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The Quillcay catchment in the Cordillera Blanca, Peru, coains several glacial lakes,
including Lakes Palcacocha (with a volume of 17 108 m3), Tullparaju (12 10% m3),

and Cuchillacocha (2 10% m3). In 1941 an outburst of Lake Palcacocha, in one of
the deadliest historical glacial lake outburst oods (GLOFworldwide, destroyed large
parts of the city of Huaraz, located in the lowermost part of te catchment. Since

this outburst, glaciers, and glacial lakes in Quillcay calement have undergone drastic
changes, including a volume increase of Lake Palcacocha beteen around 1990 and

2010 by a factor of 34. In parallel, the population of Huaraz gw exponentially to more
than 120,000 inhabitants nowadays, making a comprehensivassessment and mapping
of GLOF hazards for the Quillcay catchment and the city of Huaz indispensable. Here
we present a scenario-based multi-source GLOF hazard mappg, applying a chain of
interacting numerical models to simulate involved cascadg mass movement processes.
Susceptibility assessments for rock-ice avalanches and leach formation at moraine
dams were used to de ne scenarios of different magnitudes ad related probabilities,

which are then simulated by corresponding mass movement moels. The evaluation
revealed, that (1) the three investigated lakes pose a sigoant GLOF hazard to the

Quillcay Catchment and the city of Huaraz, (2) in some scenias the highest hazard
originates from the lake with the smallest volume (Cuchitacha), and (3) current moraine
characteristics of Lake Palcacocha cannot be compared to th situation prior and during
the 1941 outburst. Results of outburst oods obtained by theRAMMS model were then
converted into intensity maps and corresponding hazard lesls according to national
and international standards, and eventually combined intéthe GLOF hazard map for
the entire Quillcay catchment, including the urban area of tthraz. Besides technical
aspects of such a multi-source model-based hazard mappingspecial attention is also
paid to approval and dissemination aspects in a complex ingutional context. Finally,
some general conclusions are drawn and recommendations argiven, that go beyond

the presented case of the Quillcay Catchment.

Keywords: dissemination, GLOF, hazard assessment and mapping
and risk communication, institutional aspects, DRR

, process chains, numerical modeling, hazard
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INTRODUCTION (Wegner, 201}t As a consequence of this disaster, a series of
pioneer works in structural risk reduction measures at glacia
Outburst oods of glacial lakes often involve cascades ofkes, such as lake volume control and dam reinforcement® ha
interacting processes at, above, and below the IBken@rdson  peen implemented since the 1970s at more than 35 criticaslake
and Reynolds, 2000; Huggel et al., 2004iosing particular in the Cordillera Blancafortocarrero, 2014; Emmer et al., 2).16
challenges for the numerical modeling of such everi®ini  |n parallel, the high mountain environments of the Corditer
etal., 2014; Mergili, 20)6Nevertheless, as glacier lake outbursBlanca, including the Quillcay catchment above Huaraz with
oods (GLOFs) have the farthest potential reach among theeveral glacial lakes, have undergone drastic changes.8are
various hazards in glacierized mountain regions, intégeat than a decade, Lake Palcacocha along with two other glacial
hazard assessments of potentially critical glacier laleesegded |akes in the Quillcay catchment pose again a signi cant threat
for e cientplanning of e ective disaster risk reductionmeases.  to Huaraz and its population despite the implementation of
Di erent components of the high mountain cryosphere haveremedial works, and requires new risk reduction measures.
diverging response times to currently observed and projected |n this paper we present a scenario-based elaboration of a
future climatic changes. Glaciers are retreating worldvadel  G|.OF hazard map for the entire Quillcay catchment, considgrin
will largely disappear in mid and low latitudes during the comi  multiple hazard sources and using interacting numerical nisde
decadesH{uss and Hock, 2015; Zemp et al., 2)l1At the same jn order to simulate involved chains of cascading processes.
time new lakes are forming and growing behind moraine wallsye illustrate how model results can be translated in a hazard
and in glacier bed depressions revealed by retreating gdaciemap and also focus on institutional and practical aspects of
(Gardelle etal., 2011; Linsbauer et al., J00m the other hand, disseminating this hazard map and related information te th
permafrost degradationNoetzli and Gruber, 2009; Haeberli potentially a ected population, animportant but challengingkas
et al., 201p and de-buttressing of steep rock walls due tojn a context of low con dence and mistrust of the population
glacier retreat in the surrounding of such lakes are acting otoward governmental institutions and authoritie€4rey, 2005,
century to millennia time scales={scher et al., 2010; McColl 2010; Carey et al., 2012
and Davies, 20)3leading to destabilized mountain anks and
increased availability of mobile loose material locatedvab
new and growing water bodies. In addition to the constantysTUpDY SITE
changing environmental conditions, catastrophic eventatesl
to glaciers are often of a unique nature and not reoccurringin 2003, glacier coverage in the Cordillera Blanca was replort
such as the failure of a dam, for instance. Therefore, thg be between 530 kA{ANA, 20143 and 595 kn? (Racoviteanu
assessment of glacier related hazards cannot rely on tuator et al., 2008 depending on the source, and 830 glacial lakes are
records of past events. Potentially critical situations ighh registered in the national glacial lake invento’NA, 2014H.
mountains, without historical precedence, thus, requirsgio- At the same time, half a million people in the Santa Valley live
based modeling approaches for the assessment of current agglaight below these glacierized mountains in smalletesgnts
pOtentia' future hazards and risk§¢haub et al., 2013; SChneiderand |arger towns like Caraz' Yungay, Carhuazy or the C|ty of
et al., 2014; Allen et al., 2016In GAPHAZ (2017) the Huaraz, the regional capital, with more than 120,000 in et
Standing Group on Glacier and Permafrost Hazards (GAPHAZ]Carey, 2005
of the International Association of Cryospheric Sciencesl an  The Quillcay catchment, a sub-catchment of the Santa River
International Permafrost Association (IACS/IPA) provides pasin, is located on the western ank of the Cordillera Blanit
overview of the related scienti ¢ state of the art togethéthw drains toward the city of Huaraz, where the con uence witketh
recommendations for such quantitative hazard assessnmeht amain Santa River is located. From northwest to southeastrit ca
mapping. be further subdivided into the Cojup Valley with lake Paloelta
The Cordillera Blanca in Peru is a global hot spot of highin its headwater, the Auqui Valley with the lakes Cuchilleica
mountain hazards and risks. Extreme topography with peakgnd Tullparaju, and the minor Shallap Valle§igure 1).
above 6,500 m a.s.|., extensive glaciation, a high numiggtacier Based on aerial photography interpretations and topographic
lakes, and the densely populated Santa Valley in close vi@hit analyses, the volume of Lake Palcacocha before its outlurst i
its western foot result in a high-risk combination of vuliadle 1941 is estimated to have been around 9 to 110° m3 (Vilimek
population and infrastructure directly exposed to high hazardet al., 2005 The trigger of the lake outburst event of 13 December
potentials. Since 1941, this manifested in more than 30 (gﬂaci 1941 is unc|ear; an impact of a |arger ice or combined rock-
disasters in this mountain range, claiming more than 15088 jce avalanche is a likely explanation, considering the hangin
(Carey, 200p Besides the catastrophic mass ows originatingglaciers in the steep faces of Mount Palcaraju (6,264 m ausd.)
from Mount Huascaran in 1962 and 1970, with a death toll ofviount Pucaranra (6,156 m a.s.|.) straight above the laké(ek
about 7000 vans et al., 20)2the catastrophic outburst of lake et al., 2005; Emmer and Vilimek, 2014; Wegner, }0The
Palcacocha, located above the regional capital of Huarde, is overtopping water initiated retrogressive erosion at the aioe
our knowledge the deadliest outburst event of a glacial lake dam, leading to the formation of a breach and eventuallyrmiraj
historic times. In December 1941 this GLOF destroyed about pake Palcacocha almost completely. After the outburst, dlsma
third of the city of Huaraz and Independencia (hereafter onlyjake with a volume of about 0.5 10° m3 remained at the bottom
called Huaraz for convenience) and killed more than 1,80@fee0 of the valley, dammed by a younger, 8m high moraine wall,
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FIGURE 1 | Location and overview of the Quillcay catchment in the Corllera Blanca, Ancash region, Peru. (Modi ed afteGomos-Valenzuela et al., 201¥.

with a lake level at about 47 m below pre-outburst conditionsncrease in damage potential in the form of population and urban
(Vilimek et al., 200p In the 1970s the lake level was stabilized bynfrastructure located in the city of Huaraz, in the trajedes of
installing a drainage pipe and the drainage channel was capp@otential outburst oods of glacial lakes.
by an 8-m arti cial dam. At the same time the secondary natura  Besides Lake Palcacocha, four other glacial lakes aredocate
out ow at the right side of the moraine dam was reinforced inin the Quillcay catchment: Cuchillacocha, Tullparaju, Cinoy
order to prevent erosion in case of overtopping displacemerénd Shallap (from north to south). Due to their considerable
waves [Portocarrero, 201 Since the 1990s, accelerated glacielnazard potential for the city of Huaraz, besides Lake Patieto
retreat led to a strong increase of lake area and volume.®®20 structural hazard mitigation measures have been undenas
bathymetric survey revealed a lake volume of morethan 1% well at Lakes Cuchillacocha (2 1 m3) and Tullparaju (12
m3 (ANA, 20141, i.e., an increase by a factor of 34 withir20 1% m3) (ANA, 2014h cf. Figure 1). These works include
years Figure 2). lake level lowering and stabilization by the construction of
In parallel to this extreme increase in lake volume, the cityarti cial drainage channels, capped by arti cial dams reirtiog
of Huaraz has undergone an enormous growth since the GLO#e natural moraine dams and ensuring a xed freeboard
disaster in 1941, despite the destructions of large parts ef th(Portocarrero, 2014 All three lakes are considered for the
city by the Ancash Earthquake in 1970. According to censukazard assessment and mapping presented here. Such a multi-
data from the National Statistical Institute (INEI), the pdption  source assessment of GLOF hazards considering di erent lakes
of Huaraz grew from< 20,000 inhabitants in 1941 to more of a catchment rather than a single lake, run though from
than 127,000 inhabitants in 2015NEIl, 2015. This strong a susceptibility assessment down to the nal hazard mapping
growth of the population can be used as a rough proxy for thénas to our knowledge so far not been done for any catchment
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by historical data or scienti ¢ analyses. Due to the chaggstics

of glacier related hazards as outlined above, (i) shoulg oel
scenarios of potential events, rather than historical resoofl
past events. Despite the outburst in 1941, this is also true for
Lake Palcacocha, where current conditions cannot be cordpare
to the setting prior to the 1941 event, as the pre-1941 dam was
destroyed by the formation of the dam breach, and the laker aft
1941 until today has been dammed by a younger moraine with
a di erent geometry and geotechnical characteristiggiek

et al., 2005; Somos-Valenzuela et al., Y0M@americal models

for the simulation of the involved processes can be applied
to evaluate and quantify (ii), spatially distributed intenesit

of potential events. Hence, a scenario-based hazard assgssm
approach using interacting numerical models, was applied here
as described below for the hazard mapping of the three lakes
Palcacocha, Tullparaju, and Cuchillacocha.

Scenario De nitions

Considering past events at Lake Palcacocha and other glacial
lakes in the Cordillera Blanca and taking into account stwal
remedial safety measures at all three lakes, the only patenti
outburst triggers are major ice or combined rock-ice avalas
impacting a glacial lake. The de nition of GLOF scenarios
therefore included (1) the identi cation of potential detament
zones for ice or rock-ice avalanches, and (2) the deternanat

of involved avalanche volumes for the three scenarios to be
modeled. For this, a susceptibility assessment similar to the
approach presented bfchaub et al. (2015Nas performed,
based on analyses of glacier topography, crevasse patterns, and
traces of recent avalanches combined with rough estimdties o
thicknesses. In view of displacement waves causing overtgppin
at the dam, impact directions parallel to the longitudinal suoé

the lakes, i.e., perpendicular to the dam orientations, ctutsti

2006 2010 the most unfavorable constellation, as the main kineticrgne
FIGURE 2 | Satellite imagery documenting the evolution of Lake Palcacha from, the avalan_ghe ImpaCt 1S dlrgcted_ Str,alght to, the dam'
from 1987 to 2010. Glacier ice is shown in cyan, rock and debs in orange, Since a de nition of return pe”OdS IS V|rtually |mp053|bleeju
and water in dark blue. The lake volume increased from about 2 106 m3 in to the lacking information of the frequency-magnitude rtiba
1987t0 17 108 m3 in 2010. Images acquired by Landsat 5 (1987, 1991, of such avalanchesSthneider et al., 2014; GAPHAZ, 2017
1996, and 2001) and Landsat 7 (2006 and 2010), all scenes fronduly or onIy qualitative probabilities of occurrence (high, medidm/,v)
August.

were assigned to the three di erent magnitudes of the scesari
(small, medium, large, respectivel\§detzo et al., 200.Zor the
) ) evaluation of avalanche volumes for the three scenarioseour
worldwide.Schneider et al. (ZOlp)esenteq a GLOF hazard map acier surface geometry, topography, and crevasse patterns
for the Chucchun catchment and the city of Carhuaz, Iocatea,ere analyzed. Average ice-thicknesses of hanging glacees w
30km north of Huaraz. They applied a series of compatiblg,ssmed to be 20 to 40m, according to on-site observations
numerical models to simulate the chain of involved processeg¢ exposed ice clis and evidences from recent ice avalanches
Somos-Valenzuela etal. (20&pplied a similar approachto Lake i, the Cordillera Blanca (cfSchaub et al., 20).5For the
Palcacocha. Results of this study are also considered h&e agetermination of total avalanche volumes, it has to be takém
reference and for model comparison. consideration that considerable volumes of underlyingrbet
material, potentially under (warm) permafrost conditions .(cf
METHODS Carey et al., 2012; Schneider et al., 20fvght be incorporated
in a combined rock-ice avalanche. Corresponding total vadsm
Hazard assessments in general rely on the determinatiahptbie|  were also set in relation to other comparable events as reghorte
probability of occurrence of a potential event and (ii) intéies  from around the world Gchneider et al., 20).1Avalanche
of involved processes at a given point in spadBl(SDR, 200 volumes of the medium scenarios eventually were set in letwe
Generally, these two components of hazard are determinbdreit the volumes of the large and small scenario, according to the
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topographic situation and geometry of the respective detactime model. Also Somos-Valenzuela et al. (2016pmpared their
Zones. FLOWS3D results taeller et al. (2009¢stimates and concluded

The avalanches described above are the initial triggers ofthat FLOW3D is possibly overestimating wave height. In a more
chain of processes eventually leading to a GLOF. The only otheecent studyChisolm and McKinney (201&urther investigated
process which needs to be evaluated separately in terms ofte impact waves at Lake Palcacocha and came to a closer
scenario, is the susceptibility of the involved moraine ddars agreement of 3D modeling results and the empirical relations,
breach formation. All other processes involved in the casa#fd but still with larger wave heights indicated by the numetica
GLOF related mass movements are directly determined by theodels. In this study, equations frofveller et al. (2009were
characteristics of these initial avalanches and theredoeenot used to estimate wave heights, run-up heights at the dam, and
further considered in the de nition of scenarios. overtopping volumes. Resulting hydrographs, which were later

used as input for the GLOF modeling, were estimated based on

. . overtopping volumes from thedeller et al. (2009)equations
Numerical Modeling of Mass Movement and typical durations of overtopping waves as simulated by the
Process Chains hydrodynamic models mentioned above. Furthermore, histairi
Numerical modeling of cascading chains of mass movements @alyses of landslide and avalanche impacts on lakes revealed
arelatively new eld of research. There are models aimindgpatt that in case of an impacting mass10% of the lake volume,
integration of the di erent involved processes into single mbd complete drainage of the lake is possibiteiggel et al., 2003a
frameworks (e.gMergili et al., 2017, 20)8Here, an approach This had to be considered in particular for Lake Cuchillacmch
to combine di erent models of the individual processes into awith its relatively small volume compared to potential avalaes
compatible model chain was chosen, using model results a$ inpaccurring form a hanging glacier straight above the lake.
for subsequent modelingSChneider et al., 2014; Westoby et al., Besides overtopping, such as typically observed for lakes with
2014; Worni et al., 20)4For each scenario, the entire processsolid rock dams, it is important to evaluate the stability of
chain of avalanche, displacement wave, and overtopping, downoraine dams and to assess their susceptibility to the faonat
to the eventual outburst ood, was simulateBigure 3, top). of a breach due to retrogressive erosion, which can incréeese

Ice and rock-ice avalanches were modeled using the RAMM®tal ood volume dramatically compared to the volume of the
model (Christen et al., 2000 This model is based on the overtopping wave, such as seen, for instance, during the 1941
2-D shallow water equations, using a Voellmy approacloutburst of lake Palcacocha. BASEMENT is a software able to
incorporating a dry Coulomb friction and a turbulent friction  simulate the erosional processes involved in the formatiba o

(Bartelt et al., 199%nd has been successfully applied to thébreach at a moraine dam\(orni et al., 2012; Vetsch et al., 2018
simulation of large ice and rock-ice avalanches all aroumel t Somos-Valenzuela et al. (20%dpplied BASEMENT to the dam
world (Schneider et al., 2010, 2014; Worni et al., 20iéluding  of Lake Palcacocha; here we draw on the related ndings from
the simulation of potential avalanches impacting Lake Palcilaa  this study and adopt them to the other two lakes Tullparaju and
(Somos-Valenzuela et al., 2016 Cuchillacocha.

Di erent hydrodynamic models are available for physically- For the nal modeling of resulting lake outburst oods,
based simulations of impact wave generation and propagatiomagain the RAMMS debris ow module was applied. RAMMS
and run-up height calculations at the dam. Such models inejud also in the past had been successfully applied to modeling of
for instance, IBERIBER, 201p or FLOW3D (Flow Science, large debris ows ussin et al., 2012; Scheidl et al., 2013;
2012. Such models require 3D topographical information of Schraml et al., 20)5and GLOF modeling $chneider et al.,
the lake bathymetry, which was available for the three lake®014; Frey et al., 20)L6GLOFs typically undergo several ow
investigated here from the Glaciology and Water Resourcdagpe transformations along their trajectory, depending aopsl,
Unit of the Peruvian National Water Authority (Unidad de material, and water availability®(orni et al., 2012; Schneider
Glaciologia y Recursos Hidricos, UGRH; Autoridad Nacional dett al., 2014; GAPHAZ, 20).7This was taken into account
Agua, ANA). However, besides bathymetry, these hydrodyoamby using a RAMMS version allowing for the incorporation of
models as well need a large number of parameters to herosional processes within prede ned zones. These zones were
de ned, typically not available for speci c glacial lakespiying  de ned based on eld evidences of such ow type changes from
considerable uncertainties, as discussed Smnhneider et al. the Palcacocha 1941 outburst and relating them to surfagees|
(2014)for the modeling of the displacement wave at Lake 51&clinations.
with IBER. Somos-Valenzuela et al. (201&pplied FLOW3D For both the avalanche and GLOF modeling, a LIDAR digital
to lake Palcacocha, replacing the impacting avalanche by edevation model (DEM) from 2010 with 5m spatial resolution,
corresponding mass of water. provided by the Peruvian Ministry of the Environment

Empirically-based approaches for engineering purpose@Vinisterio del Ambiente, MINAM) could be used.
provide a valuable alternative to the above mentioned
hydrodynamic modelsdeller et al. (2009provide a manual with . .

a suite of equations allowing for the estimation a largeatgri Hazard Mapping Based on Numerical

of parameters of displacement waves in reservoirs generatddodel Results

by impacting landslide processeschneider et al. (2014)sed  For translating the GLOF modeling results into a hazard metp (
Heller et al's 2009 approach for the calibration of the IBER lower panel ofFigure 3), in a rst step the spatially distributed
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applied to moraine dammed glacial lakes. Cf. matrix ifrigure 4 for details of the translation of model results to hazard l&ls (bottom part of the chart).
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FIGURE 4 | Matrix of hazard levels based on probability and intensityntensity
levels are based on modeled ow heights; probability levels @rrespond to the
different scenarios. The four hazard levels low, medium, dith, and very high
and related colors correspond to the Peruvian national stastards.

modi cation of the hazard level matrix, a worst-case scémar
could be included in the hazard assessment and mapping.
This helped to reduce uncertainties induced by the scenario
de nitions signi cantly, as the formation of a dam-breac still

re ected in the resulting hazard map, although based on the
moraine dam stability modeling it was excluded from the three
main scenarios.

RESULTS

Scenarios

Detachment zones of the dierent avalanche scenarios are
shown in Figure 5. For Palcacocha (P) and Cuchillacocha (C)
one detachment zone was consideré&ifios-Valenzuela et al.,
2016used the same detachment zone for their modeling study

GLOF ow heights for each of the three scenarios were traadla at Palcacocha). For Tullparaju two situations were taken into
to GLOF intensities. To do so, thresholds of modeled GLORccount, as a smaller avalanche from the eastern part of the

ow heights were set according to existing debris ow intégs

glacier (T2 inFigure 3) might cause a similar wave at the dam as

de nitions from Hurlimann et al. (2006andRaetzo et al. (2002) alarger avalanche from the western detachment zone (TE)tau
High intensity corresponds to areas where maximum GLOF owthe di erentimpact angles of the avalanche trajectories commgpa
heights exceed 1 m, medium intensity corresponds to areds wito the longitudinal lake axis of the lake.

maximum ow heights of< 1 m. Low intensity does by de nition
not exist for debris ows. Then, in a second step, resultingd&L
intensities of each scenario were translated into hazavdlde
according to the probability of occurrence (low, medium, g
of the respective scenario (Eigure 4).

Avalanche volumes for the three scenarios for each of the fou
detachment zones are given Table 1 Volumes for the small
scenario were de ned based on experiences from the 1991 and
2010 avalanches at Mount Hualc&brey et al., 2012; Schneider
et al., 2014; Schaub et al., 2)Nfolumes of the large scenarios

The applied hazard classication matrix is based oncorrespond to worst-case estimates, reaching volumes obup t

three hazard levels, as used in dierent countries, inclgdin 3

1P m? for the detachment zones above Palcacocha (P in

Switzerland Raetzo et al., 2002However, Peruvian national Figure 5), and Tullparaju (T1 inFigure 5 based on potentially
standards, determined by the National Center for DisastskRi unstable parts of steep hanging glacies with areas of abo(@@D0

Estimation, Prevention, and Reduction (Centro Nacional

dem? and depths of 60 m (including ice and bedrock). For the

Estimacién, Prevencion y Reduccion del Riesgo de Desastresedium scenario values in between the small and the large

CENEPRED), consider four hazard level&SNEPRED, 2015

scenarios were chosen, based on the site specic topographic

In order to meet these national standards, the low hazardharacteristics of involved hanging glaciers. For the Raldsa
level was assigned to areas potentially a ected by an extyemedvalanches, avalanche scenarios were de ned in agreenitbnt w
low probability, but possibly high impact event. With this the scenarios used omos-Valenzuela et al. (2016)
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FIGURE 5 | Release areas of modeled ice or rock-ice avalanches. P, Pacocha avalanche; C, Cuchillacocha avalanche; T1, Tullpaju west avalanche; T2, Tullparaju
east avalanche. Background: RapidEye scene from 14 July 2@

Numerical Modeling glacier part between the peak and the lake. All other avalanche
Avalanche Simulations scenarios from the two detachment zones at Tullparaju reach
Friction parameters for the RAMMS avalanche simulations werthe lake.Figure 6 shows maximum ow heights of the RAMMS
set tomD 0.12 (dry Coulomb) anck D 1,000m s? (turbulent), modeling of the large avalanche scenarios at Tullparaju.rit ca
according toSchneider et al. (2014nd Somos-Valenzuela et al. also be seen, that besides impact volume, also impact direction
(2016) At Cuchillacocha all three scenarios reach the lake, in thplays a crucial role for the determination of potential oveing
medium and large scenario the impacting avalanche volume &t the dam. For Palcacocha results were identicabitonos-
larger than 10% of the lake volume (impacting avalanche velumValenzuela et al. (2016)

> 200,000 rA; lake volume 2 1P m3), which is important for

lake drainage considerations (cf. above and below). Thel smampact Wave

avalanche scenario from the Tullparaju west detachment zorgased on results from the RAMMS avalanche modeling, impact
(T1 in Figure 5 does not reach the lake but stops in the at wave properties were estimated based togiler et als 2009
equations. Mass and angles of the impacting avalanche were
extracted from RAMMS results and the DEM, density was set to

TABLE 1 | Volumes of rock-ice avalanche scenarios (in 1om3). 1,000 kg m 3’ such as applied as well L%chneider et al. (2014)
Small Medium Large and Somos-Valenzuela et al. (201&eometrical properties of
scenario scenario scenarioc  the reservoir and the dam were extracted from the bathymetri
data, the DEM and topographic surveys, all provided by ANA.
Palcacocha (P) 05 1 3 Evaluated wave parameters includég, maximum wave height
Cuchillacocha (C) 0.2 0.75 13 in the reservoirR, run-up height at the dam (typicallRis larger
Tullparaju west (T1) 0.3 0.75 3 thanHy); andV, the overtopping volume per unit length at the
Tullparaju east (T2) 0.1 0.3 0.75 dam crest (in casRis higher than the freeboar). Table 2gives
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an overview of the estimated impact wave characteristichef t Moraine Dam Stability
di erent avalanche scenarios for the three lakes. A detailed analysis of the susceptibly for breach formation
It is noteworthy that none of the Tullparaju west (T1) with BASEMENT bySomos-Valenzuela et al. (201@vealed
scenarios result in overtopping at the dam, despite the mucthat breach form at the moraine dam of Lake Palcacocha is
larger avalanche volumes compared to the Tullparaju east (T2ery unlikely. For the large scenario, the simulation iradés
avalanches. The reason for this is the impact direction of theigni cant erosion at the distal face of the dam, neverthelbs
avalanche trajectories which in the case of the T1 avalanchback-propagating of the erosion is not enough to reach the lake
are almost perpendicular to the longitudinal axis of the lakeand thus form a breach. This result is based on the assumption
as indicated inFigure 6. This leads to very high run-up height of unfavorable, worst-case setting of related soil pararagie.,
at the proximal moraine opposite to the impact, but muchmost favorable for erosionSomos-Valenzuela et al., 2)1Bam
lower wave and run-up heights in the direction of the dam.conditions at Lake Tullparaju are much more stable than at Lake
For Cuchillacocha, both the medium and large scenariosfead Palcacocha, due to the predominance of clayish material thst h
signi cant overtopping. However, due to the relatively smiake a much higher resistance against erosiéitocarrero, 201y
volume compared to the impacting avalanche mass, accordir@iven this, in combination with the much higher freeboard
to Huggel et al. (2004a)even complete drainage of the lakeof the Tullparaju dam, breach formation is considered to be
has to be considered for these two scenarios. Thus, both f@ven more unlikely at the Tullparaju moraine than at Lake
the medium and the large scenario, the overtopping voluméalcacocha, and thus was not further considered here. Fag Lak
corresponds to the lake volume (2 1P m3, cf. Table2. Cuchillacocha, as mentioned above, drainage of the complete
This is remarkable, as—at least for the medium scenario—tHake by overtopping was considered for the medium and large
highest GLOF volume originates from the smallest lake, Wwhicscenario due to the high avalanche impact volume compared to
is contradicting assessment schemes that consider lakeagra the lake volume, making a more detailed stability assessofen
criterion for hazard level determination. the dam obsolete.

small scenario medium scenario large scenario

Tullparaju west
Avalanche (T1)

Flow height
 60m

30m

o

m

Tullparaju east
Avalanche (T2)

FIGURE 6 | RAMMS results of the three scenarios for avalanches from thievo detachment zones above Lake Tullparaju (T1 and T2 iRigure 5). Note the angle
between the impact direction (orange arrow) and the longitlinal axis of the lake (dashed red line) in the two panels foné large scenarios (right). Background:
RapidEye scene from 14 July 2012.
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TABLE 2 | Wave characteristics according toHeller et al. (2009¥or the four avalanche sites, cfFigure 5. Overtopping only occurs if wave run-up height R> Freeboard
F. Lake characteristics according toANA (2014b)and Portocarrero (2014)

Lake Avalanche site (Figure 5) Wave parameters Small Medium Large
scenario scenario scenario
Palcacocha P Wave heightHy, [m] 8.8 21.1 42.2
AreaD 514.100 m2 Run-up heightR [m] 151 20 29.7
\F/:);.etl))ol;rdFlDoz 23 Overtopping volumeV [10% m3] 0.15 05 1.8
Cuchillacocha C Wave heightHy; [m] 5 11.3 14.8
AreaD 145.700 m2 Run-up heightR [m] 13.7 35.7* 48.8*
\F/?el.e?)ozard ;0; :tfm Overtopping volumeV [10% m3] 0R<F) 2+ 2+
Tullparaju T1 (Tullparaju west) Wave heightly, [m] Not 25 4.5
AreaD 463.700 m2 Run-up heightR [m] reaching 51 10.1
Vol.D 12 10° m3 Overtopping volumeV [10% m3] the lake OR< F) OR< F)
FreeboardF D 18m T2 (Tullparaju east) Wave heightty [m] 3.1 6.1 13.4
Run-up heightR [m] 7.4 16.5 41.3
Overtopping volumeV [106 m3] OR<F) OR<F) 1

*Entire lake volume considered for outburst as these scenarios at LakCuchillacocha include impacting avalanche volumes 10% of the total lake volume.

To take uncertainties related to these evaluations intoact  (Figure 7). Thus, erosion was considered for the modeling in
and re ect them in the hazard map, an additional very lowregions with an overall slope of more than 10%, indicated by
probability scenario has been considered, complementing thihe gray rectangle ifigure 7, and frictional parameters were set
three scenarios de ned and described above (section Soshar accordingly to simulate a viscous debris om O 0.08 andx
This scenario consists of the combination of the large a@la D 500m s 1) in these steeper regions, whereas for less inclined
scenario followed by the formation of a dam breach at Lakeections, i.e., the relatively at valley oors below thekda,
Palcacocha (c6omos-Valenzuela et al., 2QEigure 4above and erosion was neglected and friction parameters were setaiogpr
section Hazard map below). to a hyperconcentrated ow with relatively high amounts of

liquid water (nD 0.04 andx D 500 m s 1) (cf. Schneider et al.,
Outburst Flood Modeling 2019. Resulting maximum ow heights for the large GLOF

GLOF volumes have been determined based on overtoppirﬁ?e”aﬂos from Lakes Palcacocha and Tullparaju are shown in
volumes as described ifiable 2 Eventual GLOFs have been Figure 8

modeled using the RAMMS debris ow module allowing for

taking erosional processes into account. In this RAMMS vetsiotHazard Map

sections of the mass movement trajectory can be selectedtewh Maximum ow heights of the three lakes investigated were
erosion is considered by the model, and others where thisis n combined for each of the three scenarios. In cases of two or
the case. Traces of the 1941 Palcacocha outburst stillevisib more overlapping outburst trajectories (e.g., below the dams
the eld provide evidence for ow type transformations reldte of Lakes Cuchillacocha, and Tullparaju, and at the con uence
to changes of the erosional regime: Erosion took place mainlgf the Auqui and the Cojup Rivers), the highest value within
in the breach of the moraine, but the eroded material wagach DEM pixel was considered for the combined maximum
mainly deposited within several hundred meters below the damow height maps of each scenario. These maximum ow height
Then, in the relatively at Cojup Valley no erosional traceie  maps were then translated into intensity maps for each scenari
visible, supposing a hyperconcentrated ow of mainly wateraccording to the threshold of 1 m ow height. Then, the intégs
with only ne-grained sediment. After having washed awakéa maps for each scenario were converted into hazard maps for
Jircacocha on its way/{limek et al., 200§ erosion took place each scenario, according to the probability of occurrencthef
again at the lower mouth of the Cojup Valley, about 10 kmdi erent scenarios (cfrigure 4). Finally, these three hazard maps
upstream of the city of Huaraz, where surface slopes increasgre combined into the preliminary, raw hazard map by sefecti
again. Field visits and comparisons of ow type evidences fronthe highest hazard level within the tree scenarios for eaEMD
the 1941 outburst to surface slope inclinations revealed thaixel, such as illustrated iRigure 3

erosion occurred mainly on river sections with slopes of more In Peru, hazard maps consist of four hazard levels, according
than 10%. An analysis of the longitudinal valley pro les showdo CENEPRED (2015Here, GLOF modeling results of the three
the characteristic shape of a rst short but steep sectioaight  scenarios were translated into the three hazard levels unedi
blow the lakes, followed by a long and at valley, and thenimga high, and very high (cfFigure 4). In order to meet this national

an increase in surface slope in the section between the lowstandard of four hazard levels and to take into consideration
mouths of the Cojup and Auqui valleys and the city of Huarazan additional unlikely but not entirely impossible worstsea
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FIGURE 7 | Longitudinal pro les of the Cojup Valley (red) with Lake Padcocha and the Auqui Valley (blue) with Lakes Tullparaju @hake Cuchillacocha, not on the
pro le line). Note the at sections (Pampas) below the lakes ifboth valleys. In the steeper sections, directly about the gitof Huaraz, indicated by the gray rectangle,
erosion is considered in the GLOF modeling.

scenario of a breach formation at Lake Palcacocha (cf.osectiof representatives of the Municipalities of Huaraz, and
Moraine Dam Stability) was considered as well. In contrast tdndependencia with their Civil Defense departments, the region
the three regular scenarios, maximum ow height resultsheét Ancash government, technical government institutiondiring
worst-case scenario were not translated into intensity maps  ANA and INAIGEM (Instituto Nacional de Investigacion en
a low hazard level was assigned to the entire area potential3laciares y Ecosistemas de Montafia), the National Park
a ected in such a scenario. This on the one hand takes intd¢duascardn, NGO's (CARE and the Mountain Institute), and
account the extremely low probability of such a breach foiorat  international scienti ¢ experts from the University of Zuhi@and
(cf. Somos-Valenzuela et al., 20,lbut on the other hand University of Texas. The lead was with the Mancomunidad
eliminates uncertainties that would be induced when compjete Waraq, an administrative association between the two
neglecting this worst-case scenario. In other hazard mappingunicipalities of Huaraz and Independencia that promotes
standards, as for instance the Swiss system, such extremsev climate change adaptation and risk management.
with very low probabilities of occurrence but high potential This commission mandated the technical local and
impacts are often translated into a so-called residual lthzar international institutions to develop this GLOF hazard map
For obtaining the nal hazard map, the raw hazard mapfor Huaraz for GLOF hazards in the Quillcay catchment. The
was generalized according to cartographic generalizatibesyu approval process of hazard maps is in principle de ned by
i.e., simplifying polygons of the same hazard level, elinmigat CENEPRED but in practice still considerable doubts and missing
isolated pixels and lling small holes and thus convertingth clarity prevails. Speci cally, it is not su ciently clear whegr
speckled “raw” map in continuous and contiguous map (cfa technical institution competent in the respective eld can
Figure 9). This resulted in a model-based hazard map of multi-approve the hazard map or whether this role is taken in a
source GLOF hazards for the entire Quillcay catchment. Arcentralized way by CENEPRED. In the rst case questions are
excerpt of the urban area of Huaraz of this map is shown irraised that a single institution cannot be both judge and gdg
Figure 9, green areas (low hazard) correspond to areas onlgt the same time, i.e., a technical institution would be maeda
a ected in case of a dam breach at Lake Palcacocha, see abtweevelop the hazard map and would then validate and approve
andFigure 4. their own work.
In our case the hazard map was approved by the inter-
institutional commission. One of the critical issues inghéspect
INSTITUTIONAL ASPECTS AND is the purpose of the hazard map. For Quillcay, the hazard map
DISSEMINATION was found to be appropriate as a basis for evacuation plans and
procedures, including early warning, but not for detailed amb
The assessment of multiple GLOF hazards and the developmdand-use planning. This is due to the lack of consideration of
of a hazard map was part of a larger institutional process. liigh-resolution urban topography and in particular the e ects
response to imminent GLOF hazards from lake Palcacochef built structures (houses, roads, etc.) on GLOF ow dynasnic
an interinstitutional commission of responsible authoeii A follow-up process was foreseen to develop a high-resolution
and technical expert institutions was formed, consistinghazard map aptto urban planning.
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FIGURE 8 | Combined results (maximum ow height) of GLOF model runs witlRAMMS for the large outburst scenarios of Lakes Palcacocharal Tullparaju. The
yellow polygon indicates the zone of steeper slopes (cf. gsarectangle inFigure 7)), where frictional parameters of a viscous debris ow were cbsen and erosion was
considered in simulations with RAMMS. For other areas, no esion was considered and frictional parameters of a hyperawcentrated ow were chosen. Background:
RapidEye scene from 14 July 2012.

Communication of hazards and risks to the population is athat the emergency preparations were at an appropriate level.
critical but fundamentally important task, in particular whe This campaign also allowed the institutions to better untems
considering the context of mistrust by the local population inthe perceptions of GLOF hazards by the local population.
authorities, governments, and technical expeEsiey, 200p  Furthermore, the evacuation maps are also shown in public
The dissemination of the hazard map to local population wa$uildings, shops, restaurants, pharmacies, and travel agencie
implemented by the municipalities of Huaraz and Independencia The hazard and evacuation map helped raising the awareness
and the NGO CARE. For this purpose, a lea et was producedf authorities about the latent threat these lakes are posing
(Figure 10, containing a catchment-scale hazard map and @ Huaraz, and eventually also formed an important basis for
popular illustrative cartoon explaining the process and purposéhe design and implementation of an early warning system for
of a hazard map, indicating what to do in case of emergency an@LOFs in the Quillcay catchment. The early warning system
a self-evaluation of how well prepared the own family is for GLO was foreseen as an immediate measure to protect people's lives
emergencies. A second dissemination product was an evaouatifrom GLOFs but the institutional and administrative process
map for which the hazard map formed the basis. The evacuatiowere complicated, and together with low institutional capiasit
map indicated the main routes of evacuation in case of a GLOEombined with high instabilities, especially concerning the
for the hazardous parts of the city. A large campaign was runegional government, enormously delayed the implementation.
that covered about 4,000 households by face to face comstadts The slow and multi-stage procedures for technical approval
interactions with the urban population located in the potefifa and nancing of the early warning system resulted to be
a ected zones in Huaraz. The evacuation map was provided ta major barrier to e cient and e ective response to GLOF
and discussed with each household individually to make surgsks. The hazard and evacuation maps represent indispensable
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FIGURE 9 | Excerpt of the nal hazard map for the urban area of Huaraz. Haard levels and related colors according to the Peruvian nathal standards de ned by
CENEPRED.

FIGURE 10 | Information lea et (in Spanish) distributed to households ithe hazard zone of HuarazTop: front side with the hazard map of the entire catchment with
some population information(Left) and characteristics of the evaluated glacial lakegRight) . Bottom : reverse side with ve points with cartoons and explanations
and information on the map (1) What's a hazard map? (2)Why isimportant? (3) How was it elaborated? (4) Which lakes haveelen considered? (5) Who elaborated
the map? (6) What's the meaning of the different colors? (7)dv much time is left in case of a GLOF alarm and eventually a qegonnaire for a self-evaluation of the
preparedness. (Courtesy of CARE Peru).

elements for several of the early warning system componentgrocedures the early warning system process in mid-2018
such as for understanding the risks, and for responseeached the phase of public tender for the construction of the
After about 4 years of technical studies and administrativesystem.
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DISCUSSION planning or (re-)de nitions of real-estate values (cf. seot
Institutional aspects and dissemination).
The elaboration of a multi-source GLOF hazard map using However, the biggest source of uncertainty in the entiresindz
a scenario-based modeling approach involves dierent kindsnapping approach is related to the de nition of scenarios. Due
of uncertainties. Involved uncertainties are related tedint  to the lack of historic recordings of involved processeseroft
sources, including (i) the numerical models, (i) their input also due to the unique nature of certain mass movement events,
data, (iii) introduced simpli cations, and (iv) the de nions of  scenario de nitions cannot rely on empirically establishsite
scenarios. speci ¢ frequency-magnitude relations, as it is the case for
Chosen numerical models need to be able to simulate angarious other hazardous processes. Taking into accounttwors
represent the physical behavior of simulated processes and ¢@se considerations at all stages of the process chain allow t
provide results which are compatible with models for subsetjuerpetter account for these uncertainties by including muchreno
processes. This is generally the case here, but the extreg@hservative assumptions on moraine dam stability. Heris, th
dimensions, magnitudes, and context are certainly at timét$i  was addressed rst by considering worst-case scenarioshéor t
of capabilities of such models. For instance, the simulabbn GLOF triggering rock-ice avalanches, and second by inolydi
GLOFs with volumes of several millions®nis not the main 4 preach formation scenario as the low hazard level, degpite i
purpose RAMMS was designed for. “Normal” debris ows ofyery low probability of occurrence according to the suscéiittjb
comparable volumes probably occur in several pulses or surgegalysis with a physically-based numerical model.
whereas in a GLOF the entire mass can be involved in one majOI' Besides ice or combined rock-ice ava|anches1 no other
mass movementHrey et al., 2006 Such extreme applications potential triggers were considered here. In principle also slope
could even lead to numerical instabilities of the applied msde nstabilities at steep inner moraine slopes can cause dispkte
however, comparison to evidences from other comparable svenjaves, such as observed in a landslide event 2003 at the inner
and results from independent simulations with other modelspalcacocha moraine/{iimek et al., 2005 However, this event
provide a certain control on the validness of obtained modglin caused a displacement wave only marginally higher than the
results. In this case, RAMMS results were compared to FLO-2Reeboard at the dam, and did not lead to a larger overtopping
results obtained bysomos-Valenzuela et al. (2016 identical ~ wave. A detailed evaluation tigfimes et al. (2016jevealed, that
GLOF scenarios of Lake Palcacocha. Considerable di erencgfis 2003 event was among the largest landslides that arébfeoss
were observed regarding maximum ow depth values betweefprm the Palcacocha moraine, and that comparable landslides
results from RAMMS and FLO-2D. However, regarding thenot lead to substantial displacement waves, mainly due to the
critical criteria for hazard mapping, in this case the area éeec  elongated shapes of the involved lakes. Another aspect tisat ha
and the spatial distribution of maximum ow heights above andnot been considered here are e ects of earthquakes. However,
below 1 m D threshold for intensity classi cation), are similar. for instance the 2015 Gorkha Earthquake in Nepal only a ected
After generalizing the raw hazard map combining the threes very small number of moraine dams of glacial lakes and did
scenarios, the remaining di erences can be neglected. not lead to a single GLOF, despite the large number of glacial
The input data for the models used here is generally adequafgkes in the Himalayas<@rgel et al., 20)6Nevertheless, more
for its purposes, but as well includes certain limitations. Ordetailed site-speci c analyses would be required to assess the
the one hand, physically-based numerical models often requirpotential impacts of earthquakes on moraine dam, in particular
a large set of parameters which is not available from sitgince the Cordillera Blanca is located in very active seismic
speci ¢ measurements, but needs to be taken from literaturezgne.
Even more important is the fact that the DEM used here is  As outlined in section Institutional aspects and dissemioiai
a true elevation or terrain model, representing the topographyonsiderations of the social and institutional contextyal as,
of the earth surface without vegetation and infrastructusech  dissemination activities are key for a successful comnatitin
as bridges or buildings. In particular in urban areas like theand implementation of the elaborated hazard map. Based on the
city of Huaraz, the latter have a signi cant in uence on ow analysis of experiences of hazard map development, approval and

behavior. For a more accurate and detailed hazard mappingissemination at Quillcay and Huaraz we conclude the foiltgy
within the urban center of Huaraz, further works would be which we consider relevant beyond this case study:

required, including high-precision surveys of the buildireysd

other infrastructure, detailed ow modeling based on a thdi Missing clarity about the process from mandating to
surface model comprising such infrastructure, and thorough developing and producing a hazard map a ects the integration
validation and adjustments in the eld, considering for tasce of the hazard map into operational and institutional

also passages and channels for the GLOF which are notprocesses, as well as, the acceptance by the authorities
detectable from a vertical air or space borne perspective. Suchand the population. In countries with limited or not
improvements would also require an analysis of the suitgbilit established regulations concerning this process, devejopin
of RAMMS model, for instance, which has not been tested hazard maps intended to substantially reach beyond academic
for this type of applications. These kind of works is also very studies, is a major challenge. Clear regulations also iserea
cost and labor intensive and related investments could only the legitimacy and credibility of the institutions and

be justied if a clear benet could be drawn from related experts involved, which is particularly important in case
improvement, such as for instance, detailed urban land-use of multiple competing institutions with unclearly de ned
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responsibilities—a situation prevailing in many countrids o scienti ¢ standards. With smart scenario de nitions and Wwe
the world and bearing signi cance much beyond just GLOFre ected worst-case considerations, the degree of unitdyta
hazards. can be lowered substantially. The GLOF hazard assessment
The assessment of GLOF hazards and development ahd mapping procedure applied in the present paper to the
hazards maps needs to follow a transparent method anQuillcay Catchment in the Cordillera Blanca demonstrated
be based on the international state of the art. Thehat approaches successfully tested for single lake assgssme
GAPHAZ (2017)guidance document was produced exactlycan also be applied to a multi-hazard-source setting such as
in recognition of this need. This document represents an entire catchment containing several potentially hazasdou
consensus of international experts and therefore forms @amaj lakes.
international reference. The assessments of rock-ice avalanche and dam breach
The approval process of a hazard map is important for itsusceptibility and impact revealed, that the situation of d.ak
acceptance and further use. In many countries there is stilPalcacocha, which in 1941 caused one of the deadliest GLOFs
missing clarity about it which limits the practical e ectivess in recent history, today is di erent than it was in the 1940's,
of hazard aps and therefore this gap should be closed wherewand a breach formation in case of an overtopping impact wave
possible. is very unlikely nowadaysSpemos-Valenzuela et al. (20).6)
The purpose and use of hazard maps should be clearly de nedevertheless, a substantial hazard is emanated by this lake
before or during the development process. This is particularlyo the Quillcay Catchment and the city of Huaraz, urgently
important because worldwide (and even within countries)requiring complementary disaster risk prevention measures.
di erent types of hazard maps exist. As seen here missinBesides the prominent Lake Palcacocha, also the lakes Tilipara
(high-resolution) data, time, nancial, or human resouscean and Cuchillacocha need to be considered when evaluating the
limit the use of a hazard map for certain purposes (e.g., apt fo6LOF hazard in this catchment. We found that in particular kak
early warning systems but not for urban planning). Cuchillacocha poses the highest hazard of the three lakesin th
The dissemination of a GLOF hazard map should be amedium scenario, due to its proximity to a large hanging glacie
integral part of the complete planning process and represenighich has the potential to completely drain this 2-milliorPtiake
a major eort on its own. Multiple aspects (perceptions, even by an impact of an avalanche of the medium magnitude
credibility of institutions and experts, poverty, existingscenario. These ndings contradict to some extent common
information, etc.) in uence the success of the dissemimatn  local risk perceptions, which are often biased by historical
terms of how e ective a hazard map is to reduce GLOF relateévents (here the 1941 Palcacocha outburst); highlightireg t
risks. A thorough analysis of these aspects is recommended bmportance of integrative, unprejudiced, and objective mdza
in practice often di cult due to time and nancial constrairg. ~ assessments.
In order to convert the resulting hazard map in a useful
Knowledge and understanding of local perceptions of hazardgisaster risk reduction tool allowing for hazard commuriioa,
and risks are fundamentally important for successful hazard  spatial planning, and the design of complementary structural
risk communication, but also for the willingness of goverembs  and non-structural prevention measures, etc., national
and authorities to invest in related mitigation measurefieAa  standards and institutional aspects need to be taken into
GLOF event, fast-onset glacier related hazards typicatigive consideration. In many countries, related processes and
high attention. But within a few years' time, this percepti@nc regulations are not clearly established, resulting in emajing
move toward other hazards and risks, in particular in soe®ti situations for the transformation of a hazard map as a
with a relatively high dependency on agriculture, includingscienti ¢ result into an ocial, legally binding document,
subsistence farming, where slow-onset hazards, such eglth)  serving the authorities as a basis for decision-making and
have severe and immediate impacts on the well-being. In thglanning.
case of the Quillcay catchment such a prioritization appliss al  In a context of mistrust by the population in their government,
the di erent lakes. Lake Palcacocha receives highest &tent authorities and experts, such as it is the case in the Cordille
probably due to its history with the 1941 outburst, whereas th Blanca Carey, 2005; Carey et al., 2)1the dissemination of
hazard assessment performed here revealed, that in particula hazard map is a challenging, but fundamentally important
also Lake Cuchillacocha, despite its smaller volume compared task, requiring major e orts. For the dissemination of the had

the other lakes, comprises a signi cant hazard potential. map presented here, successful experiences have been made by
a massive door-to-door information campaign, accompanied by
CONCLUSIONS the positive e ect of more detailed insights into risk percepso
by the population.

Rapid changes of environmental conditions in high-mountain  Future e orts might aim at improving the hazard mapping

regions currently observed all over the world require scienar Wwithin the urban area, including a detailed evaluation of
based hazard assessment and mapping approaches, as curiBft € ects of urban infrastructure on the ow behavior of

situations often are beyond historical precedence. DespiteLOFs. This is a major task, as scientic knowledge and
considerable uncertainties related to such assessmemgs, €xperiences are currently still very limited in this regard.
use of numerical models for the simulation of involvedHowever, the presented hazard map provides an important
processes yields objectivity and traceability needed tot meplanning tool for subsequent DRR measures, aiming at reducing
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