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Abstract

Theclimatic response of mountain permafrost and glaciers logategh-elevationmountain areas has major
implications for the stability of mountain slopes and related geomorphological hazards, water storage and
supply, and preservation of paleoclimatic haves. Despite a good knowledge of physical processes that
govern the climatic response of mountain permafrost and glaciers, there is a lack of observational datasets from
summit areas. This represents a crucial gap in knowledge and a serious limit ébawetl projections of

future behaviouof permafrost and glaciers

A new observational dataset is available for the summit area of Mt. Ortles, which is the highest summit of
South Tyrol, Italy This paper presents series of air, englacial, soil surfaead rock wall temperatuse
collectedbetween2010and2016. Details areprovidedregarding instrument tygeand characteristics, field
methods, data quality control and assessnmimg. obtained data series are available through an open data
repository.

In the observederiod the mean annual air temperature at 3830 m a.s.l. was betWw8esnd-8.6°C.The

most $allowlayers of snow and firn (down to a depth of about 10 m) froze during witderever melt water
percolation restored isothermal conditions during the ablation season and the entire finaspendat the

melting pressurepoint. Glacier ice is coldhoweveronly from about 30 m depthEnglacial temperature
decreases with depteaching a minimum adlmost-3°C close to the bedrock, &5 m depthA small glacier
locatedat 3470 m a.s,Iclose to the summif Mt. Ortles was also found in cold conditioai®wn to a depth

of 9.5 m.The mean annual ground surface temperature was negative for all but one monitoliedisitiag

cold ground conditions and the existence of permafrost in nearly all -debnded slopes of the summit.
Similarly, the mean anm@lirock wall temperature was negative at most monitored sites, except the lowest one

at 3030 m a.s.[This suggests théhe rock faces of the summit are affected by permafrost at all exposures
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1. Introduction

High-elevation mountain areas are complex systamisenced by physical processes occurring in the
atmosphere, gosphere and lithosphere. These processes closely interact and govern the energy and mass
balance and climatic response of mountain permafmdtglaciers located at highevation.Their response

to climatic changes has important consequences for i) the stability of mountain slopes and related
geomorphological hazard#luggel et al., 2015Knight andHarrison 2023, ii) the thermal regime, viar

storage and stability of mountain glaciéPeline et al., 2015)ii) the hydrological balance and water supply

from glacierized catchmen{#rvine-Fynn and Hubbard, 2017and iv) the formation and preservation of
paleoclimatic archives, such as gaaeochemical record&abirielli et al., 2010)

The ongoing atmospheric warming is leading to a deep transformation of thesdevigiion systems, which

react sensitively to climatic changdsdeed, he thermal state of theryospherds strongly infuenced by
variations in air temperatureshich regulata its energy and mass balance and dynamic behagtauris et

al., 2009Cicoira et al., 201Deline et al., 2016 Projections offutureglobal climate indicate further warming

in absence of mitigation policiesich as theeduction of greenhouse gas emissitRCC, 2022) For this
reasonthe currentmpactson high-elevation mountain areaseexpected to continue and possibly accelerate.
Direct observations of the thermal state and response celeghtion mountain areas are of great importance.
Even thoughhe physical process#satgovern the energy and mass balance and climatic response of mountain
permafrost and glaciemre known,modelbasedprojections of thie future behaviourare subject to large
uncertainty This is because th®bservational datasetequiredfor model calibration and validatiorare
particularly scarce for thesummitareas where model inputs and results aften poorly constrained and
extrapolated, in absence of direct observati@igm(bonneau et al.981; Machguth et a).2008; Carturan et

al., 2012 Zolles et al., 2019; Kinnard et al., 2022

Thermal observations in higklevation mountain arearealso of great value for i) improving knowledgm

the air temperature variability (e.g. thealed elevatiordependent warmindepin et al., 201&8nd 2022,

or the glacier cooling effecBfaithwaite et al., 20Q2ZCarturan et al., 2015;roxler et al., 2020; Shaw et al.,

2023, ii) better understanding the relationship between climatic proxies and meteorological variables (e.g. ice

cores Bohleber et al., 20)3iii) evaluating/improving models (e.g. permafrost distribution mod&dekli et
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al,, 2012, iv) biological and biogeochemical studies (eRathore et al., 20)8and v) setting baseline
conditions for future studies and trend analyses.

In this paper we presentnavelsix-year dataset of air, rockpil surfaceand englacial temperateollected

between 2010 and 2016 tre summibf Mt. Ortles 46.5@8° N,10.54F E,3905 m a.s.l.), in theastern Italian

Alps. These observations were carried out in the framework of the Ortles Project (ortl€abriglli et al.,

2016, whichis an internationatesearciproject, coordinated by the Byrd Polard ClimateResearch Center,

The Ohio State University (USA) and the Hydrographic Office ofi®nomous Province of Bolzano, with

the am ofext racting i ce c orlesGlatiar @barertOntlerfermgtta e usgdeforl 6 Or t
paleclimatic andpale@nvironmentalnvestigations.

Herewe provide dull description of theexperimentakite, datacollection methods and equipment, raw data

processing and final datasets

2. Site description

Mount Ortles(46.5@° N, 10.541° Eis located in the Ortle€evedale Mountain Group, whichttse largest
glacierized area in the Italian Alp€drturan et al., 2033and it is the highest peak (3905 m.lg.®f South
Tyrol (Fig. 1). Froma lithological point of viewthe summitof Mt. Ortlesis mainlycomposedy dolomites
alternated with darktratified limestoneand paraconglomeratienestone levels and breccidsical outcrops
of phyllites rich in quartz and orthogneisan be found at thealseof the mountair{Montrasio et al.2012).
The northern part of the Ortl€3evedalanountain rangés characterised by a continental climatéh scarce
annual precipitation (500 mim thelower valley), which fallsmostlyin summer. Towardthe south, there is
an increasindMediterranearninfluence and the annual precipitation maxima are in spring and autumn, with
cumulative amountsf 900 mm in thelowervalleys. In theglaciatedareas in the middle of the mountaimge

at 30003200 m a.s.l., the mean annual precipitation has been estimated between 1400 and (CYfumam,
2010; Carturan et al., 2012)sing mass balance observationgh@ period from 2009 to 261t is possible to
estimatel3001400 mm of annual precipitatiaan top of Mt. OrtlesHowever,the snow accumulation and
glacier mass balan@ehighly affected by windind estimating thactualprecipitation isalmost imposgile

at this site In comparison, the closest weather station (Solda, 1905 maveildged an annual precipitation

of 1090 mmbetween 1989 and 2019.
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The mean annual isotherm of 0°C is located at about 2500 m a.s.|.ei¢viagion of theylaciers (above 3000
m) the snow coveshowsa typical annual cyclesotheaccumulation seasdastsbetween October and May,
andtheablation season between June and September. On the glaciers, however, snowfalls arddireguent
summey especially above3®0-3500 m.Liquid precipitation is rarentop of Mt. Ortlesbutsome rain events
have been observed in the last 15 years

Glaciers, glacierets and snowfields cover the Mt. Ortles fladkse we describée he Al t o del
Hintergratglaciers, which aréhe two ice bodies investigated in the Ortles ProjHue summit area is almost
entirely covered by th& | t o d eGldciér @beret @rtierferngr whichis the highest glacier of South
Tyrol, ranging in altitude betwees018 and3905m a.s.l. and covering an area of 4 km? (year 2008) The
observedylacier thickness is about T (Gabrielli et al., 2012andthe vertical ice priile encompasses the
last~7 kyr (Gabrielli et al., 2016)This glacieris polythermal with temperate firrand cold ice underneath
(Gabrielli et al., 2012)From geomorphologicavidencetrimlines and moraines) it is possible to estimate a
maximum Little lce Agg14" - 19" centuries)rea of 2.09 kifor this glacier, and a 50% areasosince then.
Between 1984 and 20@be (geodetic) mass balance of the glacier was closer to equilibfiut8 f w.e. y

1 whencompared to the majority of glaciers in the OHEEsvedale Groum the same periofinean balance
rate of-0.69 m w.e. ¥, Carturan et al., 2013)A small glacier, named Hintergrat, covers part ofahstern
rocky ridgeof Mt. Ortles The area of this glacier s09km? and its elevation rangéetweer8340and3580

m a.s.l. This glacier imostly incold thermal conditiasand its fronthangs over the Fine del Mondo Glacier
(Ende der Welt Ferner) underneath.

Mountain grmafrostis widespreacon Mt. Ortles,according tothe permafrost distribution modelled by
Boecklietal. (2012hati ndi cat es O6per mafrost i n ne awithyportleinl
exposureand above 2900 m for areaih southern exposure

Before the Ortles Projeano specificinvestigation existed on thar, englacial and permafrost temperasur

of this mountain
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Figure 1 Geographic location of Mt. Ortles and of sites instrumented for air, emghacial and soil surface
temperature measuremen®ose ups of the a) Payer Refuge, b) Lombardi Bivouac, ¢) Mt. Ortles summit
area, and d) Hintgrat ridge are reported in the pamsthe right The background hillshaded DEf2017

LiDAR survey)is fromhttp://geocatalogo.retecivica.bz.it/

3. Data description

The temperature datas@resented in this work were obtaingginstalling stanealone dataloggers connected
to one or several temperature sensors. Due to the remoteness of the study site, datsdogensered by
lithium or leadacid batteries, which in the case of the Automatic Weather St#MS( Section 3.1) wre
rechargediaily by solar panelsReriodic field visits, mostlperformedrom Juneto Septembenvere usedor
instrumentation maintenance and data download using a |&pbaealtime transmission of data was setup.
The dataseis characterised by a good time coverage afelv gaps (Fig2), indicatingthe suitabilityof the
selectiorof theequipment and field procedures for installation and mainten@iheenost significantemporal
gaps affect soil surface temperatdegasetsiue tothe impossibility of accessing dataloggers in late summer

of 2011 Otherminorgapswere caused by temporary malfunctions or by damaged equipergrihe rupture

6



152 of the fanaspirated radiation shield at the AWS between February and August 2013, which forced us to treat
153 this periodas a data gapWe did notundertakegapfilling, in order tokeep the data recorded in the field as
154  unchangeds possible
155 Detailsof measuring equipmemind installationsre provided in the following sections. Further detalieut
156 theinstruments are provided in Tallanda topographic description of instrumented sites is reported in Table
157 E1,in the Appendix. Figureshewing examples of data series fachvariableare provided in the following
158 subsections.
159
Vaisala HMP155A fan aspirated % % % % % % Partial
Vaisala HMP155A natural ventilation % % Y% W % coverage
Air temperature (AWS) Gemini TGP-4020 fan aspirated % % % % %
Gemini TGP-4020 natural ventilation % % %
Onset H8 Pro Temp natural ventilation % %
Geoprecision string (AWS) % Y
. Sommer short string (drilling site) % % % %
Englacial temperature ) o
Sommer long string (drilling site) % %
Sommer string (Hintergrat Glacier) % % %
Gemini TGP-4020 (ORTL_05) % % % w4
Gemini TGP-4020 (ORTL_06) % % % V3
. Gemini TGP-4020 (ORTL_07) % % Y %
Soll surface temperature Gemini TGP-4020 (ORTL_08) % % % %
Gemini TGP-4020 (ORTL_10) % % Y % %
Gemini TGP-4020 (ORTL_11) % % % %
Geoprecision string (CIMA_ALTO) B
Geoprecision string (CIMA_VERTICALE) === ]
Geoprecision string (ANTICIMA_SUD) ]
Rock wall temperature L i
Geoprecision string (BIV_LOMBARDI) I S S — e —— ———
Geoprecision string (HINTERGRAT) % v %
Geoprecision string (PAYER) e " ‘*«+(+($ '»n
160 20’1 0 20I1 1 20I12 20I1 3 20I14 20I1 5 2(.‘;1 6 20l1 7
161 Figure 2 Monthly coverage ofemperature measurements availdlben 2010to 2016 on Mt. OrtlesPartial
162 coverage indicates the occurrence of data gaps for specific months.
163
164
165 Table 1 Sensor characteristics, setup and period of operation for air, englacial, soil surface and rock wall
166 temperature measurements on Mt. Ortles.
167
Measured ariable  Sensor Radiation shield Period of Initial Unit  Interval Integration  Accuracy
operation height (m) methodand
T interval
from to

Air temperature data (AWS)




Air Temperature  Vaisala R. M. Young 43502 Sep  Jun +4 °C 15 min avglh +(0.226- 0.0028T
HMP155A  fanaspirated radiation 2011 2015 )°C from -80 to
shield 20°C,%(0.055 +
0.0057T)°C from
20to 60 °C
Air Temperature  Vaisala Campbell Scientific Sep  Jun +4 °C 15 min avglh +(0.226- 0.0028T
HMP155A  MET 21 radiation 2012 2015 )°C from -80 to
shield with natural 20°C,+(0.055 +
ventilation 0.0057T)°C from
20to 60 °C
Air Temperature  Gemini R. M. Young 43502 Sep  Jun +4 °C 1lh avglh +(0.2-0.005T )°C
(Backup and TGP4020 fan-aspirated radiation 2011 2015 from -40to 0°C,
comparison) shield +0.2°C from 0°C to
40°C
Air Temperature  Gemini R.M. Young 41303 Sep  Jun +4 °C 1lh avglh +(0.2-0.005-T)°C
(Backup and TGP-4020 radiation shield with 2011 2015 from -40 to 0°C,
comparison) natural ventilation +0.2 °C from 0°C to
40°C
Air Temperature  OnsetHobo Davis 7714 radiation Sep  Sep +4 °C 1lh avglh +(0.63-0.022-T
(Backup and H8 Pro shield with natural 2012 2016 )°C from-40 to 0°C,
comparison) Temp ventilation +0.63°C from 0°C
to 40°C
Englacial temperature data
Snow and firn Geoprecision Jun Sep -0.6/-1.6/-26/ °C 2h instant2h  +0.5°C from-10°C
temperature at the thermistor 2012 2016 -3.6/-46/-56/ to +85°C
AWS site string (L5 -6.6/-76/-86/
Sensors) -9.6/-10.6 /-11.6 /
-12.6/-13.6/
-14.6
Englacial Sommer Nov  Aug 0/-1/-2/-3/-4/ °C 1lh instant 1h +0.1°C from 0°C to
temperature at the thermistor 2011 2015 -6/-8/-10/-15/ 70°C
borehole drilling  string (11 -20/-25
site(short string)  sensors)
Englacial Sommer Nov  Apr -15/-35/-55/ °C 1lh instant 1h +0.1°C from 0°C to
temperature at the thermistor 2011 2013 -75 70°C
borehole drilling  string (4
site (long string) sSensors)
Englacial Sommer Nov  Aug -1.5/-35/-55/ °C 1lh instant 1h +0.1°C from 0°C to
temperature at the thermistor 2011 2016 -7.5/-9.5 70°C
Hintergrat Glacier string (5
Sensors)
Soil surface temperature data
Soil surface Gemini TGR Sep  Sep -0.15 °C 1lh avglh +(0.2-0.005'T )°C
temperature at 4020 2010 2016 from -40 to 0°C,
Lombardibivouac +0.2 °C from 0°C to
- ORTL_05 40°C
Soil surface Gemini TGR Sep  Sep -0.12 °C 1lh avglh +(0.2-0.005-T )°C
temperature at 4020 2010 2016 from -40 to 0°C,
Lombardibivouac +0.2 °C from 0°C to
- ORTL_06 40°C
Soil surface Gemini TGR Sep  Aug -0.05 °C 1lh avglh +(0.2-0.005-T )°C
temperaturet 4020 2010 2016 from -40 to 0°C,
Payemefuge- +0.2 °C from 0°C to
ORTL_07 40°C
Soil surface Gemini TGR Sep Aug -0.05 °C 1lh avglh +(0.2-0.005-T )°C
temperaturet 4020 2010 2016 from -40 to 0°C,
Payemrefuge- +0.2 °C from 0°C to
ORTL_08 40°C
Soil surface Gemini TGR Sep  Aug -0.05 °C 1lh avglh +(0.2-0.005-T )°C
temperaturet 4020 2010 2016 from -40 to 0°C,
Hintergrat ridge +0.2 °C from 0°C to
ORTL_10 40°C
Soil surface Gemini TGR Sep Aug -0.05 °C 1lh avglh +(0.2-0.005-T )°C
temperaturet 4020 2010 2013 from -40 to 0°C,
Hintergrat ridge +0.2 °C from 0°C to
ORTL_11 40°C



Rock wall temperature data

Rock wall Geoprecision Sep  Nov -0.10/-0.30/ °C 1lh instant 1h  +0.5 °C from-30 to
temperatur@tMt.  thermistor 2011 2013 -0.55 -5 °C, 0.1 °C from
Ortles summit string (3 -5to +40 °C
CIMA_ALTO Sensors)
Rock wall Geoprecision Sep  Sep -0.10/-0.30/ °C 1lh instant 1h +0.5 °C from-30 to
temperaturét. thermistor 2011 2016 -0.55 -5 °C, 0.1 °C from
Ortles summit string (3 -5to +40 °C
CIMA_VERTICA  sensors)
LE
Rock wall Geoprecision Sep  Sep -0.10/-0.30/ °C 1lh instant 1h +0.5 °C from-30 to
temperaturat thermistor 2011 2016 -0.55 -5 °C, 0.1 °C from
Vorgipfel - string (3 -5to +40 °C
ANTICIMA_SUD  sensors)
Rock wall Geoprecision Sep  Sep -0.10/-0.30/ °C 1lh instant 1h  +0.5 °C from-30 to
temperature at thermistor 2011 2016 -0.55 -5 °C, 0.1 °C from
Lombardibivouac string (3 -5to +40 °C
- sSensors)
BIV_LOMBARD
|
Rock wall Geoprecision Oct Aug -0.10/-0.30/ °C 1lh instant 1h  +0.5 °C from-30 to
temperaturat thermistor 2011 2014 -0.55 -5 °C, 0.1 °C from
Hintergrat- string (3 -5t0+40 °C
HINTERGRAT Sensors)
Rock wall Geoprecision Nov  Aug -0.10/-0.30/ °C 1lh instant 1h  +0.5 °C from-30 to
temperaturat thermistor 2011 2016 -0.55 -5°C, 0.1 °C from
Payerefuge- string (3 -5t0 +40 °C
PAYER Sensors)

168

169

170

171 3.1 Air temperature data

172 On 30 September 20Eh Automatic Weather Station (AWBig. 3 was installed on the upper accumulation

173 areaofAl t o del | 6,@tran dlegation & I3&8@ m a.s.l. The AWS was equippid a Campbell

174  Scientific CR1000 dataloggersolar panels and sensdos air temperature@ndrelative humidity(Vaisala

175 HMP155A) wind speed and directidR. M. Young 05103)incoming and outgoing shortwave and longwave

176 radiation(Delta OhmLP Pyra 05and LP PIRG 0}, and snow depti@Campbell Sentific SR50A) The

177  equipment was supported by an aluminum tower (composethahddules), anchored in the firn at 2 m depth

178 and sppored by wooden boards. After tivestallation,the towerextendedt m from the surfacelhesensors

179 and solar panelwerefixed on top of the towernwhereas the datalogger/battery housing box was fixed at the

180 bottom(Figs.F1andF2).

181



182
183

184

185

186

187

188

189

190

191

192

193

194

195

Figure 3. The automatic weather station installed in the upper accumulation &r¢atoio del | 6.0r t |

The Mt. Ortles summit3905 m a.s.l.}s visible in the background.

The Vaisala HMP155A senswmasinstalled inside a R. M. Yourd3502fan-aspirated radiation shield. Two
standalone Gemini TGR020 dataloggers equipped wRIB-5003 1 thermistor probgwere also installetbr
comparison and backup purposese in the same faaspirated radiation shield of the Vaisala HMP155A
sensor and one inside6-plate R.M. Young413035 radiation shield witmaturalventilation In September
2012,we installed amdditionalHMP155Atempeaturesensor inside a iplate Campbell Scientific MET 21
radiation shield with natural ventilation, aad Onset Hobo H8 Pro Temp datalogger housed in-plai@
Davis 7714 radiation shield with natural ventilatigtigs F3 and F4)Sensor specifications are reported in
Tablel. TheVaisala HMP155A datevererecordedas15-minutemean values, wherettse Gemini TGR4020
dataloggers recorded hourly minimum and maximum temperatocethe Hobo H8 Pro Temp datalogger

recorded hourly istantaneous temperature. All the temperature records have been converted into hourly
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196

197

198

199

200

201

202

203

204

205

206
207

208

209

210

211

averagesaveraging 18ninute means for the Vaisala HMP155A sensors, minimum and maximum hourly
temperature for the Gemini T&®20 dataloggers, and instantaneous temperat the beginning and at the
end of each hour for the Hobo H8 Pro Temp datalggggsuming a linear variation of temperature during
each hour

All the air temperature sensongereinstalledat the same level (20 cm). Theight of the air temperature
sensos above the glacier surfachanged with the snow accumulatiover time(mean height = 241 crg"
percentile = 6tm, 95" percentile 407 cn). To prevent burial by snow accumulation, the towaselongated
annuallyby adding a 2n module. Figuret showsthe height ofthe sensors above the glacier surface, as

reconstructedrom the snow deptldataand maintenance log$ableD1).

600
500 A t
@
400 ~+
o
E
¥
= 300 -
<
o0
)
<
2 200 A
c
]
w
(o]
100
* Vaisala - aspirated
» Vaisala - natural ventilation
0 A * Gemini - aspirated
» Gemini - natural ventilation
o Onset - natural ventilation
'100 T T T T
01/10/2011 30/09/2012 30/09/2013 30/09/2014 30/09/2015 29/09/2016

Figure4. Air temperature senseheight above the snow surface.

Despite the remote and harsh environment, the AWS worked properly without major interruptions. In June

2015 it wagemovael, but the Hobo H8 Pro Temjmggerwas left on site and recorded additional 15 months of

11
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225

data.The main issudéinked to the specific environment of installation wae and snow accretion combined

with strong winds, which damagelget faraspirated radiations shield February 2013The obtained data are

shown in Fig5.

Air temperature (AWS) [°C]
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(a) Vaisala HMP155A fan aspirated

(b) Vaisala HMP155A natural ventilation

|
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(c) Gemini TGP-4020 fan aspirated
I I T
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(d) Gemini TGP-4020 natural ventilation

(e) Onset H8 Pro Temp natural ventilation

1

!
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|
2014
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2016

2017

Figureb. Daily mean & temperature series measured by different sensors installed at the Automatic Weather

Station on Mt. Ortles.

3.2 Englacial temperature data

Englacial temperature measuremen&se collected at thregifferentsites on Mt. Ortles: i)atthe AWSsite

(3830 m), ii) at the borehole drilling sit€3859m), and iii) at the Hintergrat glaci€B476m). The obtained

englacial temperature data are shown in €ig

12



226 3.2.1 Snow and firn temperature data at the AWS site

227 Onthe 18" of June 2012 a@meter thermistor string manufactured by Geoprecision GmbH (Germany) was
228 installed 10 m east of the AW&ig. F1). The hermistor string was composed of a DallasLby5W

229 datalogger, powered by a 3.6 V lithium battery, and connectEsldigital Dallas temprature sensors spaced
230 one meter from each othdihe string was lowered into a 14.6 m hole drilled using a steam ice drill. The initial
231 depth of temperature sensoasiged between 0.6 and 14.6 m, and increased afterumtdabouté m due to

232  the accumudtion of snow. The logger was housed inside a plastic box on the glacier surbsezjusuty

233  buriedin thesnow.Instantaneous temperature datrerecorded with a-hour frequency.

234  The datavereretrieved by means of a laptop using a USB dongle coath@dgteless (radio transmission) to
235 the loggerbelowtheglacier surfaceWe were able to retrieve temperature data with the Idggésd below

236 amaximum of-6 m ofsnow andirn. The thermistor string worked propeugthout interruptionsnd without

237  requiring maintenance or battery replacem&einsor specifications are reported in Tdble

238

239 3.2.2 Englacial temperature at the borehole drilling site

240 The site where the Ortles Project deep ice cores were extractadad ad (3859 m;10°321340, 46°3@R50)

241  between the summit of Mt. Ortles and #eticima Sud¥/orgipfel (3845m, Figs.1 and G). The ice is 75 m
242  thick at this site as indicated by gigsicalsensing prospectirgnd confirmed byce coredrilling operations
243  (Gabirielliet al., 2015 Two thermistor strings were install@dborehole number 3 dhe5" of October 2011,
244  immediately after the completion of the drilling operati@ifig. G3a) The stringsverecomposed of @aMDL

245  8/3 datdogger, manufactured by Sommer GmbH®@o KG (Austrig. The logger was connected to 44031
246  thermistors, manufactured BjhermX (USA).

247 A first (short)thermistor stringvas 35 m long, andrasequipped ith temperature sensors at 0, 1, 2, 3, 4, 6,
248 8, 10, 15, 20, 25 rfinitial depth. The otherlong) string was 100 m, with temperatwensors at 15, 35, 55
249  and 75 m(initial depth). Burial depth of sensor increasedertime due to net snoand firnaccumulation.

250 Dataloggers and exceeding portions of strings were housed inside a metal bosaagddaona winding
251 system (FigG3), making it possibléo extend the thermiststrings ando aise the box at the glacier surface
252  periodically. Field maintenancevas also required to replace batteries and download the stored data.
253 Instantaneous temperature data were recorded witoarlfrequency.
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255
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257
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260

261

262

263

264

265

266

267

268

The short string worked properly until removal in summer 2015, with the exceptiotwofraonthgapin
summer 2013. The long string stopped working in April 2013, possibly due tgneenits and deformation

of the borehole at a deplielow25-30 m.Sensor specifications are reported in Tdble

3.2.3 Englacial temperature at tlntergrat Glacier

Onthe 14" of October 2011 a thermistor string was installe84a6m a.s.l on top of the Hintergrat Glacier
(Fig. G2). The string wasnanufactured bgommer GmbH & Co KG (Austria), with the same componasts
those installed at thiee coredrilling site (Section 2.2, Fig. G4). It was lowered into &ole dilled using a
steamice drill down to a depth of 9.6 Ve did not reach the glacier bottahthis site The temperature
sensors were placed at 1.5, 3.5, 5.5, 7.5 and %élowthe glacier surfacel his lower site is subject to net
ablation, therefor@n this casehe initial depth decreasatirough timeand the sensor at 1.5 m depth came to

the surface i n summer 201 3. Af ter 2013, this sens
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Figure6. Englacial temperature measuredatioussites andsariousdepths orthe

3.3 Soil surface temperature data

Al t QrtlesGeadier 6

The thermal regime dhesoil surface asix deglaciated sites on Mt. Ortles was monitored using standalone

temperature dataloggessertheperiodbetweerSeptember 2010 and September 2046 used Gemini TGP

4020 dataloggergpowered by 3.6 V lithium batteries, aaquipped witiPB-5001 probes, whictvereplaced

15
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290

5-15 cm below the soil surfa¢€igs. H1 and H2) Mean temperature dataererecorded ahourly intervals.
Periodic maintenanaogasrequired to download the data and replace exhausted batteries.

The monitored sites range in elevation betw2@d9and3466m a.s.|.The dataloggera/ereplaced in pairs

at three main locationgFigs. 1 and H3: refuge Payer (ORTL_07 and ORTL_08hivouac Lombardi
(ORTL_05 and ORTL_06) and Hintergrat ridge (ORTL_10 and ORTL_11).

The data series extend from late summer 2010 to late summer 2016, with a gap hetureeR011 and late
summer 2012nd for ORTL_05 and ORTL_06 also between July Andust2015,due to the impossibility

of accessinghe dataloggergor maintenanceORTL_11 was buried under snow and firn after 2013 and has

never been recoveretihe obtained soil surface temperature data are display&d.in

Soil surface temperature [°C]
(a) Gemini TGP-4020 (ORTL_05)
I

20 T T | | |
10+
ar w M L\W} 1
A0+ -
-20 | | | |
(b) Gemlnl TGP-4020 (ORTL 06)
?8 B T T
ok VA“'\ MW R»/NT i
.10 -
-20 ‘ ‘
(c) Gemlnl TGP-4020 (ORTL_OT)
?8 B 1 \ |
0 - 3 —
_10 — —
-20 | l
o (d) Gemini TGP-4020 (ORTL_08)
T I I [ [ [

-20 ] | | |
() Gemini TGP-4020 (ORTL_10)
: _—n

0 — - — — Ay —~ A . — — - =1
A0+ -
-20 | | | |
o ) Gemlnl TGP-4020 (ORTL_11)
"o ‘\’_,_A-/_m |

o V_A\ ]
_10 — ]
-20 l I 1
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Figure7. Soil surfacegemperature data measured/atiouslocations on Mt. Ortles.
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3.4 Rock wall temperature data

The subsurface temperature of rock walls located at six sites on Mt. Ortles was monitored starting in late
summer andautumn2011 (Fig.2). Very steefalmost \ertical rock walls with different exposures and
elevationsvereselected for monitoring=igs.1 and I3 Table E}. Two siteswere establishedext tothe Mt.
Ortles summit 3900 and 3880 mfacing East), one at the Vorgipfé3844 m, facing South), one at the
Hintergrat (3370 m, facing NorRast), one at theivouacLombardi (3351, facing West) and one at tsieige
Payer (3030 m, facing East).

Rock temperature dat@ereacquired using Geoprecision DallaslMg5W dataloggergpowered by a 3.6 V
lithium battery, and connected to three digital Dallas temperature sensors installe@d.8and0.55m depth,

into holes drilledvith a hammer drill Eig. 11). Instantaneous temperature datrestored at hourly intervals

and dowloaded with a remote connection using a wireless USB dongle and a(FigtdR).

The dataloggerplaced atthe Hintergrat was damagédy hikersin late July 2012but was repaireih late
August2012 It remained operational until August 2014 when it was removed due to another badly.damage
One of the loggerinstalled at the Mt. Ortles summitGIMA _ALTO") stoppedworking in Novembe2013

due to batteryailure while the other dataggers workedgroperlyuntil the end of the monitoring period, in

late summer 2016. Sensor specifications are reported in Tabfe obtained rock wall temperature date

displayed irnFig. 8.
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Figure8. Rock wall temperature measurementgaatoussites and three depths on Mt. Ortles.

4. Data quality control and assessment

The temperature datasets presented in this work were carefully insizedédect possible problems affecting
raw measurements and to ensure the highest possible ac€Ueddy 1) Data quality controlallowed
assigninga quality flag to each temperature record, as described in Bable

Air temperaturesensors were expostharsh conditionsvithout protectiorfrom snow, rock or firn/iceasin

the caseof sensors used to measuhe englacial, soil and rock wall temperatufer this reasonhe air
temperature sensongeresubjected t@ossibledamage by strong winds alightning, ice and snow accretign
and hurial by snow in case of abundant snowfialladdition theyweresubjected to the typicagsuesaffecting

air temperature measurements, arising flmmwind speed and high solar radiation, worsened by highcaurfa
albedo, which generally lead errorsdue to heatingluring daytime(WMO, 2021) Sensor drifting should

also be taken into account as agmbial problem.
18



324 Inorder b spot problematic periods we carried agensotby-sensor intercomparison, calcutagihourly and

325 daily temperature differences among pairs of sensurisiding data fromtwo neighbouring weather stations
326 (Madriccio, 285 m a.s.l., and Cima Beltovo, 28 m a.s.|, Weather Service Autonomous Province of
327 Bozen/Bolzan for additional cofirmation. Wecomparedemperature differencgerieswith maintenance

328 logs to understand theource of malfunctions and anomalies, and to assign data quality flags to air
329 temperature serie®ata recordd during malfunctions were handled as data gapsramibved from the

330 published seriesAnomalies in periodl of heavy snowfalls, which caused snowl/ice accretion and a rapid
331 decrease of sensor height, are flagged with a specific code (Table B1).

332  Englacial and rock wall temperature webeckedn the same waby calculating hourly and daily differences
333 among sensors located at the same site, and checking irregularities (i.e. sudden jumps in temperature
334  differences) in combinatiowith field observations during maintenances. We have detectetlionctions

335 butit is possible that after maintenance operations (detailed in Table D1 <yt periodf afew hours

336 or afew dayswas required t@each a new equilibriurat englacial temperature monitoring sitége have

337 highlighted thesenaintenance operatiomsth potential impacts on measured temperature using a data quality
338 code, reported in Table B1.

339 Soil surface temperature data displ ayedaurntoaionbdv i pohu
340 that is the 0°C plateau during the snowmelt ph&m=y ORTL_07 required a correction of measured
341 temperature in 2014 (offset applied@&35°C) and 2015 (offset applied-£.1°C) to correct discrepancies
342 largerthansensor accuraesreported in Table . We have highlightethese adjustments with a quglilag in

343 the correspondindata fileg(Table B1)

344

345 5. Data availability

346 The datasets from this study are publ&lailableat https://doi.org/10.5281/zenodo.78799&arturan et al.,

347 2023).The daa files are stored in Microsoft Excel .xIsx format. Detailed information on the file content and
348  structurearereported in the Appendix of this manuscript (Tables Al, B1 and C1).

349

350

351
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6. Summary of observations and research outlook

The datasets collectenh Mt. Ortles enable description of thermal state within a time window of six years
(2011:-2016) This periodis long enough to provide a picture mbdernaverage conditions and interannual
variability, andit is useful as a baseline for pddsi future studies aimed at detecting changes and tnends
monitoredvariables

In the period from 020-2011 to 0109-2016, tke mean daily air temperature ranged betw86riL°C (1202-
2012)and6.1°C (03-08-2013) averaging-8.3°C. These statistics have been extracted fromeagedtime
series which combines the sensothat have the longest time coveragig.(2), i.e. the GEMINI TGR1020
with natural ventilatiorbefore15-06-2015and theONSET Hobo Hnatural ventilationfrom 15-06-2015.
The air temperature reached hourly extreme8&3°C(09-02-2012 at 24:00TC) and10.1°C(20-08-2012

at 10:00 UTQ. These extremes must lv&ewed with caution due to the high sensitivity of shtetm
temperature fluctuatiorie possiblesrrors mainly due tolow naturalventilation.The aspirated shield installed
at the weather station proved subject to damage and malfuridtiorever, it was operational at the time when
the two extreme values were recorded, providing identical miniteurperaturef -33.3°C,and a maximum
of 8.0°Cat 13:00 of 2808-2012 In the common period of operati¢overlaps are shown in Fif), theaverage
difference inmean dailyair temperatur@amongpairs ofinstalled sensors did not exceed®® in absolute

value(Table 2)

Table 2 Average difference in mean daily air temperature among pairs of installed §éaserfanaspirated,;

n.v. = natural ventilationColumn headingsepresenthe first term of the difference calculation

Vaisala Vaisala Gemini TGR Gemini TGR Onset Hobo
HMP155A HMP155A 4020 4020 H8 Pro Temp
(f.a.) (n.v.) (f.a.) (n.v.) (n.v.)
Vaisala HMP155A
-0.28 0.11 0.18 -0.02
(fa.)
Vaisala HMP155A
0.41 0.60 0.32
(n.v.)
Gemini TGP-4020
0.08 -0.15

(f.a.)
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Gemini  TGR4020
-0.28
(n.v)

373
374
375 The mean daily air temperatunasabove 0°C foB9days in 201248in 2013,15in 2014,44in 2015, and

376 31in 2016. These results highlight a significant interannual variability in the length of the melt season at this
377 high-elevation siteThe mean annual air temperataneeraged8.3°C, ranging betweei8.6°C in 2012 and

378 2013, and7.8°C in 2016 (Tabl8).

379

380 Table 3. Mean annual air temperature recorded at the automatic weather station on Mt. Ortles, with five
381 different sensorgf.a. = fanaspirated; n.v. = natural ventilatiodjhe mean temperature is oefed only for

382 years with less than omeonth missingf data, and is calculated between th@flSeptember and the Baf

383  August.
384
Sensor Vaisala Vaisala Gemini TGR  Gemini TGR Onset Hobo Merged
HMP155A HMP155A 4020(f.a.) 4020(n.v.) H8ProTemp  (n.v.
(f.a.) (n.v.) (n.v.)
Year
2012 -8.9 -8.7 -8.6 -8.6
2013 -8.6 -9.0 -8.6
2014 -8.4 -8.2 -8.1 -8.4 -8.1
2015 -8.6 -8.3
2016 -8.1 -7.8
385

386 Englacial temperature measurements reveal warnafichisothermal summer conditions down to a depth of

387 25m on the wupper part orhesunimerwas cold(and smdwly)@moagly ih 2084 G| a c
388 to preserve belovzero temperature in firn and snalewn to a depth of about 15 m at the AWS 40 m at

389 the drilling site On the other handegp borehole data available udtl/042013 confirnthat glacier ice below

390 the firrrice transition is cold throughout the year, as detected during ice coring operations at the drilting site
391  October 2011 Gabrielli et al. 2012)The ice temperaturdecreaseavith depth reaching a minimum e3°C

392 atthe glacier bedit 75 m below the surfacand does not change significantly throughout the year.
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406

407

408

409
410
411
412

413

414

415

416

The Hintergrat glacier is also composed of cold ighich is subject to nesurfaceablation at the string
installation site Indeed, thesensor afl.5 minitial depth was exposed at the surfacA&ugust2013.A 1.2 m

layer of firnformed in 2014, but underwent complete ablation by the end of the following summer.

Soil surface temperature measuremeiatsd in particular the mean annual ground surface temperature
(MAGST, Table4), suggest the existence of permafrost on most of theitored siteGuglielmin et al.,
2003;Ballantyne, 2018 with the exception of the ORTLO7 site which i2884 m a.s.l, close to the Payer
refuge Fig. 1). The results of ORTL_10 and ORTL_11 can be compared to analagmesvations
(unpublishedkariied out in the same period on Mt Vioz (3520 m a.$4.km south of Mt. Ortlesusingthe
same devices and field technigagwo sites with similar elevation and exposure. On Mt. VioMA&ST
was-2.1°C forthesitewith southern exposuind-2.9°Cfor the sitewith eastern exposuradicating slightly

colder soil surface thermal condit&n

Table4. Mean annual ground surface temperafM@GST) recorded at six different sken Mt. Ortles Site
locations are reported in Fify. MAGST isreported only for years with less thanemonthof missing data,

and is calculated between thédf September and the 3af August.

Sensor ORTL_ 05 ORTL 06 ORTL 07 ORTL 08 ORTL 10 ORTL 11

Year

2011 -26 -24 13 -1.2 -12 24
2012

2013 -35 -2.7 1.1 -1.0 -0.7 21
2014 -3.2 21 0.9 -05 -15

2015 1.9 -0.3 -1.0

2016 -34 -1.6 0.7 -1.6 -19

Rock wall temperature provideesults that are in line with soil surface temperature measureniém@s
warmest site was close to the Payer refuge, with mean annual rock surface temperature (MARST) above the
freezinglevel (Table5). All the other monitored rock walls displayed belbwezing MARST and similar
behaviour, with the exception of CIMA_ALTClose to the Mt. Ortles summit, where rock temperature

fluctuationsappear to bedampened by snow accumulatibetweerSeptembeandMay (Fig. 8).
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425

426

427

428

429

430

431
432
433

434
435

The collected data are being analysed for the interpretation of the idilettin the framework oftte Ortles

Project. In particular, air and englacial temperature data are used for developing and validating a model that
aims at reproducing the formation of the isotopic record in snow and firn.

Together with rock wall and soil surface temperature, tlesasets represent unique observations at such
elevation in thesastern European Alps, and may contribute to the study and understanding of specific aspects
of the climatic sensitivity of the alpine cryosphere. For example, they can be used for th@rdenelof
permafrost distribution and degradation models, air temperature simulations over glacierized areas (including
the soecalled glacier cooling effect), snow and glacier mass balance models;lyyaca@ogical forecasting

systems, or dynamic glacierodels that take into account the thermal state of glaciers and its variability.

Table5. Mean annual rock surface temperature (MARST) recorded at six different site on Mt. Ortles. Site
locations are reported in Fifj. MARST is reported only for yeavgth less than onenonthof missing data,

and is calculated between thédf September and the 3af August.

CIMA_ALTO

LOCATION
CIMA_VERTICALE
ANTICIMA_SUD
BIVACCO_LOMBARDI
HINTERGRAT
PAYER

Depth 010 030 055 010 030 055 010 030 055 010 030 055 010 030 055 010 030 0.55
(m)

Year

2012 21 -23 -26 -26 -25 -25 -18 -22 27 -24 -23 -24
2013 20 -23 -25 -31 -31 -30 -31 -35 -39 -28 -27 -27 -22 21 22 14 12 09

2014 29 -28 -28 -25 -28 -33 -28 -27 -27 1.8 15 1.2
2015 21 21 -21 -22 -26 -31 -15 -14 -16 27 24 21
2016 24 23 23 -22 -25 -30 -32 -31 -31 19 16 1.3
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APPENDICES

APPENDIX A: Variables in data files

Table Al Column names for variables reported in data files.

Variable

Column name

Air temperature (faraspirated
Vaisala HMP155A)

Air_T_HMP_Asp

Air temperature (natural
ventilation Vaisala HMP155A)

Air_T_HMP_Nat

Air temperature (faraspirated
Gemini TGR4020

Air T_TGP_Asp

Air temperature (natural
ventilationGemini TGR4020

Air_T_TGP_Nat

Air temperature (natural
ventilation Onset Hobo H8 Pro
Temp)

Air_T_H8_Nat

Englacialtemperature at the
AWS site

AWS_En (depth m)

Englacialtemperature at the
borehole drilling site (short
string)

BH_En_SS (depth m)

Englacial temperature at the
borehole drilling site (long string

BH_En_LS (depth m)

Englacial temperature at the
Hintergrat Glacier

HG_En (depth m)

Hintergrat ridge ORTL_11

Soil surface temperature at GST_ORTLO5
bivouac Lombardi ORTL_05

Soil surface temperature at GST ORTLO6
bivouac Lombardi ORTL 06

Soil surface temperature at refuf GST_ ORTLO7
Payer- ORTL 07

Soil surface temperature at reful GST ORTL08
Payer- ORTL_ 08

Soil surface temperature at GST ORTL10
Hintergrat ridge ORTL 10

Soil surface temperature at GST ORTL11

Rock wall temperature at Mt.
Ortles summit CIMA_ALTO

Rw_ALTO (depth m)

Rock wall temperature Mt. Ortle
summit- CIMA_VERTICALE

Rw_VERTICALE (depth m)

Rock wall temperature at
Vorgipfel - ANTICIMA_SUD

Rw_ANTICIMA (depth m)

Rock wall temperature at bivoua
Lombardi- BIV_LOMBARDI

Rw_LOMBARDI (depth m)

Rock wall temperature at
Hintergrat- HINTERGRAT

Rw_HINTERGRAT (depth m)

Rock wall temperature at refuge

Payer- PAYER

Rw_PAYER (depth m)
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441
442  APPENDIX B: Quality flags for data files

443  TableB1. Quality code flagseported in data filegheir meaning and explanations

Quality ckBlde f | Meaning Explanation

inflection in column names)

1 Good data | No issues detected during quality checks

0 No data Data missing or removed (malfunctioning, physicg

implausible, sensor/device damagsensor
underneath snow

2 Maintenance| Data are affected by field mainteranof
instrumentation
3 Ice/snow The air temperature dagae affected by & or snow
accretion accretion
4 Small height | The air temperature sensor is less than 1 m above
of the sensor| snow surface
5 (offset) Sensor offset| Offset applied to correoil surfaceéemperature

data, based on the zetrartain phase during snow
melt (offset value in brackets)

444

445

446

447 APPENDIX C: Data filesstructure

448 Table C1 Structure of data filed~or sensors at different depth below the surface, the depth in m is reported

449  after the variable name, in brackets.

450

Date and houfUTC) Variable | Quality flag code

name 451

(depthm) 452

DD/MM/YYYY HH:MM value code 453
454
455

456 APPENDIX D: Maintenance logs

457 TableD1. Field operations and maintenance for the air temperature sensors mountéd\d&the Mt. Ortles.

Date Field operations

01/10/2011) AWS setup and datalogger launch

18/06/2012| Datalogger download, check of sensor status and functioning
07/09/2012| Datalagger download, check of sensor status and functioning,iritrease in height g
support tower, installation of two additional sensdraigala HMP155Awith natural
ventilation, andOnset Hobo H8 Pro Temp

01/07/2013 Dataloggemdownload, check of sensor status and functioning.f@ihaspiratedadiation
shield was found damaged and not working
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458

459

460

461

03/09/2013

Datalogger download, check of sensor status and functioningin2rease in height o
support tower.The fanaspiratedradiation shieldwas repaired and resumed worki

properly

03/07/2014

Datalogger download, check of sensor status and functioning

23/09/2014

2 m elongation of support toweBensors have been partially buried by snow betwe
and 23/09/2014

29/06/2015

Datalogger download, check of sensor status and functioning. Supportl¢ogtdrened
by 2 m.Sensors have been partially buried by snow between 15 and 29/06220i&val
of all sensors except tlignset Hobo H8 Pro Temp

31/08/2015

Onset Hobo H8 Pro Temgpwnload, check of sensor status and functioning

02/09/2016

Onset Hobo H8 Pro Temgownload, check of sensor status and functioning. Se

removed

TableD2. Field operations and maintenance for the englaéemperature sensors installed on Mt. Ortles.

Date

Field operations

17/172011

Installation and launch of the Sommer thermistor strings at the borehole drilliagdises
the Hintergrat Glacier

18/06/2012

Installation and launch of the Geoprecistbermistor string at the AWS sitBownload
and maintenance (battery replacement) of the Sommer thermistor strihgdbatehole
drilling site

28/08/2012

Download and maintenance (battery replacemainifie Sommer thermistor strirad the
HintergratGlacier Sensor at 7.5 m initial depth stopped working on 18/08/2012

07/092012

Download of the Geoprecision thermistor string at the AWS. $itewnload and
maintenance (battery replacement) of the Sommer thermistor strinye borehole
drilling site

01/07/2013

Download of the Geoprecision thermistor string at the AWS. fitewnload and
maintenance (battery replacement, logger raised to the surface)Sdrtireerthermistor
strings atheborehole drilling site

23/08/2013

Download and maintenangkattery replacemenof the Sommerthermistor string at th
Hintergrat GlacierThe sensor at 1.5 m initial depth vedsovethe glacier surface

03/09/2013

Download of the Geoprecision thermistor string at the AWS. $dtewnload and
maintenance (batteryeplacementof the Sommerthermistor strings athe borehole
drilling site Long stringstopped working on 10/04/2013

03/07/2014

Download and maintenance (battery replacement, logger replacement) of the
Sommerthermistor string at borehole drilling site. Removal of the datalogger of the
Sommer thermistor string at borehole drilling site (no longer working).

28/08/2014

Download and maintenance (battery replacement) of the Sommer thermistor strin
Hintergrat GlacierSensor at 5.5 m initial depth stopped working on 17/08/2014

23/09/2014

Download and maintenance (battery replacement, logger raised to the surfaceshofit
Sommer thermistor string at the borehole drilling site

18/10/2014

Download of the Geoprecision thermistor string at the AWS site

29/06/2015

Download of the Geoprecision thermistor string at the AWS site

27/08/2015

Download and maintenance (battery replacement) of the Sommer thermistor strin
Hintergrat Glacier

31/08/2015

Download andemovalof the short Sommer thermistor string at the borehole drilling

23/08/2016

Download and removal of the Sommer thermistor string at the Hintergrat Glacier

02/09/2016

Download of the Geoprecisighermistor string at the AWS site
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TableD3. Field operations and maintenance for $bé surface temperature sensors installed on Mt. Ortles.

Date

Field operations

02/09/2010

Installation and launch of th@RTL_05, ORTL_06, ORTL_07 andORTL_08 Gemini
TGP-4020

23/09/2010

Installation and launch of tHeRTL 10 andORTL_11Gemini TGR4020

28/082012

Download and maintenance (battery replacement, loggEuneh) at theORTL 07,
ORTL 08,ORTL 10 andORTL 11

07/09/2012

Download and maintenance (battery replacement, loggauneh) at the@ORTL_05 and
ORTL_06

23/082013

Download and maintenance (battery replacement, loggEuneh) at theORTL 07,
ORTL 08,ORTL 10 andORTL 11

03/09/2013

Download and maintenance (battery replacement, loggauneh) at the@©ORTL 05 and
ORTL_06

28/082014

Download and maintenance (battery replacement, loggEuneh) at theORTL_07,
ORTL_08 and ORTL_10. ORTIO5, ORTL_06 and ORTL11 not found, buried bynow

27/08/2015

Download and maintenance (battery replacement, loggEuneh) at theORTL 07,
ORTL_08 and ORTL_10

31/082015

Download and maintenance (battery replacement, loggauneh) at the@ORTL_05 and
ORTL 06

23/08/2016

Download andemoval of theORTL 07, ORTL_08 and ORTL_10

02/09/2016

Download andemoval of theORTL_05 and ORTL_06

TableD4. Field operations and maintenance for the rock wall temperature sensors installed on Mt. Ortles.

Date Field operations

30/082011]| Installation and launch of the Geoprecision thermistor strings at CIMA_AL
CIMA VERTICALE, ANTICIMA SUD, BIV_LOMBARDI

14/10/2011] Installation and launch of the Geoprecision thermistor string at HINTERGRAT

28/11/2011] Installation and launch of the Gaepision thermistor string at PAYER

28/08/2012 Download of thermistor strings at HINTERGRAT and PAY Repairof the Geoprecisiol
thermistor string at HINTERGRAT

07/09/2012 Download of thermistor strings at CIMA_ALTO, CIMA VERTICALE,
ANTICIMA _SUD, BIV_LOMBARDI

23/082013| Download of thermistor strings at HINTERGRAT and PAYER

03/09/2013 Download of thermistor strings at CIMA_ALTO, CIMA _VERTICALE
ANTICIMA _SUD, BIV_LOMBARDI

28/082014 | Download of thermistostring at PAYER

01/09/2014| Download of thermistor strings at HINTERGRAT, damaged, removed

27/08/2015 Download of thermistor string at PAYER

31/082015| Download of thermistor strings at CIMA_ALTO, CIMA_VERTICALE
ANTICIMA_SUD, BIV_LOMBARDI. CIMA_ALTO damaged, removed

23/08/20% | Download and removal of the thermistor string at PAYER

02/09/2016/ Download and removal of the thermistor strings at CIMERTICALE,

ANTICIMA_SUD, BIV_LOMBARDI
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APPENDIX E: Characteristics of measurement sites

Table E1 Topographic and geomorphological characteristics of

sites instrumented for temperature

measurements.
Measured ariable Elevation | East coordinate North coordinate | Aspect Slope Site description
(ma.s.l) | UTM WGS84 (m) | UTM WGS84 (m) (degrees)

Air Temperaturg¢automatic | 3830 618251 515164 NW 11 Upper accumulation area of

weather station) Alto dell 60rtl

Snow and firn temperature g 3830 618260 51516B NwW 11 Upper accumulation area of

the AWS site Al'to dell 80rt |

Englacialtemperature at the | 3859 618373 5151536 w 7 Upper accumulation area of

borehole drilling sitéshort Alto dell 60rtl

and longstrings)

Englacial temperature at the| 3476 619435 5151395 N 12 HintergratGlacier

Hintergrat Glacier

Soil surfacegemperature at | 3351 618202 5152846 SW 7 Northern ridge of Ml Ortles

Lombardibivouac- bedrock coveredly a thin layer

ORTL_05 of debris (fine gravel, sand)

Soil surface temperature at | 3371 618281 5152772 N 22 Northern ridgeof Mt. Ortles

Lombardi bivouae recently deglaciatebdedrock

ORTL_06 covered by a discontinuous
layer of loose debris (fine
gravel, sand)

Soil surface temperatugs 2994 618361 5153936 N 22 Northern ridge of Ml Ortles

Payer- refuge bedrockcovered by a thick

ORTL_07 layer of debris (pebbles, grave|
sand) with sparse vegetation

Soil surface temperatuss 2899 618287 5154105 w 36 Northern ridge of M Ortles

Payer- refuge bedrockcovered by coarse

ORTL_08 debris with isolated areas of
thinner debrisf(ne sand and
silt).

Soil surface temperatugs 3460 619628 5151341 S 22 Easterrridge of M. Ortles

Hintergrat ridge bedrockcovered by a layer of

ORTL_10 debris {ine gravel, sand).

Soil surface temperatuss 3466 619491 5151374 SE 11 Easterrridge of M. Ortles

Hintergrat ridge bedrockcovered by dhin layer

ORTL_11 of coarse debrigyfavel, sand)
close to the edge of the
Hintergrat Glacier

Rock wall temperaturatMt. | 3900 618512 5151691 E 70 70 m south of M. Ortles

Ortles summit summit (3905 m), in a sub

CIMA_ALTO vertical rock face about 30 m
below thecrest edge

Rock wall temperaturisit. 3880 618512 5151691 E 90 70 m south of M. Ortles

Ortles summit summit (3905 m), in a vertical

CIMA_VERTICALE rock face abous0 m below the
ridge, 20 m below
CIMA_ALTO

Rock wall temperaturat 3810 6183 515159 S 90 Vertical rock face, aboud m

Vorgipfel - below theupperrock wall edge

ANTICIMA_SUD

Rock walltemperature at 3351 618213 5152784 w 70 Northern ridge of Mt. Ortles,

Lombardi bivouae subvertical rock wall, about 30

BIV_LOMBARDI m below thecrestedge

Rock wall temperaturat 3370 619710 5151334 NE 90 Eastern ridge of MtOrtles,

Hintergrat- HINTERGRAT vertical rock wallabout10 m
below thecrestedge

Rock wall temperaturat 3030 618372 5153812 SE 90 Northern ridge of Mt. Ortles,

Payemrefuge- PAYER

vertical rock wall, about 20 m
belowthecrestedge
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472
473 APPENDIX F: Description of the measuringequipmentfor air temperature

474

475 :
476  Figure F1 The automatic weather statigAWS) installed on Mt. Ortles, whose summit is visible in the

477  background. The stake behind the weather station indicates the site of the Geojhezisistorstring.Photo
478 taken on 7 September 2012, aftezlengtheningf the support tower.

479
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482

FigureF2. The wooden boarddacedat thebottomof the support aluminutower, at 2 m depthin the firn,

during the AWS installatiarPhoto taken on 30 September 2011.
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485
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487

488

L VA
Figure F3. Detail of the AWS seen frorthe west: a) R. M. Young 05103 anemometerspgjta OhmLP

PIRG 01 pyrgeometers, Delta Ohm LP Pyra 05 radiometers, s) Campbell Scientific SR50A snow depth
sensors, v1) VaisaldMP155A inside the R. M. Young 43502 faspirated radiation shield, g1) Gemini TGP
4020 datalogger inside the R. M. Young 435024dapirated radiation shield, v2) Vaisala HMP155A inside

the 15plates Campbell Scientific MET 21 radiation shield with ratwentilation, o) Onset Hobo H8 Pro
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490

491
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495

Temp dataloggeinside the &lates Davis 7714 radiation shield with natural ventilati®inoto taken on 7

September 2012.

01 pyrgeometers, Delta Ohm LP Pyra 05 radiometers, s) Campbell Scientific SR50A snow depth sensors,
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496 vl) Vaisala HMP155A inside the R. M. Young 43502-fmpirated radiation shield, g2) Gemini T-@620
497 dataloggelinside the éplates R.M. Young 41308 radiation shield with natural ventilation, o) Onset Hobo
498 HB8 Pro Temp dataloggémside the &lates Davis 7714 radiation shield with natural ventilatRimoto taken
499 on 7 September 2012.

500

501

502

503

504 APPENDIX G: Description of the measuring equipment for englacial temperature

505

506
507  Figure G1The drilling site seen from the summit of Mt. Ortles. The Vorgiglieticima Sud is visible in the

508 backgroundPhoto taken ofh Octobe011duringthe ice drilling operationgnd before setting up the drilling
509 site thermistor strings for englacial temperature measurements.

510
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515
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517 & ST i v T
518 Figure G2 The Hintergrat Glacier seen fraime southeast(aerial photo taken o28 August 201P The black

519 asteriskindicates thdocation of the borehole equipped with thermistor string
520
521
522
523
524
525
526
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Figure G3a) Lowering of a thermistostringinto the borehole n. 3 at the drilling sit® The winding systems
of the two thermistostringsinstalled at the drilling sitec) The two metal boxes containing the thermistor
stringdata loggers and the batteridjFinal arrangement of the box housing the winding systems and the data

loggers.The summit oMt. Ortlesis visiblein the backgroundPhotos taken ohi7 November 2011
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557

558

559

560

Figure G4 a) Borehole drilling at the Hintergrat Glacier using a steam ice HjilThe lox containing the
winding system, the thermiststringdata logger and the batterie3 Final arrangement of the box housing

the winding systems ante data loggePhotos taken on 17 November 2011 and 27 August 2015.

APPENDIX H: Description of the measuring equipment for soil grface temperature

to the Lombardi bivouacT hewhite ellipseindicates the PB001external prob@laced underneath the debris

surface. Photo takem@ September 2010.
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Figure H2 Data download and loggeraintenance at the ORTILO soil surface temperature sita 28

August 2012.
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572  Figure H3 Location of the six sites equipped with dataloggers for soil surface temperature measurement on
573  Mt. Ortles.
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