To the South, after more than 3 hours, the flows
destroyed the bridge at the foot of Tungurahua volcano at
the Pastaza River (~100km away) (Sodiro, 1877; Wolf, 1878).
At this location, Sodiro (1877) estimated an average speed
of 10m/s (36 km/h), peak discharge of 12,000 m®/s and an
approximated volume of 86.4 million m® for the southern flow,
with ~50% solids content. To the North, the flows reached Pedregal
sector after 30 min and Los Chillos in less than 1 hour (Sodiro,
1877), which are ~30 and ~40 km away, respectively, implying
~50 km/h average propagation speed, while from Los Chillos
to Los Reales, (40-100 km away, respectively) the flows lasted
2h30 with an average propagation speed of 20 km/h (Sodiro,
1877). Finally, the flows arrived at the Pacific Ocean (~325km)
through the Esmeraldas river after traveling more than 18h
(Sodiro, 1877; Wolf, 1878). The Esmeraldas river increased its flow
a few centimetres and carried corpses and debris from houses
(Wolf, 1878).

The contemporary authors also described entrainment and
deposition processes of the flows.

“Given the speed with which the flows run at the volcanic
cone, they could not deposit anything, in fact the beds and
banks of those gullies were clean, as if they had been washed
out to the point of looking like artificial channels. Deposits
can only be observed at the beginning of the plains... from
there downwards it began to diminish, abandoning first
the larger blocks and little by little even the smaller ones”
(Sodiro, 1877).

“...the flows incorporated organic material and soils at the
beginning in small portions and then more and more,
especially, from the wetlands between Callo and Latacunga”
(Wolf, 1878).
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3.2 Geological studies regarding the
historical Cotopaxi lahars

Cotopaxi has been widely studied since it poses a significant
risk to densely populated areas. For instance, the studies conducted
by Barberietal. (1995), Hall and Mothes (2008), Biass and
Bonadonna (2011), Pistolesietal. (2011), Pistolesietal. (2013)
and Vezzolietal. (2017) focused on the geological description
of Cotopaxis deposits and eruptive style, while Martel et al.
(2018), Saalfeld etal. (2019) and Pistolesi etal. (2021) studied
the petrology, explosive behaviour and storage conditions of its
magmas. Regarding geological characterization and mapping of the
Cotopaxi lahars, the most meaningful investigations came from
Mothes et al. (1998), Mothes etal. (2004), Ettinger etal. (2007),
Pistolesi et al. (2013), Mothes and Vallance (2015), Sierra et al.
(2019) and Andrade et al. (2022). Below, we summarize the most
relevant conclusions of these investigations to be used as input
parameters and/or for validation of our predictions in the northern
and southern drainages.

Pistolesi et al. (2013) matched lahar deposits with eruptive
processes over the last millennia. They found that the way in which
PDCs interact with the glacier can exert a major control on the
size (amount of water released) and destructive capacity of the
resulting lahars. Based on detailed geological characterization of
Cotopaxi’s lahar deposits, Pistolesi et al. (2013) concluded that the
1877 boiling-over eruption produced smaller lahars in terms of
volume when compared with the 1768 column-collapse eruption
(see discussion section 6.3). In addition, Andradeetal. (2022)
found that the inundated extent of the 1877 lahar is significant
smaller when compared to previous historical lahars (i.e., 1744
and 1768 events). Their conclusions are based on drone surveys
and detailed geological mapping in the higher areas, which
considered mechanical behaviour of the 1877-cauliflower-bombs
and vegetation type on top of the lahar terraces. The importance of
glacier/PDCs interaction for the lahar size has also been pointed out
by Pierson et al. (1990) and Thouret (1990) after the 1985 Nevado
del Ruiz catastrophe.

Since the 1877 lahar deposits are the most exposed and
accessible, most of the quantitative parameters used in previous
studies have been extracted from them. For instance, Mothes et al.
(2004) estimated peak discharge and speed at several locations
based on the inundation area and run-up measurements. For the
northern drainage, they estimated 35,000 m?/s at the upper Salto
River, which then decreased to 10,000 m>/s after the confluence with
the Pita River. In addition, they estimated discharges greater than
40,000 m>/s at Bocatoma and La Caldera sites (Figure 1), which is
the minimum required by the lahar to overtop Santa Clara River
(60 m depth) as reported by Sodiro (1877). At the headwater of
Santa Clara River, peak discharge was 14,000 m?>/s and decreased
downstream to 2000 m*/s. At Cashapamba peak discharge reached
15,000 m>/s, while at Sangolqui it was 2000-4,000 m3/s. Finally,
in San Pedro River peak discharges fluctuated between 10,000
and 15,000 m*/s. In the same way, for the southern drainage,
peak discharges ranged from 12,000 to 55,000 m?>/s at the cone,
30,000 m*/s at a distance 50 km away from the volcano, and
10,000 m®/s at a distance 130 km away at the Cutuchi River
(Mothes et al., 2004).
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Summarizing, peak discharges reached a maximum of
50,000 m’/s in the proximal zones (<20 km) and <10,000 m?/s
in the distal ones (>100km) (Mothesetal., 2004). Average
propagation speeds ranged from 5 to 23 m/s (18-83 km/h), with
the highest speeds obtained in the canyons and lowest on the
plains. Depths reached maxima in the canyons (>10m) and
decreased on the plains (<5m). Similar order of magnitude
properties have also been reported at the lahars from Mount
Saint Helens 1980 and Nevado del Ruiz 1985 (Pierson, 1985;
Pierson et al., 1990).

The characteristics of the substrate are known to play a
very important role for sediment entrainment and therefore
the composition of the flow (sediment/water ratio). While lavas
are resistant to erosion (at the northern drainages), loose and
poorly consolidated materials (at the southern drainage) are easily
entrained, increasing the size and destructive capacity of the lahars.
Moreover, based on granulometry, the 1877 Cotopaxi lahar deposits
are sand-rich and depleted in clay material, which has been related
to the lack of hydrothermally altered zones and the young age of
the current Cotopaxi cone (Mothes et al., 2004; Pistolesi et al., 2013).
In terms of the total volume of the lahar deposit, Mothes et al.
(2004) estimated 60-75 million m® for the northern drainage
and 80-100 million m> for the South, while Barberi et al. (1995)
calculated a total of 150 million m> for the northern, southern and
eastern drainages. Finally, hundreds of control points (outcrops)
have been recognized during the last 4 decades along the three main
drainage systems. Those have been utilized to elaborate hazard maps
and to validate previous numerical simulations. As a result, the
lahar inundation zone of the current hazard maps (Mothes et al.,
2016a; Mothes et al., 2016b) provide a test for the results of new
simulations.

3.3 Previous studies of Cotopaxi’s glacier

Cotopaxi glacier has also been studied over the years. The first
estimations were made by Sodiro (1877) who calculated an area of
7.7 km? with an average thickness of 50 m providing an estimated
total volume of ~387 million m?. A hundred years later, satellite
and aerial observation allowed more accurate estimates of the area
and volume of Cotopaxi’s glacier. Jordan et al. (2005) reported an
area of 19.19 km? and 13.45 km? in 1976 and 1997, respectively.
Subsequently, Ciceres (2010), Caceres (2016), Caceres (2017)
reported 11.84 km? (in 2006), 11.63 km?> (in 2011) and 10.5 km?
(after the 2015 eruption), showing that the glacier is continuously
retreating because of climate warming and eruptive activity.
Most recently, based on mean glacier-velocity maps retrieved
from Sentinel-2 satellite imagery, Van Wyk de Vries etal. (2022)
estimated a total volume of 450 + 100 million m* and thickness
ranging from 27 to 122 m with an average of 47 + 7 m, during the
period 2015-2021 (Figure 2A). Interestingly, Van Wyk de Vries et al.
(2022) also quantified water-equivalent volume (WEV) that could
potentially be discharged by the entire current glacier within each
basin surrounding the volcano. This analysis revealed a wide range
of water-equivalent volumes across the basins, varying from one
million to 78 million m? of water (Figure 2A).
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(A) Total water-equivalent volume (WEV) at each basin according

to Van Wyk de Vries et al. (2022), and source locations every 500 m to
each drainage system: South (red), North (orange) and East (yellow).
(B) Examples of triangular hydrographs and water volume released at
two different source locations based on the weighted peak discharge
that can be released at each basin. Note that time was fixed.

3.4 Digital elevation models for Cotopaxi

A Digital Elevation Model (hereinafter DEM) is a gridded,
numerical representation of surface elevation timestamped to the
date of acquisition (Hugonnet et al., 2022). DEMs are often built
based on the interpolation of dense point cloud measurements
obtained from radar interferometry (Biirgmann etal, 2000;
Rosen et al., 2000), optical stereophotogrammetry (Walker, 1995;
Mikhail et al., 2001), or laser scanning (Baltsavias, 1999; Dubayah
and Drake, 2000). For Cotopaxi, three local DEMs have been
produced in the last 20 years (Marrero et al., 2018): (i) a 30-m (float)
DEM built from topographic maps scale 1:50,000 and 1:100,000
of continental Ecuador produced by the Instituto Geografico
Militar (IGM), in 2006 (Souris, 2006); (ii) a 4-m (integer) DEM
of continental Ecuador constructed by SIGTIERRAS in 2010, as
a request from the Ministerio de Agricultura y Ambiente, and
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(iii) in 2015, a 3-m (float) DEM delivered by the IGM as a rapid
response to the 2015 Cotopaxi eruptive crisis, which covered
the volcanic cone and the North and South drainages, obtained
by optical stereophotogrammetry. Additionally, there are freely
available global DEMs of 30- and 90-m resolution which can be
downloaded online (e.g., https://opentopography.org/).

4 Methodology

The numerical simulation of gravity flows has three essential
requirements: (i) a scenario or set of source conditions, (ii) a
DEM and, (iii) a mathematical/physical model which describes
the phenomenon. In this section, we describe the most important
parameters and methods used to set up our simulations based on
these three fundamental requirements and the data compilation.

4.1 Source conditions (scenario)

To develop source conditions for our simulations, we require
data on the current condition of the glacier, from which we can
specify locations as source for lahars. We used four PlanetScope
images (Planet Team, 2017), at 3-m resolution, acquired during
the period 2020-2022, to draw the extent of Cotopaxi’s glacier in a
Geographic Information System (GIS). The images from 21 March
and 16 August 2020, 25 April 2021, and 4 February 2022 (prior to
the last eruptive period) enabled us to delimit the lower edge of the
glacier based on a false colour infrared composite (B4-B3-B2). Then,
a convex hull was built to create a new polygon which enclosed the
entire glacier cap and finally, we uniformly distributed points every
500 m along the hull, which then were utilized as source locations,
with a diameter of 200 m each, for our simulations (Figure 2A).

Each source location was paired with a volumetric flux of
material, represented by a triangular hydrograph, as a standard
simplification for the source discharge. The duration of material
release was set at 15 min (900 s), aligning with the minimum transit
time reported in the historical chronicles for the PDCs (Wolf,
1878; Table 1), and we assumed that the maximum peak discharge
occurs after 2.5 min (Figure 2B). Additionally, a maximum expected
peak discharge of 22,500 m®/s was established based on field
data (Mothes et al., 2004) and values from previous simulations
for Cotopaxi lahars (Aguileraetal., 2004; Toapaxietal, 2019;
Vera et al., 2019; Frimberger et al., 2021). Moreover, building on
the WEV concept (Van Wyk de Vries et al., 2022), we assigned a
maximum peak discharge to each source location based on the
weighted volume of water present in Cotopaxis current glacier.
This methodology enabled us to calculate a maximum weighted
peak discharge for each source location (Figure 2B), consistent with
geological studies (Section 3.2) and previous lahar simulations at
Cotopaxi volcano (as discussed in Section 6.1).

4.2 Digital elevation model

We used the 3-m (float) DEM which covers the entire volcanic
edifice and its main drainages (>8,500 km?). It was delivered by the
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IGM in 2015 and is 7.8 GB in size. First, we used the “r.fill.dir” GRASS-
GIS tool to fill the sinks to prevent future unrealistic conditions during
the numerical simulations; where sinks are areas where the elevation
data create artificial depressions, causing water to be trapped without
any outlet. Second, we employed a series of GRASS tools to extract the
main drainage systems from the DEM, both to the north and south, and
to quantify the minimum width of the gullies. This entailed a novel and
meticulous topographic analysis, allowing us to quantify the minimum
pixel-size (spatial resolution) required to accurately represent the
channels’ actual shape. We assumed that a minimum of three pixels is
required to delineate the “V” shape of the narrowest gullies; thus, for
instance, a 10 m pixel size translates to a minimum gully width of 30 m.
Importantly, we considered that the 3 m resolution DEM adequately
captures the true topography of the study area, with ravines wider
than 9 m. The appropriate selection of the pixel size (upscaling) is
critical, as it directly impacts computational resources and timeframes
required for obtaining results. Higher resolution DEMs necessitate
longer processing times when using flow-dynamics-based models,
particularly for simulating long-distance lahars like those at Cotopaxi.

To compute the minimum width of a ravine, the main drainages
were identified by using “r.watershed” tool to calculate flow direction
and flow accumulation, which reveal the drainage network. Main
streams were selected based on a threshold for upstream pixels
to delineate the flows. Streams were then extracted using the
“r.stream.extract” tool based on the defined threshold. Finally, the
“intersection” tool was used to obtain the channels in the area
transited by Cotopaxi lahars according to current hazard maps
(Mothes et al., 2016a; Mothes et al., 2016b), resulting in a vector file
with the main drainages through which Cotopaxi lahars pass to the
north and south (Figure 3A).

With the main drainages identified, the “cross profiles” tool is
used on the extracted drainages. This SAGA Next Gen tool allows us
to draw perpendicular topographic profiles along the entire drainage
network (Figure 3A). Profiles are equidistant every 1,000 m and
have a length of 1,000 m, assuming that the maximum width of the
gullies in the study area is lower than this value. The “profile tool”
is used to calculate the minimum width of the gullies by selecting
one profile at a time and determining the two extreme points
that define the lowest terrace. The analysis of these cross-sections
enabled us to define the minimum gully width for the northern and
southern drainages at each profile to finally define the minimum
pixel size needed to capture the shape of the channels at Cotopaxi
volcano (Figure 3).

4.3 Mathematical/physical model

Having establish the source scenario and identified an
appropriate spatial resolution for the DEM, the next step is
to employ a suitable simulator, a mathematical model that
accurately describes flow dynamics. In this study, we utilized
Kestrel model for shallow surface flows of sediments (Langham
and Woodhouse, 2024), which has been calibrated for lahars as the
LaharFlow webtool, www.laharflow.bristol.ac.uk (Woodhouse et al.,
2016). This model provides a robust framework for simulating
gravitational flows, enabling us to simulate the dynamics of lahars
effectively, and is available for free on https://kestrel-unibristol.
readthedocs.io/en/latest/index.html. The model solves the shallow
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layer equations on topography (DEM). It simulates erosion
and deposition of sediment, and the corresponding changes in
topography (morphodynamic). Importantly, erosion and deposition
change the composition of the flow and the model uses a novel
drag formulation that changes between a turbulent fluid (low solid
concentration) and a granular flow (high solid concentration) as
the flow propagate over time (Langham et al., 2023; Phillips et al.,
2024).

As input parameters, Kestrel requires definition of the
domain, source locations (latitude and longitude), source radius
(fixed to 100 m), hydrograph (peak discharge vs. time), solid
concentration (see discussion section 6.3), and simulation time
(5 h). Additionally, the model requires physical parameters that are
used in model closures that parameterize physical processes. In
our application we use the following parameter values (Table 2).
Most of these parameters have been set to default values that
have been found to be suitable in model applications (https://
kestrel-unibristol.readthedocs.io/en/latest/index.html), as utilized
by Woodhouse et al. (2016), Langham et al. (2023) and Phillips et al.
(2024). The calibration of those values and their corresponding
sensitivity analysis are out of the scope of this investigation. For
our modelling we use a server CPU - AMD EPYC 7551P 32-Core
Processor with 125 GB of RAM. Our simulations were conducted in
serial mode, utilizing a single CPU operating at 2 GHz.

5 Results
5.1 Scenario (source conditions)

Our processing of Cotopaxi’s glacial coverage results in
27 distinct sources spanning the entirety of the glacier’s hull,
assigned as Source 1 to Source 27. Among these, Source 27,
and Sources 1 to 11 (12 in total) contribute to the southern
drainage, Sources 12 to 20 (9 in total) drain to the north,
and Sources 21 to 26 (6 in total) feed the eastern drainage
(Figure 2A; Table 3).

For each source, we calculated the peak discharge based on
the percentage of the water-equivalent volume (WEV) reported
in Van Wyk de Vries et al. (2022), representing the total volume
of meltwater that could be release within each drainage network.
Notably, multiple source locations may fall within the same basin,
resulting in identical peak discharge values (Table 3; Figure 2A). For
example, Sources 23 to 26, situated within the same basin with a
maximum WEV of 78 million m>, each exhibit peak discharges
of 22,500 m*/s, representing 100% discharge (Figure 2A; Table 3).
Conversely, Sources three (in the southern drainage) and 14 (in
the northern drainage), located in separate basins but with similar
WEV of 21 million m?, exhibit peak discharges of 6,058 m3/s,
corresponding to 27% of the maximums (78 million m® and
22,500 m*/s) (Figure 2A; Table 3). By employing this methodology,
the minimum peak discharge is calculated for Source 13 at 577 m?/s,
positioned within a basin with a WEV of two million m? (2.5%)
(Figure 2A; Table 3). Additionally, adding the peak discharges yields
a total of 91,442 m3/s for the southern drainage, 77,308 m3/s
for the northern drainage, and 99,808 m*/s for the eastern
drainage system.
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TABLE 2 Physical parameter values used in Kestrel within the LaharFlow
parameterization.

Parameter ‘ Value ‘

Chézy coeflicient 0.01
Pouliquen min 0.1
Pouliquen max 0.35

Erosion rate 1E-4
Granular erosion rate 0.1
Voellmy switch value 0.4
Voellmy switch rate 3.0

Erosion depth 10 m (North) and 15 m (South)
Water density 1,000 kg/m?
Solid density 2,000 kg/m*
Solid diameter 1.5 mm
Eddy viscosity 1E-2

Based on the triangular hydrograph, peak discharge can
be transformed to volume for each source (Figure2B) and
to the cumulative volume delivered to every main drainage
(Table 3). As a result, the eastern drainage releases the maximum
amount of water of 44.9 million m?, while the southern and
northern drainages receive 41.2 million m> and 34.8 million m?>,
respectively. These values are consistent with recent geological
studies which concluded that the eastern and southern 1877-lahars
were larger in comparison to the northern ones (Pistolesi et al.,
2013; Andrade et al., 2022). Interestingly, even though there are
only half as many sources on the eastern flank relative to the
southern flank, the amount of water released to the East is the
largest, since our analysis is linked to the current volume of
Cotopaxi’s glacier cap. The volume of released water obtained
is also in agreement with the historical estimates. Sodiro (1877)
estimated a total volume of 86.4 million m® for the southern lahar
where half was water (43.2 million m?®) and half solids (Table 1),
while we calculated 41.2 million m® of water in the same drainage
(see section 6.3). The total volume of water released in this scenario
corresponds to 28% of the total available water in Cotopaxi’s glaciers
(121/425 million m?).

5.2 Topographic analysis — The minimum
gully width

The scope of our analysis extends to 85 and 157 km away from
the volcano for the northern and southern drainages, respectively,
which corresponds to the area covered by the 3-m DEM. Within
this range, we obtained 663 perpendicular cross-sections along
Cotopaxi’s drainage networks (Figure 3A; Supplementary Data sheet
S1). From these profiles (240), we determined that the minimum
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TABLE 3 Maximum peak discharge for each Source locations based on weighted water-equivalent volume (WEV) reported in Van Wyk de Vries et al.
(2022), and a triangular hydrograph whose maximum expected peak discharge (22,500 m*/s) is reached at 2.5 min (150 s) and lasts 15 min (900 s). Note
that various Source locations may fall in the same basin and therefore they share the same WEV and peak discharge (Figure 2A).

Drainage | # Source Water-equivalent (million m®)  Peak discharge (m>/s) Volume of water released
(million m3)
27 71 20,481 9.2
1 71 20,481 9.2
2 71 20,481 9.2
3 21 6,058 2.7
4 21 6,058 27
5 12 3,462 1.6
South
6 12 3,462 1.6
7 10 2,885 13
8 7 2,019 0.9
9 4 1,154 0.5
10 4 1,154 05
11 13 3,750 17
Total South 12 91,442 41.2
12 7 2,019 0.9
13 2 577 0.3
14 21 6,058 27
15 13 3,750 17
North 16 45 12,981 5.8
17 12 3,462 1.6
18 56 16,154 7.3
19 56 16,154 7.3
20 56 16,154 7.3
Total North 9 77,308 34.8
21 13 3,750 17
22 21 6,058 27
23 78 22,500 10.1
East
24 78 22,500 10.1
25 78 22,500 10.1
26 78 22,500 10.1
Total East 6 99,808 44.9
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“V" shape of the narrowest ravines.

(A) Topographical analysis based on the 3-m DEM and 663 cross sections to calculate the minimum width of the gullies to the northern and southern
drainages. (B,C): histogram of the gully width, and scatter plot of gully width versus altitude for the northern and southern drainages, respectively. The
red dashed line delimits the number of profiles entirely/poorly captured after a potential DEM upscaling to 15 m, i.e,, at least 3 pixels to represent the

gully width is 19 m with a median of 94 m for the northern
drainage (Figure 3B), while for the southern drainage (423 profiles),
the minimum is 34 m with a median of 136 m (Figure 3C). This
suggests that the northern drainage generally has narrower canyons
compared to the southern drainage network. Notably, we observed
clusters of wider gullies between elevations of 4,500 and 3,800
masl and from 3,000 to 2,500 masl, corresponding to plains or
depositional areas within the Cotopaxi National Park and urbanized
regions, respectively (Figure 3).

From this analysis, the minimum pixel size required to capture
the “V” shape of the narrowest ravines at the entire northern
drainages is 19/3 or 6-m, while for the southern one it is 34/3
or 11-m, confirming our initial assumption that the 3-m DEM
accurately capture the actual topography of Cotopaxi’s drainage
network. By upscaling the 3m DEM to 15m, we assumed a
minimum gully width of 45 m instead of 19 or 34 m (red dashed
line in Figures 3B,C). Our analysis revealed that using the 15-m
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DEM would entirely capture 91.25% and 97.87% of the northern
and southern profiles, respectively, resulting in 633 out of 663
sections (Figure 3A). In contrast, upscaling the DEM to a 30-m
resolution, i.e., assuming a 90-m minimum width of the ravines,
would only capture 55.8% and 70.45% of the northern and southern
profiles, respectively. These findings underscore the importance
of using a meticulous topographical analysis prior to upscaling
DEMs, since unsupported resampling could lead to inaccurate
representations of the topography, increasing uncertainties of the
simulation predictions (see discussion Section 6.3).

In today’s context, high-resolution DEMs are more readily
available, even in large areas like Cotopaxi. Therefore, our
topographical analysis represents an important step forward
in optimizing dynamic-based models, as high-resolution
DEMs demand robust computational resources and extended
computational timeframes, especially for simulating long-distance

lahars. Our approach provides an easy-to-use methodology that can
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be implemented prior to running any dynamic model, significantly
improving computing efficiency to obtain reliable results in a
reasonable timeframe. For this study, we have identified the 15-
m DEM as the optimal choice for achieving accurate results within
a feasible time (~1 month).

5.3 Simulation results

After defining a plausible source configuration and selecting a
suitable DEM resolution (15 m), we initiated the morphodynamic
simulations using the Kestrel model. With a maximum simulation
time of 5h (300 min) and results selected at 3-min intervals
(corresponding to 1% of the simulation time), we observed distinct
behaviours between the northern and southern drainages. For the
northern drainage, we terminated the simulation after 3h and
30 min (70%) as the lahar reached the farthest extent of the DEM.
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Conversely, the simulation for the southern drainage completed
the full 5-h duration. The actual computation times for obtaining
results were 47 and 39 days for the northern and southern drainages,
respectively.

Figure 4 depicts maps illustrating the maximum values of depth
(a), speed (b), and solid fraction (c) at any time in the simulation
for the northern drainage. The maximum depth ranges from 0.01 to
132.2 m, with an average of 1.4-5.3 m across the entire inundated
area. Higher values are observed in the canyons (indicated by red
colours), whereas lower depths are found in the plains (indicated by
blue colours), which typically represent densely populated regions
(Figure 4A). Our simulation closely aligns with the inundated area
outlined in the 2016 hazard map (black dashed line in Figure 4A),
despite minor discrepancies, particularly noticeable at Santa Clara
River (see Section 6.2). The map of maximum speed reveals peak
speeds of up to 100 m/s, especially at various waterfalls along the Pita
River, with the highest speeds occurring in the canyons and lower
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speeds in the plains (Figure 4B). The average maximum speed for the
entire study area ranges from 3.5 to 9 m/s. The third panel illustrates
the maximum solids fraction, reflecting variations in flow density,
with canyons exhibiting higher values compared to plains, indicative
of the erosion and deposition processes during flow propagation
(Figure 4C).

Figure 5 presents similar maps to those in Figure 4, but for the
southern drainage, showing maximum values at any time during
the simulation. The maximum depth ranges from 0.01 to 60.5 m,
with an average of 1.3-5.1 m, mirroring the pattern observed in the
northern drainage (Figure 5A). Similarly, the highest depth values
are observed in the canyons, with lower values in the plains. The
map of maximum speed indicates peak speeds of up to 53.6 m/s,
with the highest speeds observed in the canyons and lower speeds
in the plains (Figure 5B). The average maximum speed for the entire
study area ranges from 2.9 to 8.5 m/s, while the map of maximum
solids fraction reveals higher values in the canyons compared to
the plains, consistent with observations from the northern drainage
(Figure 5C).

Moreover, we estimated average propagation speed which is the
average speed at which the lahars move down the streams. For the
southern and northern drainages, it varies from 6.5 m/s (24 km/h)
to 10 m/s (36 km/h), respectively.
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In summary, our predictions revealed maximum depths of up
to 132 m in the canyons, with average maximum depths ranging
from 1.3 to 5.3 m, consistent with historical records (Table 1).
Maximum average flow speeds ranged from 2.9 to 9 m/s, or less than
33 km/h, with occasional peaks exceeding 100 m/s observed at the
waterfalls along the Pita River. The average propagation speed was
calculated to be between 6.5 and 10 m/s (24-36 km/h), aligning well
with historical reports (Table 1) and observations from other lahar
events globally (Pierson, 1985; Pierson et al., 1990). Importantly,
our simulated inundation area closely matches that depicted in
the official hazard maps, as indicated by the black dashed lines in
Figure 4A; Figure 5A, with any minor discrepancies addressed in the
discussion Section 6.1.

6 Discussion

6.1 Previous lahar simulations and
validation of our predictions

Developing mathematical, physical, and computational models

that can reliably define the phenomenology of lahars is crucial,
since they can provide key information like flow depth and
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speed for assessing hazards and forecasting the associated risks
(Aguilera et al., 2004; Frimberger et al., 2021; Lupiano et al., 2021).
Simulating lahars is not new at Cotopaxi; in fact, the first study
dates 20 years ago. Since the 1877-lahar event is the best described,
the most studied and outcrops are the most accessible, all previous
simulations and hazard maps significantly rely on the knowledge
related to this specific event (Andrade et al., 2022). Thereby, much
of the information derived from the historical reports and the
geological studies has been utilized as input parameters and/or for
validating the model predictions. An illustrative example is the
common approach of comparing the simulation predictions with the
inundation area depicted in the current hazard maps (Mothes et al.,
2016a; Mothes et al., 2016b).

Overall, numerical models for lahar simulations tested at
Cotopaxi include: a 1D hydrological model (Aguilera et al., 2004), a
semi-empirical routing model (Ordofiez et al., 2013; Pistolesi et al.,
2014), and several 2D physics-based models (Machado et al.,
2015; Toapaxi et al., 2019; Vera et al., 2019; Frimberger et al., 2021;
Lupiano et al.,, 2021). The physics-based models attempt to describe
the complex physics of debris flows which are represented as
partial differential equations that represent the conservation laws of
mass, momentum, and energy. These are typically based on depth-
average (shallow-layer) equations and use various formulations
and parameterizations of basal drag to model flow mobility and
rheology of the mixture (water and sediment). Additionally, the
inclusion of entrainment and depositional processes in a subset
of these models tends to dramatically increase the computational
time needed to solve the complex mathematical system, especially
when computations are made on high spatial resolution DEMs for
long distances. Regardless of the numerical model used, field data
derived from the 1877 Cotopaxi lahar has been utilized as either
input data, or for calibration in all the modelling studies, which
provides a unique opportunity to roughly compare the simulation
predictions even though they have notable differences in the three
main requirements for simulating gravity flows. A detailed summary
of the lahar simulations conducted at Cotopaxi over the last 2
DEM
outputs

in terms of source conditions, resolution,

their

decades

mathematical models, and are compiled
in Supplementary Data sheet S2.

Here we focus on the study conducted by Frimberger et al.
(2021) using RAMMS model, due to the close resemblance of
the model formulation to our Kestrel simulations, with both
models computing morphodynamic changes. Both models solve
the conservation laws for mass and momentum and utilize
similar input data, albeit employing different model closures to
produce quantitative predictions. Although the scenario and DEM
resolution employed in these models vary, conducting a quantitative
comparison of their predictions proves insightful. Specifically,
we scrutinize the model outcomes concerning inundation area,
maximum depth and speed.

Frimberger et al. (2021) performed simulations in Cotopaxi’s
northern and southern drainages, utilizing a 4-m resolution DEM
from 2010 upscaled to 10 m. RAMMS is a physics-based dynamic
model which considers a single-phase system that propagates
the solid-fluid mixture as an incompressible bulk flow with
mean constant density (Christen etal, 2010). It uses the two
governing frictional parameters of the Voellmy-Salm rheology and

provides predictions of depth, speed, impact pressure, erosion, and
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deposition. Frimberger et al. (2021) used two line-sources located
on the glacier with a respective length of 4.5 km (south) and 2.7 km
(north). Along these sources, they uniformly release 67,300 m®/s
(20.2 million m?®) and 64,000 m*/s (18.9 million m?®) of material
for the southern and northern drainages, respectively, both with
an impose initial speed of 10 m/s downstream, which according
to the authors, corresponds to the 1877-scenario. In contrast, we
utilized a 3-m DEM (acquired in 2015) upscaled to 15 m. Our
upscaling is based on a detailed topographical analysis, allowing us
to quantify the minimum pixel size required to accurately represent
the topography of Cotopaxi’s drainages. Additionally, we used 27
equidistant locations as sources along the entire lower glacier edge.
Each source location has an assigned hydrograph, whose maximum
peak discharge was calculated from the weighted volume of water
available on Cotopaxi’s current glacier (Van Wyk de Vries et al.,
2022). Our approach considers the current glacier conditions (area
and volume), resulting in each drainage having its own volumetric
flux of material. Overall, our methodology is in good agreement
with field observations (Mothes et al., 2004; Pistolesi et al., 2013;
Andrade et al., 2022) and chronicles (Sodiro, 1877; Wolf, 1878)
regarding the different sizes of the lahars that fed each river system.
For the southern drainage, we estimated a total peak discharge of
91,442 m>/s (41.2 million m?) and 77,308 m*/s (34.8 million m?)
for the northern drainage system. These values correspond to the
amount of water released by the glacier in topographic balance, i.e.,
no initial speed, while the solid fraction is incorporated by erosion
(see section 6.3).

Figure 6 illustrates the areas inundated by lahars in case of
a 1877-event as obtained by Frimbergeretal. (2021) (orange
polygon), and our study (blue polygon). Significant differences
are noted in the proximal area (multihazard zone in Figure 6),
while discrepancies diminish as distance increases, particularly
towards the northern drainage. Overall, the area estimated by
Frimberger etal. (2021) exceeds that obtained in our study
(Figure 6), possibly due to the differing initial conditions (scenario).
Frimberger et al. (2021) did not considered the current glacier size
(area and volume) in their methodology and impose an initial
speed. However, when examining model predictions over channel
cross sections revealed similar trends in maximum depth and speed
(Figure 6). In distal areas (profiles 1 and 4), differences range from
0.7 to 2.8 m in depth and from 2.1 to 2.6 m/s in speed. Conversely,
in proximal areas (profiles 2 and 3) disparities range from 1.5 to
4.8 m in depth and from 3.2 to 7.5 m/s in speed, particularly in the
southern drainage (Figure 6). In general, maximum depth, speed
and inundation area values are higher in Frimberger etal. (2021)
study compared to ours, but both exhibit similar trends and fall
within the same order of magnitude (Figure 6). We conclude that our
simulation results, which are also consistent with field observations
and historical reports (Figure 6; Table 1), are reasonable.

Neither study has fully replicated the inundation area displayed
in the existing hazard maps (dark red line in Figure 6), particularly
in Santa Clara River (northern drainage). This region was indeed
inundated during the 1877-event (Sodiro, 1877; Wolf, 1878) and was
consequently included in the current hazard maps. This discrepancy
may be attributed to the volume of material released in the model
scenarios, suggesting that scenarios with large volumes would
inundate this area under current conditions, as demonstrated by
Frimberger et al. (2021) in their scenario four. This underscores the
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importance of future research focused on determining the scenario
required to overtop Pita River at “La Caldera” site and inundate
Santa Clara River. Such analysis holds significant relevance for risk
assessment, as it markedly increases the exposed urban area, as noted
by Aguilera et al. (2004).

6.2 Numerical model predictions as a tool
for disaster risk reduction

In the domain of disaster risk reduction, validated numerical
model predictions serve as an axis for three critical components:
land use planning, emergency response strategies, and vulnerability
reduction efforts.

In land use planning, numerical modelling contributes to
the elaboration of volcanic hazard maps, offering a quantitative
view into specific volcanic processes across diverse scenarios
tailored to present and/or future conditions (Nourbakhsh et al.,
2006; Haynes et al., 2007; Pallister et al., 2019). These hazard maps,
when combined with vulnerability data, facilitate estimations of
the potential economic losses in regions susceptible to volcanic
phenomena, placing the basis for risk management and disaster
risk reduction initiatives (Lowenstern etal., 2022). However,
previous Cotopaxi hazard maps have been prepared without the
integration of numerical modelling (Miller et al., 1978; Hall and
Von Hillebrandt, 1988b; Hall and Von Hillebrandt, 1988b) or with
models which lack detailed physical information on the inundation
areas such as maximum depth and speed (Hall et al., 2004a; 2004b;
Vasconez et al., 2015; Mothes et al., 2016a; Mothes et al., 2016b).
Consequently, local efforts to quantify risk have been hindered by
the absence of quantitative information, as in the study conducted
by Rodriguez et al. (2017). The methodology and findings presented
in this study mark a significant step forward in improving risk
management strategies related to Cotopaxis lahar hazards in
Ecuador. With urban areas and critical infrastructure already placed
within hazard zones, the high resolution and quantitative insights
delivered by our modelling enhance assessments of potential
impacts on assets within these zones. Nonetheless, the precision
of impact estimations centres on comprehensive asset inventories
and vulnerability assessments, which are currently scarce.

During emergency response, employing physics-based models
such as Kestrel, enables the tracking of flow propagation across both
time and space. In our study, we assumed simultaneous initiation
of all lahars triggered by pyroclastic flows. As various gullies
converge and feed major rivers through different paths, we observed
how distinct lahar fronts arrive at the same locations at different
times (flow dynamics). This phenomenon significantly amplifies
flow depth and facilitates canyon overtopping and widespread
inundation. Notably, at La Caldera site (northern drainage),
historical and geological evidence suggests the overtopping of the
Pita River toward the Santa Clara River; a river which originates
25km away from the volcano (Figure 4A). Our findings reveal
that, under our scenario, a portion of the Pita lahar overtops and
inundates the Santa Clara River due to the arrival of multiple
lahar fronts at different times (Supplementary Video S1). This
highlights the necessity of considering trajectories and arrival
times of various lahar fronts at the same location, especially in
larger scenarios where a minimum peak discharge is required
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to induce overflow (Aguilera et al., 2004; Frimberger et al., 2021).
Furthermore, for the southern drainage, we observed upstream
inundation, contrary to previous assumptions of downstream
inundation from north to south at Cutuchi River (Supplementary
Video S2). Our simulations indicate that inundation occurs from
South to North due to trajectories of individual lahar fronts. This
underscores the significance of path trajectories, onset timing and
flow dynamics, which can substantially alter arrival times to urban
areas, potentially requiring adjustments in response times, early
warning systems, and evacuation plans.

Finally, regarding vulnerability reduction, Kestrel and other
dynamic physics-based models offer an innovative opportunity
for communicating lahar hazard maps through digital animations
(see Supplementary Video S1, 2) or flipbooks, allowing communities
to visualize lahar flow propagation. These interactive tools serve
as a meaningful way of engaging communities and enhancing
understanding of lahar hazard zones and arrival times, thereby
reinforcing local knowledge, and reducing vulnerability, even
in communities lacking technological or electrical facilities. By
transcending traditional static hazard maps, animations provide
a dynamic platform for covering volcanic hazard information;
the efficiency of which warrants further exploration and
quantification.

6.3 Limitations and perspectives

Kestrel applies the balance of mass and momentum equations
on topography, and initial propagation of the flow occurs around
the circumference of a circular source. The flow is released without
any imposed momentum (although with a characteristic velocity set
by the ratio of volumetric flux to source area) intended to allow
equilibration of the flow to the local force balance imposed by the
topography on which the source is placed. This can lead to part of
the flow moving upstream of the source geometry during the onset,
which is a characteristic shared with other gravity flow models like
RAMMS. However, RAMMS offers the option to imposes an initial
flow direction and speed, forcing the flow downstream, but not in
balance with the local force balance set by the topography. In both
cases, if the material released at the source comprises both fluid
and dense solid particles, there can be insufficient initial velocity
to keep the particles in suspension as the flow adjusts to the local
topography, resulting in settling of the solids near the source before
the flow becomes fully developed. To address this issue, we opted
to release only water, with the solid fraction incorporated during
lahar transit via entrainment processes, which occurred rapidly on
the proximal volcanic topography (see Figure 4C; Figure 5C). While
this approach aligns with those presented in Frimberger et al. (2021)
and Lupiano etal. (2021), who also found that the solid fraction
primarily originates from erosion. Moreover, since we are simulating
gravity flows, the location of the source could significantly
impact the results. Sources located upstream will exhibit higher
speeds and greater erosion capacities compared to those situated
downstream. This factor is also pertinent when comparing our
results with those obtained by Frimberger et al. (2021), (50-200 m
difference) as it may contribute to the observed differences in the
outcomes (Figure 6).
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The results presented in this study are from a single scenario that
reflects specific initial conditions and do not serve as predictions
for future Cotopaxi eruptions. While these results may be used
as referential values, additional simulations or ensembles are
imperative. Ensembles should encompass a range of scenarios to
effectively capture the inherent variation in natural processes, such
as volcanic eruptions and subsequent lahar formation. Specifically,
studies investigating the interaction between glacier and pyroclastic
density currents (PDCs) are crucial for quantifying the potential
water release during lahar formation. For instance, Pistolesi et al.
(2013) underscored the significance of PDC type (e.g., column
collapse, boiling over, etc.) in determining the water released during
lahar formation at Cotopaxi. They found that the way in which
PDCs interact with the glacier outweighs the glacier’s size in terms of
importance. Their conclusions are based on a detailed componentry
analysis and the inundation area of historical lahar deposits.
However, further studies and numerical simulations are required to
generalize this conclusion. In addition, Lupiano et al. (2021) made
initial attempts to account for glacier melting. They simulated water
released from melting 25-50 m of Cotopaxis entire glacier area,
and gradual melting due to ballistic impacts (sinking 25-50 m).
However, these scenarios have not been observed in previous
pyroclastic flow-lahar forming eruptions worldwide (Pierson, 1985;
Pierson et al., 1990; Worni etal,, 2012) and remain exploratory
at this time.

The topographic analysis presented in this study introduces
a novel methodology to employ dynamic-based models for
ensemble simulations in future research. By quantifying the
minimum width of gullies, we determined the necessary pixel
size to accurately represent ravine shapes when high-resolution
DEMs are available. This preliminary step enables researchers
to determine the pixel size required to achieve reliable results
within a feasible computing timeframe before initiating any
simulations. Despite being topographically dependent, DEM
upscaling is often overlooked or inadequately justified when running
surface flow models. Simulating long-distance lahars (>50 km)
over high-resolution DEMs demands significant computational
resources and extensive processing time, often impeding any
ensemble/stochastic approaches. Our findings indicate that DEMs
with spatial resolutions of 6 and 11 m adequately capture the
shapes of gullies in the northern and southern Cotopaxi’s drainages,
respectively, with a 100% capture rate. In contrast, a 30-m DEM
only captures 55.8% and 70.45% of gully shapes, respectively. This
underscores the importance of considering the actual topography of
Cotopaxi’s drainages in simulation studies, as inaccuracies in DEM
resolution can significantly affect predictions such as inundation
area and other physical parameters. It is noteworthy that while 30-m
DEMs may have been the best available option in previous Cotopaxi
simulation studies, advances in technology now provide access
to high-resolution DEMs even for extensive areas. Consequently,
the analysis of pixel size requirements for conducting accurate
simulations (cost/benefit analysis) is important for obtaining
reliable results within reasonable timeframes, especially during
volcanic crises.

Finally, while the influence of DEM resolution has been studied
in glaciological and hydrological applications (Hugonnet et al.,
2022; Rocha et al., 2022), its implications for long-distance lahars
remain underexplored. Therefore, future studies should aim to
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quantify the actual differences resulting from the use of different
upscaled DEMs. These results could open an opportunity for
segmentation, wherein dynamic models automatically adjust spatial
resolution based on the terrain characteristics along the same
simulation. For instance, higher resolution in canyons would capture
the shape of narrow gullies, while lower resolutions in plains would
suffice. This approach is particularly valuable considering that most
urbanized areas are situated in plains, where lower resolutions
DEMs can produce reliable predictions, thus optimizing the
computational timeframes and resources when utilizing dynamic
models and providing the opportunity to use ensembles. Utilizing
this framework in potential future probabilistic hazard simulations
is valuable, as most current probabilistic models simplify the
physics of the phenomena due to the lengthy computing times
and high-performance demands of complex physical models. In
contrast, our approach aims to optimize the initial parameters in
the simulation, enabling the use of dynamic models in an ensemble
fashion. This represents a significant advancement for future
probabilistic studies.

6.4 Hydrostatic and hydrodynamic
pressures

In densely populated areas such as the Chillos valley and
Latacunga (Figure 1), there is a growing demand for mitigation
infrastructure to reduce the impact of potential Cotopaxi lahars.
Currently, the hazard maps for Cotopaxi only indicate areas
prone to inundation by lahars and lack key physical parameters
such as maximum depth, speed, and solid fraction data, which
are essential for quantifying potential damage. This lack of
information has hindered studies on the feasibility of constructing
mitigation infrastructure capable of reducing the size of Cotopaxi’s
lahars. Rodriguez et al. (2017) attempted to assess the economic
cost/benefit of implementing such infrastructure to mitigate the
impact of lahars at Cotopaxi. However, their study lacks detailed
engineering specifications, locations and costs required to build such
infrastructure to contain lahars with historically observed flow rates
and volumes (Sodiro, 1877; Mothes et al., 2004; Frimberger et al.,
2021). Consequently, their work remains incomplete and provides
only an approximate cost of potential losses of the exposed
infrastructure.

For a comprehensive cost/benefit analysis, engineers require
critical physical parameters, that are essential for determining the
specific design requirements of mitigation infrastructure to ensure
structural integrity and prevent collapse. We can derive these
parameters from our study results by utilizing maximum depth,
speed, and solid fraction data (Figures 4, 5). These metrics serve as
fundamental inputs for calculating momentum flux and hydrostatic
and hydrodynamic pressures, which are vital for designing effective
and resilient mitigation measures and for quantifying potential
damage of current exposed infrastructure.

For the hydrostatic and hydrodynamic pressure we use the
equations proposed by Huebl et al. (2017):

Phydrostatic = (C(psolid - pwutzr) + pwater)gh @

2)

Phydrodynamic = (C(Psolid - Pwater) + pwater) Vz
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where C is the maximum solid fraction, pyq: solid density
(2,000 kg/m>), P, Water density (1,000 kg/m?), g gravity
(9.81 m/s*), h: maximum depth (m) and, V maximum speed (m/s).

Finally, the impact pressure can be written as the sum
of hydrostatic and hydrodynamic pressures as proposed by
Chehade et al. (2021) and therefore:

Pimpact = Phydrostutic + Phydrodynamic 3
By inserting Egs 1, 2 in Eq. 3, we obtain:
Pimpact = (C(psolid - Pwuter) + pwater) (gh + VZ) (4)

By employing Eq 4, we quantified the impact pressure resulting
from Cotopaxis lahars, based on our scenario, in both the
northern and southern drainages. Previous studies provide insights
into the impact pressure thresholds required to exceed the
resistance of various types of buildings. For instance, Jenkins et al.
(2015) reported impact pressure ranges of 18-58 kPa for rubble
stone buildings and 2-7 kPa for weak squared block masonry
in the Merapi area of Indonesia, where buildings are typically
weakly constructed. In contrast, Zanchetta et al. (2004) proposed
thresholds for different types of structures, suggesting that impact
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pressures exceeding 3 kPa could break a wooden door, while for
reinforced concrete buildings, damage thresholds range from 3 to
35kPa for moderate damage, 35-90 kPa for heavy damage, and
over 90 kPa for complete destruction. Although these thresholds
may not directly apply to the buildings in our study area, we
use them as a reference to estimate potential damage (Figure 7).
The average impact pressure for both drainages is approximately
70 kPa (moderate damage). The northern drainage exhibits the
highest values (>100 kPa), especially in the vicinity of waterfalls,
where the augmented flow speed and depth markedly amplifies
the impact. Overall, the highest values are observed within the
channels and gradually decrease as the flows move away from
them (Figure 7).

Damage to structures by lahars is the result of a combination
of hydrostatic and hydrodynamic pressure, along with burial and
the impact forces exerted by boulders (He et al., 2016; Thouret et al.,
2020). However, our study solely considers hydrostatic and
hydrodynamic pressure, while the effect of boulder collisions and
burial are beyond the scope of this investigation. Furthermore,
a comprehensive study focusing on fragility functions adapted to
local construction characteristics is essential for accurately assessing
potential building damage. The maps depicted in Figure 7 serve
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solely as reference, as these impact pressures were estimated based
only on one lahar scenario.

7 Conclusion

Our study addresses the three fundamental requirements for
modelling gravitational flows: (i) establishing a plausible source
configuration (scenario), (ii) selecting suitable topographic data
represented by a digital elevation model (DEM), and (iii) employing
an appropriate mathematical model to describe the phenomenon.
Integrating these elements holistically enabled us to successfully
replicate the characteristics of a future 1877-type lahar at Cotopaxi
volcano under current conditions, including glacier size and
topography.

Concerning the scenario, we identified 27 equidistant source
locations at the lower edge of the current glacier extent (500 m apart
from each other). Each source was assigned its own hydrograph,
calculated based on the weighted volume of water available on
Cotopaxis current glacier. Regarding the DEM, we developed
a straightforward methodology for quantifying channel width,
when high-resolution DEMs are available. This novel approach
allowed us to determine the minimum pixel size required to
accurately represent ravine shapes at Cotopaxi. For the northern
drainages, a 6-m DEM sufficed, while an 11-m DEM was adequate
for the southern drainages. Since high-resolution DEMs demand
significant computational resources and time, we opted to upscale
Cotopaxi’s DEM from 3m to 15m. Utilizing a 15-m DEM
allows to capture over 90% of the topographic features, while
reducing computing time significantly. Furthermore, we found that
employing a 30-m DEM would only capture between 50%-70% of
the Cotopaxis gullies topography, yielding results in a very short
time (few days), but significantly increasing prediction inaccuracies.
Optimizing DEM selection is crucial for simulating long-distance
lahars, particularly when considering future ensemble approaches.

When comparing our results with previous dynamic model
predictions, we noted similar trends and values for maximum depth
and speed and inundation area, despite variations in scenario and
DEM resolution. While our values of flow properties tend to be
slightly lower, they still fall within the same order of magnitude.
Notably, we observed higher depths and speeds in the canyons
and lower ones in the plains. Maximum depth reached 132 m in
the canyons, while averaging 1.3-5.3 m in both the northern and
southern drainages. The average maximum speed was calculated
to be 2.9-9 m/s, with notable peaks occurring at the waterfalls of
the Pita River, while average propagation speed reaches 6.5-10 m/s
(24-36 km/h). These results are consistent with historical reports,
observations from other lahar events worldwide, and previous
studies on Cotopaxi. Our inundation area closely aligns with
the official hazard maps, with minor discrepancies observed, for
instance, at Santa Clara River. This observation raises questions
about the minimum peak discharge required to overtop “La Caldera”
site and highlight the significance of understanding trajectories of
various lahar fronts arriving at the same location at different times,
emphasizing the importance of flow dynamics in hazard assessment.

Along the same lines, our findings shed light on the sequence of
impact, indicating that Latacunga city will be affected before other
upstream towns. This underscores the criticality of comprehending
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the pathways taken by various lahar fronts when onset occurs at the
same time. In contrast to previous studies suggesting downstream
inundation from north to south at Cutuchi River, our research
reveals an opposite pattern from south to north (upstream). These
findings carry significant implications for early warning systems
and evacuation plans, potentially necessitating adjustments to
accommodate the revised flow dynamics and ensure effective risk
mitigation strategies.
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