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Introduction

The Alps, and in general the high mountain areas, in recent decades are under-
going profound changes due to climate change. The peculiarities and the greater
vulnerability of these territories, characterized by complex and delicate balances,
are threatened by global warming. In fact, it considerably reduces the habitat
of many plant and animal species, pushing them towards ever greater elevations.
Once this living zones have reached the tops of the reliefs may no longer be avail-
able, and may lead to the disappearance, from these environments, of endemic
biodiversity (Hannah et al., 2002). At the same time, however, the progressive
debris coverage of the glacial tongues (Deline, 2005; Caccianiga et al., 2011) and
the progressive expansion of the proglacial areas, offer new spaces and areas that
can be colonised by the vegetation systems and animal communities (Whittaker,
1993).

The changes underway in these areas not only affect biological systems, but
also geodiversity and the geoheritage of the alpine and mountain environment.
“Geodiversity” can be defined simply as “the natural range (diversity) of geo-
logical (rocks, minerals, fossils), geomorphological (land form, physical processes)
and soil features. It includes their assemblages, relationships, properties, inter-
pretations and systems” (Gray, 2004). For definition of “geodiversity” it follows
that an impact on geomorphological processes can affect the local diversity of an
area. Examples are the changes in the speed and intensity of processes, such as
for example the acceleration of glacial shrinkage, the degradation of permafrost
(Deline et al., 2015), the impact of the action of running waters connected to
extreme events, the mass wasting processes (Cossart and Fort, 2008; Lane et al.,
2017) and the related interactions with biological systems (Eichel, 2015).

More in detail in the Alps, but as happens in other mountain ranges, glaciers
are shrinking and retreating at ever increasing levels, losing the valley tongues and
more and more extensive areas are leaved by the ice. The newly formed proglacial
zones are characterized by an abundance of incoherent debris, easily dislocated by
the running waters, especially during intense meteorological phenomena (Luino,
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2005). These areas, in many cases easily accessible by mountain-goers and not
only by expert mountaineers, may therefore present geomorphological danger-
ous situations, increased by the extremes of meteorological events (for example
drought or intense precipitation events). This entails an increase in risks for
tourist and even productive activities. The increase in the risk factor for hikers
can also derive not only from an increase in danger, for example along the paths,
but also from an increase in vulnerability given by sudden changes in weather
conditions and the greater difficulty of walking on the paths (Fort, 2015; Pelfini
et al., 2007a).

The current studies must face the challenge of knowing more in detail the
complex interactions that take place in these changing territories, and moreover
it is needed to at least partly predict their evolution and behaviour. This challenge
has a double value, both scientific, and therefore to broaden the knowledge on
the complexity of nature, and civil, because the knowledge of phenomena and the
environment allows a more conscious attendance of the high mountain territories.
This is the first step for the mitigation of the risk, furthermore, a development
that is as environmentally sustainable as possible.

Certainly in the coming decades the Alps landscapes will be profoundly dif-
ferent from those of the last century. The progressive reduction of the cryosphere
will also have repercussions on many aspects of everyday life of the population
that lives not in close contact with the ice giants, but also at a considerable dis-
tance from the glacial areas. For example, it has to be considered the availability
of drinking water, or the concept of albedo of the snowy areas, a fundamental
factor in the climatic feedback processes, or the mountaineering and skiing use of
the glaciers.

This Doctoral Project fits into this context, that is, to increase knowledge
about climatic forcing in high mountain areas and their effect on natural pro-
cesses. More specifically the attention is focused on the proglacial areas with
particular regard to those deglacialized in the last century; but also it was con-
sidered the effect of meteorological hazards, like extreme events (mainly rainfall
and snowfall) to fragile high-mountain environemnts. The approach to this study
is multifaceted and involves different disciplines: glaciology, geomorphology, den-
drochronology, climatology and meteorology, and focuses attention on the inter-
actions between the Earth’s surface and the atmosphere. Particular attention is
paid to the meteorological and climatic parameters that can regulate the colo-
nization of proglacial or high mountain areas by pioneer tree species, which are
related to the type of substrate, the amount of precipitation, the wind regime to
solar radiation and the micrometeorological variables such as sensible and latent
heat fluxes (Garavaglia et al., 2010a).
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The study area focuses on the Forni Valley in high Valtellina (Sondrio, Central
Alps, Ortles-Cevedale group), and a comparison with other key sites distributed
over the Central-Western Alps, such as Loana Valley in Val Vigezzo (Verbano
Cusio Ossola, Central-Western Alps), and the area of Alpe Veglia (Verbano Cusio
Ossola, Central-Western Alps, Monte Leone group). These sites are all charac-
terized by a high complexity of orography and different responses to the impacts
of climate change.

In order to better understand the environment under study, experimental cam-
paigns for measuring meteorological and micrometeorological quantities, were
specifically carried out in two of the study sites. The first campaign in the
proglacial area of the Forni Glacier, the second in the Alpe Veglia and near the
proglacial area of the Aurona Glacier in Val d’Ossola. Both study areas are lo-
cated in an alpine environment at an altitude between 1740 m a.s.l. of Alpe Veglia
and 2552 m a.s.l. of the Forni Glacier, characterised by the absence of vegetation
as in the cases of the two proglacial environments, or of pasture with deciduous
forest, in the case of Alpe Veglia.

The measurement stations installed are equipped both with traditional instru-
ments, such as thermometer, cup anemometer, wind vane, radiometer, barometer
and rain gauge, and both with instruments for measuring turbulence in the lowest
layer of the atmosphere, or atmospheric boundary-layer, such as the ultrasonic
anemometer and the krypton hygrometer.

The sites under study, chosen as representative sites of the alpine environ-
ment, are characterised by terrain with complex orography, soil, vegetation and
degree of anthropization variable in space in a sudden way, and therefore with
a dynamics of the atmosphere that is difficult to predict. This has involved the
development, parallel to the experimental campaigns, of a numerical modelling
both statistical (climatological) and deterministic (meteorological) for the study
of the atmosphere and its interaction with the surface.

The text of this work reports the results of the main research carried out
during the doctorate, standardized to make the reading more fluent, omitting the
repetitions necessary for publications in periodicals, and deepening the purely
theoretical or introductory part of some subjects which instead was redundant in
the publications themselves (which are shown in the Appendix A).

The main points deepened by this work are: a) in the climatology field an in-
depth study of the precipitation regimes of the last century in the area of the Forni
Glacier, and its implications on the run-off and colonization of tree species; b) in
the meteorology field an advanced study on atmospheric turbulence measurements
in high mountains on the two sites of Alpe Veglia and Forni Glacier. Moreover,
thanks to a limited area meteorological model (WRF) it is possible to interpret
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the dynamics of the atmosphere in detail, always with the aim of correlating the
colonization of tree species in the proglacial area and atmospheric processes.

The first part of the thesis presents in detail the aims of the project, and a
review of the scientific literature concerning the project itself. Below are pre-
sented in detail the study areas and study methods divided by area of research,
climatology, meteorology, dendrochronology and geomorphology. Finally, the re-
sults obtained for each area of study (Forni Glacier, Alpe Veglia, Valle Loana)
which are inherent to several disciplines. In the last part I summarize the results
obtained and I propose a future perspective concerning the topic and the project
itself. The appendix shows the products of the project itself.
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Introduzione

Le Alpi, e in generale le aree di alta montagna, negli ultimi decenni stanno suben-
do profondi mutamenti dovuti ai cambiamenti climatici in atto. Le particolarità e
la maggiore vulnerabilità di questi territori, caratterizzati da complessi e delicati
equilibri, sono messi a dura prova dal riscaldamento globale. Esso riduce conside-
revolmente l’habitat di molte specie sia vegetali che animali, sospingendole verso
quote sempre maggiori, quote che raggiunte le sommità dei rilievi potranno non
essere più disponibili, e potranno comportare la scomparsa da questi ambienti
della biodiversità endemica (Hannah et al., 2002). Parallelamente però la pro-
gressiva copertura detritica delle lingue glaciali (Deline, 2005; Caccianiga et al.,
2011) e il progressivo ampliamento delle are proglaciali offrono nuovi spazi e aree
colonizzabili dai sistemi vegetazionali e dalle comunità animali (Whittaker, 1993).

I cambiamenti in corso su queste aree non solo influiscono sui sistemi biologi-
ci, ma anche sulla geodiversità e sul geoheritage dell’ambiente alpino e montano.
La geodiversità può essere definita seguendo Gray (2004) come “l’insieme della
varietà naturale (diversità) degli elementi geologici (rocce, minerali, fossili), geo-
morfologici (forma del paesaggio, processi fisici) e suoli. Essa include i singoli
elementi, assemblaggi di forme, sistemi e processi”. Per la definizione stessa di
geodiversità ne consegue che un impatto sui processi geomorfologici può influire
sulla diversità locale di un’area. Ne sono un esempio i cambiamenti nella ve-
locità e intensità dei processi, quali l’accelerazione della contrazione glaciale, la
degradazione del permafrost (Deline et al., 2015), l’impatto dell’azione delle acque
dilavanti connessa agli eventi estremi, i processi di degradazione in massa (Cossart
and Fort, 2008; Lane et al., 2017) e le relative interazioni con i sistemi biologici
(Eichel, 2015).

Più in dettaglio sulle Alpi, ma come succede su altre catene montuose, i ghiac-
ciai si stanno riducendo e ritirando a quote sempre maggiori, perdendo le lingue
vallive e liberando dal ghiaccio aree sempre più estese. Le nuove zone progla-
ciali che cos̀ı vengono a formarsi sono caratterizzate da abbondanza di detrito
incoerente, facilmente rimobilizzabile dalle acque libere, specie in occasione di fe-
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nomeni meteorologici intensi (Luino, 2005). Queste aree, in molti casi facilmente
accessibili dai frequentatori occasionali della montagna, e non solo dagli esperti al-
pinisti, possono presentare situazioni di pericolosità geomorfologica, incrementate
dall’estremizzazione degli eventi meteorologici (ad esempio eventi di precipitazio-
ne intensa). Ciò comporta un aumento dei rischi per le attività turistiche e anche
produttive. L’incremento del fattore di rischio per gli escursionisti può derivare
non solo da un aumento della pericolosità ad esempio lungo i sentieri ma anche
da un aumento della vulnerabilità data dai cambiamenti improvvisi delle condi-
zioni meteorologiche e dalla maggiore difficoltà di percorrenza dei sentieri e degli
itinerari (Fort, 2015; Pelfini et al., 2007a).

Conoscere più a fondo le complesse interazioni che avvengono in questi territori
in mutamento, da poter almeno in parte prevedere la loro evoluzione e compor-
tamento, è una sfida che gli attuali studi devono affrontare. Questa sfida ha una
doppia valenza, sia scientifica, e quindi per ampliare le conoscenze sulla com-
plessità della natura, sia civile, perché la conoscenza dei fenomeni e dell’ambiente
permette una frequentazione più consapevole dei territori di alta montagna, primo
passo per la mitigazione del rischio, nonché uno sviluppo il più possibile attento
ed ecologicamente sostenibile.

Sicuramente nei prossimi decenni i panorami delle Alpi saranno profondamente
differenti da quelli del secolo scorso; la progressiva riduzione della criosfera avrà
ripercussioni anche su molti aspetti della vita di tutti i giorni della popolazione
che vive non a stretto contatto con i giganti di ghiaccio, ma anche a notevole
distanza dalle aree glacializzate. Si pensi alla disponibilità di acqua potabile, o al
concetto di albedo delle aree nivali, fondamentale attore dei processi di retroazione
climatica, o alla fruizione alpinistica e sciistica dei ghiacciai.

Il presente Progetto di Dottorato si inserisce in questo contesto, ovvero mira
ad aumentare la conoscenza sulle forzanti climatiche nelle aree d’alta montagna e
sul loro effetto sui processi naturali. Più in particolare l’attenzione è focalizzata
sulle aree proglaciali con particolare riguardo a quelle deglacializzate nell’ultimo
secolo, ma non solo, ci si è concentrati anche su altre aree di alta montagna
deglacializzate da più tempo. L’approccio a questo studio è poliedrico e coinvolge
diverse discipline: glaciologia, geomorfologia, dendrocronologia, climatologia e
meteorologia, e concentra l’attenzione sulle interazioni tra la superficie terrestre
e l’atmosfera. Particolare attenzione viene posta ai parametri meteo-climatici
che possono regolare la colonizzazione delle aree proglaciali o di alta montagna
da parte delle specie arboree pioniere, che sono legate al tipo di substrato, al
quantitativo di precipitazioni, al regime dei venti alla radiazione solare e alle
variabili micrometeorologiche come i flussi di calore sensibile e latente (Garavaglia
et al., 2010a).
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L’area di studio prevede un focus sulla valle dei Forni in alta Valtellina (Son-
drio, Alpi Centrali, gruppo dell’Ortles-Cevedale), e un confronto con altri siti
chiave distribuiti sull’arco alpino centro occidentale quali la Valle Loana in Val
Vigezzo (Verbano Cusio Ossola, Alpi Centro-Occidentali), e la zona dell’Alpe Ve-
glia (Verbano Cusio Ossola, Alpi Centro-Occidentali, gruppo del Monte Leone).
Questi siti sono tutti caratterizzati da un’elevata complessità dell’orografia e da
differenti risposte agli impatti del cambiamento climatico.

Al fine di capire più approfonditamente l’ambiente oggetto di studio, sono
fondamentali le campagne sperimentali di misura di grandezze meteorologiche e
micrometeorologiche, realizzate nello specifico in due dei siti studio: la prima nel-
l’area proglaciale del Ghiacciaio dei Forni, la seconda presso l’Alpe Veglia e presso
l’area proglaciale del Ghiacciaio di Aurona in Val d’Ossola. Entrambe le aree di
studio si trovano in ambiente alpino ad una quota tra i 1740 m s.l.m. dell’Alpe
Veglia e i 2552 m s.l.m. del Ghiacciaio dei Forni, caratterizzato da assenza di ve-
getazione come nei casi dei due ambienti proglaciali, oppure di pascolo con bosco
deciduo, nel caso dell’Alpe Veglia.

Le stazioni di misura installate sono equipaggiate sia con strumenti tradiziona-
li, quali termometro, anemometro a coppette, banderuola, radiometro, barometro
e pluviometro sia con strumenti per la misura della turbolenza nello strato più
basso dell’atmosfera, o strato limite, quali l’anemometro ultrasonico e l’igrometro
al Cripto.

I siti oggetto di studio, scelti quali siti rappresentativi dell’ambiente alpino,
sono caratterizzati da terreno con orografia complessa, suolo, vegetazione e grado
di antropizzazione mutevole nello spazio in modo repentino, e quindi con una di-
namica dell’atmosfera difficilmente predicibile; questo ha comportato lo sviluppo,
parallelo alle campagne sperimentali, di una modellistica numerica sia statistica
(climatologica) che deterministica (meteorologica) per lo studio dell’atmosfera e
della sua interazione con la superficie.

Il testo del presente lavoro riporta i risultati delle principali ricerche svolte
durante il dottorato, uniformati per rendere la lettura più scorrevole, ometten-
do le ripetizioni necessarie alle pubblicazioni su periodico, e approfondendo la
parte prettamente teorica o introduttiva di alcuni argomenti che invece risultava
ridondante nelle pubblicazioni stesse (che sono riportate in Appendice A).

I principali punti approfonditi da questo lavoro sono: a) nell’ambito della
climatologia uno studio approfondito dei regimi pluviometrici dell’ultimo seco-
lo nell’area del Ghiacciaio dei Forni, e sue implicazioni sul dilavamento e sulla
colonizzazione delle specie arboree; b) nell’ambito della meteorologia uno stu-
dio avanzato sulle misure di turbolenza atmosferica in alta montagna sui due
siti dell’Alpe Veglia e del Ghiacciaio dei Forni. Inoltre, grazie ad un modello
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meteorologico ad area limitata (WRF) è stato possibile interpretare la dinamica
dell’atmosfera nel dettaglio, sempre con il fine di correlare la colonizzazione delle
specie arboree nell’area proglaciale e i processi atmosferici.

La prima parte della tesi presenta in dettaglio gli obiettivi del progetto e
una rassegna della letteratura scientifica inerente il progetto stesso (Capitoli 1 e
2). A seguire vengono presentate nei particolari le aree di studio e i metodi di
studio suddivisi per area di ricerca, climatologia, meteorologia, dendrocronologia
e geomorfologia (Capitoli 3 e 4). Infine i risultati ottenuti per ciascuna area
di studio (Ghiacciaio dei Forni, Alpe Veglia, Valle Loana) che sono inerenti a
più discipline (Capitolo 5). Nell’ultima parte si riassumono i risultati ottenuti
e si propone una prospettiva futura relativa alla tematica e al progetto stesso
(Capitolo 6). In appendice vengono riportati i prodotti del progetto stesso.
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Part I

High-mountain environments
under climate changes

1





Chapter 1

Reserch Project Aims

The aims of my Doctorate Project fit with the main characteristic of the Environ-
mental Science Doctorate Course at the University of Milan: the multidisciplinar-
ity. The focus on proglacial areas, and the related evolution and development,
involve knowledge and data not only from meteorology and climatology but also
from glaciology, geomorphology, and ecology, necessary to investigate the impact
of climate change on this particular natural environment. Furthermore, a better
knowledge of the dynamic of high altitude environments can be useful also for
tourism management and further applications.

In this frame I started from the ongoing changes in glacier foreland environ-
ments, in particular where the active glacier retreat is being progressively, some-
where rapidly (i.e. Baroni et al., 2018; D’Agata et al., 2019), enlarging the glacier
forelands (Garavaglia et al., 2010a; Pelfini et al., 2014). Those areas, that in Italy
lays between 1800 to 2700 m a.s.l. or more, are characterised by bare soil, mainly
regolites, incoherent debris, blocks and boulders, locally useful for the colonisa-
tion by vegetation and animals. The ice-freed area is at immediate disposal for
animal colonisation, in particular insects and arthropods (Azzoni et al., 2015;
Gobbi et al., 2006; Pelfini and Gobbi, 2005), and later (primary succession), with
a longer first-colonisation time, to vegetation which first pioneer plants, grass,
and also shrubs and trees. Vegetation in particular plays an important role in
consolidating loose debris and in modifying slope processes especially at their
connection with glacier forelands.

Tree colonisation in high foreland terrains is a new focus in environmental
research. Several studies have been conducted on the treeline evolution and on
ecesis (McCarthy and Luckman, 1993; Garavaglia et al., 2010b), but still unex-
plored is the ecesis in neo-deglaciated areas as well theme like young tree survival,
growth rate and causes of young death in glacier forelands. It is very interesting
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to relate the vegetation succession to other parameters, in particular to precipita-
tion rates and to wind-regime conditions. In fact, the high density of big boulder
that shelter the young tree, could change the boundary conditions related to the
atmospheric dynamics (low level winds and turbulent fluxes). However, it is very
rare to have such great detail measures available in high altitude proglacial areas.
On the contrary, as far as precipitation climatology is concerned, it is a bit easier
to obtain data on a monthly or daily scale even on remote areas. In fact, the
climatological part is easier to conduct by using statistical models with a rela-
tively low computational cost. However, the overall resolution of a climate model
is quite poor, and it can reach at least 1 km of grid-spacing. Otherwise simulate
the meteorological conditions is more expansive, a numerical weather prediction
model (NWP) could reach a Large Eddy Simulation scale (LES) of about 50 me-
tres of grid-spacing, but it requires high computation resources. Moreover, in the
case of NWP the physical parameterisation setting could be determinant as well
as the boundary conditions, both meteorological and static data.

Nevertheless, for a better comprehension of the entire phenomena it is neces-
sary to explore also the meteorological and climatic components, and to do that it
is important to collect data from more than one study site. This is useful for mak-
ing a comparison and to analysing also the influence of the atmospheric processes
on surface processes acting in the same high-altitude area. Furthermore, extreme
events can indeed trigger mass wasting processes that easily reach proglacial areas
also far from glacier, impacting also on the anthropic presence.

In order to collect all this information in such a complex and harsh environ-
ment, it is necessary to operate on several fronts: that of climatological statistics,
that of numerical forecasting models, and even organising field measurement cam-
paigns.

The aim of the study initially was focused only on glacier forelands close to
the present glacier front location, but it was progressively widened to broader
proglacial areas and surroundings, in order to compare the environmental re-
sponses in similar climatic conditions. The main scientific purposes of this doc-
torate regards the analysis of meteorological and climatological data and the
modelling of them for the mentioned further application as the tree dynamic in
harsh high-mountain environments. Germination, growing and survival possibil-
ities could be related both with temperature, precipitation regime modifications
and air flow characteristics in complex terrain environments. So it is important
to know the climatology of precipitation, the extremes and possibly the future
evolution, and the atmosphere dynamics in such complex environments. To reach
this objective it is necessary to build high-resolution, possibly at kilometre scale,
climatologies of precipitation, using a homogenised local dataset, and the wind
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patterns that could threat the growth of vegetal species. The first approach could
be satisfied with statistical models, the second with dynamical non hydrostatic
local area weather prediction model. However, numeric simulations could sensibly
differ from the reality, so it is necessary to validate the numerical models through
field campaigns and comparisons.

Surely another forcing factor of plant colonisation is the temperature (Com-
postella and Caccianiga, 2017), but in proglacial areas running waters washing,
both due to the glacial accelerated fusion and precipitations, could play a much
more important role into the growth of sprouts.

For this reason, the field campaigns involved in this study were, the first,
at the Forni Glacier foreland (Upper Valtellina, SO, Italy), and the second at
Alpe Veglia and Aurona Valley, where the glacier was retired decades ago. The
campaigns were performed with the aim of collect, mainly meteorological data, in
such complex sites, with inhomogeneous terrain and frequent land cover changes.
Furthermore, these areas were subject to a complicated atmospheric dynamic in
fact, the glacier body during summer generates a cold katabatic wind that could
extends to the foreland, and that could influences the plant colonisation.

More in detail: the Forni Glacier foreland measurement site was settled with
the purpose of measuring the wind regime, and to detect the glacier katabatic
wind. This site was also equipped with an ultrasonic anemometer, that is able
to measure the airflow turbulence, and, paired with a fast hygrometer, the heat
fluxes: latent and sensible. These two quantities are very rarely measured at high-
altitude sites, besides they could be used as a detector of the air mass, or they
could be used to validate the turbulence-scheme of a meteorological model, as
proposed. In fact, in complex terrain the NWPs are pushed to the limit of their
prediction capabilities, and to correctly describe the atmosphere where narrow
valleys and high peaks are present, they need a horizontal and vertical resolution
improvement. In this frame the WRF model (Weather Research and Forecasting)
is used for its versatility and open-source characteristics. The idea is to deeply
investigate the Atmospheric Boundary Layer (ABL) over the glacier and at the
foreland area, both with the NWP and with the micrometeorological instruments.
Obviously the micrometeorological station represents its immediate surroundings,
whereas the NWP could represent a bigger area in 3-dimensional way. Calibrat-
ing the NWP with the observations it is possible to obtain a somehow realistic
representation of the ABL dynamic near the glacier. The challenge is to reach a
sufficient high-resolution in a real-time case, on the other side my interest is to
provide a tool useful for operative purposes, such as weather forecasts in moun-
tainous area or as input to a hydrological-discharge model. Therefore, I wished to
create a configuration of WRF that is fast and at quite high-resolution, that could
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be realistic, that could represent correctly the land-cover and the topography of
a mountainous area.

In the following chapter I describe more deeply the state of the art concerning
climate in mountainous area and climatological studies, mountain meteorology
and numerical models, glacier and tree colonisation of glacier foreland and related
geomorphological processes at high altitudes.
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Chapter 2

The Mountain Environment

This chapter is a short review of the literature and a brief theory summary of
the topics covered by this Thesis. The literature is presented by topic, and in
particular each argument is related with the aim and the focus area of this Thesis,
the mountain environment. The main topics are alpine climatology, mountain
meteorology, glaciology, tree colonisation of glacier forelands and geomorphology.

2.1 Climate of the Alpine region

Mountain environment has always been regarded with awe, since the beginning
of the civilization the mountains were the abode of gods. The first scientific and
systematic studies date back to the late-eighteenth century, with the first explo-
rations of those harsh and unwelcoming environments. Barry (2008) underlined
that the first climatic studies in mountain areas have been carried out by biolo-
gists, who were concerned with particular ecological problems, or by hydrologists
and glaciologists, those researchers interested in snow and ice processes rather
than meteorologists or climatologists. Consequently, the information is scattered
and it is often viewed only in the context of a particular local problem.

In the last decades the ongoing climate change arise a new awareness, and
many climatologists are interested also in the mountain environments.

Before presenting a description of the past and ongoing research, the defi-
nition of mountain areas and climate, it is necessary to define the climate and
its relationship with the weather (that is thoroughly described in the next Sec-
tion 2.2). The climate, not only the mountain climate, is defined by the World
Meteorological Organization (WMO) as:

Climate in a narrow sense is usually defined as the “average weather”,
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or more rigorously, as the statistical description in terms of the mean
and variability of relevant quantities over a period of time ranging
from months to thousands or millions of years. The classical period is
30 years, as defined by the World Meteorological Organization. These
quantities are most often surface variables such as temperature, pre-
cipitation, and wind. Climate in a wider sense is the state, including
a statistical description, of the climate system.

From this definition it is immediately clear the relationship with the weather,
and the need of collecting weather data for the purposes of knowing the climate
conditions of a region. In fact, as I describe afterwards, the history of climate
studies is tied with the meteorology and, in mountain areas, with the study of
glaciology, ecology, botany, geomorphology and other naturalistic disciplines.

2.1.1 Characteristics of mountain areas

Definitions of mountain areas are unavoidably arbitrary (Masserli and Ives, 1997).
The most common usage is distinct mountains from hills with the 600 m of local
relief threshold. However, this definition could be not true for the entire world,
so Troll (1973) try to provide a rational basis, delimiting the high mountains by
reference to particular landscape features. According to Troll (1973) the most
significant ones are the upper timberline, the snow line during Pleistocene epoch
and the lower limit of periglacial processes. It is obvious that those features are
directly connected with the climate and microclimatic conditions of the place.

Troll’s approach is not altogether suitable from a climatological point of view,
in fact the altitudinal and slope effects cause many of the special features of
mountain climates, although the altitudinal limit varies with latitude in such a
way as to define alpine areas and their biota (Barry and Ives, 1974; Grabherr
et al., 1995). It is worth of noting that the “alpine” term denotes above the
treeline, albeit in some mountains this might be ambiguous due to the absence
of the vegetation at high elevation. A climatologically predictive use of tree line
altitude (neglecting i.e. land use and fire) has been demonstrated by Körner
and Paulsen (2004). They collected data from 46 mountain sites all around the
world and showed that the growing season mean 10-cm soil average temperature
of 6.7 ◦C at the climatic treeline. There are only small departures such as the
Mediterranean zone that is of 7-8 ◦C. In the alpine zone give way to the nival
zone where the vascular plants are largely absent, an alternative is the eolian zone,
where the main role is played by wind and not by snow.

The mountain areas represent about 20 to 25% of the Earth’s land surface
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(Louis, 1975; Meybeck et al., 2001), but they contribute providing the 32% of
global runoff; appropriately they have been dubbed “water tower of the twenty-
first century” (AA.VV., 2002). Moreover, studying and understanding the com-
plex interaction within the mountain environments is fundamental because the
26% of the world’s population lives in mountain and high plateau regions (Barry,
2008).

2.1.2 Brief review of research into mountain weather and
climate

The first pioneer studies were done since the mid-eighteenth century, but intensive
scientific studies started only with the mid-nineteenth century. Three names for
those 3 centuries may give the knowledge progress about mountain environments:
Horace Bénédict de Saussure (1740-1799), that finely describes the Alps with his
books Voyages dans les Alps (de Saussure, 1779), and who climbed and studied
the glaciers of Mont Blanc in 1787; Alexander von Humboldt (1769-1859), who
was an explorer and investigating the environment during his attempt to ascend
the stratovolcano Chimborazo in 1802 (Ecuador); and Carl Troll, who founded
the International Geographical Union’s Commission on High-altitude Geoecology
in 1968 (Masserli, 2012).

The first studies were done on weather, ecology, glaciology, and many times
regarded sporadic observations, or curiosities. In particular, the main observations
regard temperature, atmospheric pressure, humidity or, especially in the Alps,
glaciers extent or morphology. In the 1850s meteorological measurements begin
to be made systematically on high mountains, often associated with astronomical
studies, as on Peak of Tenerife (Canary Islands, Smith, 1859), or Mt. Washington
(USA Stone, 1934). In Europe the most elevated and long-term observatory are
the Capanna Regina Margherita on Gnifetti Peak Monte Rosa (Italy, 4554 m a.s.l.
since 1893), Sonnblick (Austria, 3106 m a.s.l. since 1886), Zugspitze (Germany,
2650 m a.s.l. since 1820), to cite some.

The Alps climate

The Alps are the major mountain chain of central Europe, in Figure 2.1 a satellite
photo (MODIS, NASA) shows the Alps in the autumn season. In this picture low
clouds enhance the Jura in the northwest side, and also major valleys are visible
thank to the snow cover: Susa Valley, Aosta Valley, Brigg Valley, Valtellina, Adige
Valley, Inn Valley and Salzach Valley to cite some. The Po Valley is encircled by
the Alps on its western part.
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Figure 2.1: The Alps from the satellite MODIS Terra, 3 June 2019. MODIS Land
Rapid Response Team, NASA GSFC

The Alps accentuate the climate gradient between the Mediterranean Sea and
the continental Europe. It is useful to classify the Alps in some climate zone, the
most common is the Köppen-Geiger climate classification (first version Köppen,
1936). Following the last maps available (Rubel et al., 2017) the Alpine region
could be classified with 11 classes, summarised in Table 2.1.

In Figure 2.2 the map of the Alps (after Rubel et al., 2017) show the actual cli-
mate in the lower part, and the previous period in the upper part. It is noticeable
that the Cfb class retreated to the piedmont part of the southern Alps, and also
the violet Dfb class extincts in the northern plains of Germany and Austria, and
it is only spotted. The class D “Boreal” is a synonym of the term snow climate
and in the global context the E climates, here called “alpine” are “polar”.

The classification was done using the HISTALP (see the next Section 2.1.2)
temperature dataset, and the precipitation was retrieved from Isotta et al. (2014,
2015) and is based on 5500 daily rain gauge observations. A brief description of
Figure 2.2 is necessary, the most represented climate is the C, warm temperate
climate, and within this a distinction is drawn between the occurrence or absence
of a dry season. In the north part of the Alps is prevailing the Cfb that has a
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Figure 2.2: The Alps area with represented the Köppen-Geiger classification of cli-
mate regions, the upper panel is the reconstructed situation at the end of the nine-
teenth century while the lower panel is the present-day situation. Maps after Rubel
et al. (2017).
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Table 2.1: Köppen-Geiger climates of the grater Alpine region as defined by Kottek
et al. (2006).

Key Main climate Precipitation criterion Temperature criterion

BSk Arid Steppe Cold
BSh Arid Steppe Hot
Csa Warm temperate Dry summer Hot summer
Csb Warm temperate Dry summer Warm summer
Cfa Warm temperate No dry season Hot summer
Cfb Warm temperate No dry season Warm summer
Cfc Warm temperate No dry season Cool summer
Dfb Boreal No dry season Warm summer
Dfc Boreal No dry season Cool summer
ET Alpine - Tundra
Dfc Alpine - Frost

continental behaviour, warm summers and no dry season, whereas on the south
part of the Alps there are Csa and Csb that represent the Mediterranean climate.
Cfc is located in the montane belt of the Alps and it is characterised by cool
summers. The boreal climates (D) are defined with the temperature regime, Dfb
has warm summer and Dfc has cool summer and cold winter.

The initial Köppen classification was thought considering the natural vegeta-
tion, so the Cfb climate is characterised by deciduous forest, which beech are the
main tree species, meanwhile oak are the predominant species of Dfb climates and
spruce of the Dfc climate. Nowadays this distinction is not valid anymore, but
there is deciduous forest for Cfb, mixed forest for Dfb and coniferous forest for
Dfc. The treeline separates the Dfc from the alpine tundra ET, while the alpine
frost climate (EF) is defined above the 0 ◦C isotherm of the warmest month, and
is an approximation of the snow line. Thus it becomes immediately evident that
the temperature is the essential parameter to classify the Alpine climate accord-
ing to Köppen (1936). Precipitation plays a minor role. In the present climate,
precipitation is used exclusively to define the BSh and BSk climates of dry moun-
tain valleys and to determine the boundary of the Mediterranean climates, i.e.
the summer dry climates Csa and Csb (Rubel et al., 2017).
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Figure 2.3: The GAR with the stations used in the HISTALP project, the 1◦ grid
represent the output of climatology spatialisation. Adapted from Brunetti et al. (2009).

The Greater Alpine Region climate studies

Since this thesis study areas are in the Alps (see Chapter 3), here I debate about
the Greater Alpine Region (GAR), where also the pioneer studies began. The
GAR region was defined in Auer et al. (2007) as the area from 4◦ to 19◦ Est and
43◦ to 49◦ North, the measurement locations considered span between the sea level
and 3500 m (Figure 2.3). The most complete studies are very recent (i.e. Brunetti
et al., 2009; Beniston, 2005), however the most reliable long-series datasets are few
on the GAR, in fact usually the measures are taken in easy-accessible sites, like
valley floor or neighbouring low lands (Golzio et al., 2018). The harsh mountain
environment is being deeply studied and enriched of measurement sites only in
the last decades.

The last big study of the GAR is the HISTALP project (Historical Instrumen-
tal Climatological Surface Time Series Of The Greater Alpine Region) started
in 2003, and allowed to build a comprehensive dataset containing the time series
of 557 series (Auer et al., 2007), for precipitation, temperature, sunshine dura-
tion, cloudiness, relative humidity and vapour pressure, distributed in 242 sites
(Brunetti et al., 2009). This dataset span between the 1760 to nowadays, and
helps to quantitatively describe the climate evolution of the last 250 years of the
Alpine region. The HISTALP database born following several previous interna-
tional projects, from ALOCLIM (Auer et al., 2001) and ALPCLIM (Böhm et al.,
2000) to ALP-IMP (Böhm, 2006), and many national projects.

The data availability in time and space is of temperature, pressure and pre-
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cipitation, whereas cloudiness, sunshine duration were not measured in some lo-
cations, and even worse were relative humidity and vapour pressure.

The HISTALP database collects not only the station series, but also, as is
done frequently nowadays in climate science (i.e. the global dataset of ESRL
NOAA, CRU Air Temperature Anomalies Version 4, CRUTEM4 Jones et al.,
2012; Wüest et al., 2010; Crespi et al., 2017), it contains the data over a grid of 1◦

at monthly resolution (Coarse Resolution Subregional Mean series, CRSMs, Auer
et al., 2007). The CRSM grid is depicted in Figure 2.3. The spatialisation of
punctual observations is common in climate science, in fact it permits to obtain
a statistical significant data where any observation is available. The statistical
spatialisation is done with different techniques, some of those are described in
Section 4.2.2, and the most common consists of a modified Gaussian-weighted
inverse distance interpolation method.

The climate trends are the most actual object of debate. The climate change
and the climate evolution of the last 250 years is well documented by direct obser-
vations, whereas the previous climate variations could be documented using the so
called proxy data, such as lake sediments, tree rings, glacier cores and ocean sed-
iments. Starting from the direct observation and measurements, the temperature
in the Alpine region showed a sequence of positive anomalies (both with respect to
1901-2000 and 1971-2000 climatologies) in the last 15 years. The positive anomaly
followed a mid-nineteenth century relatively cold period, the so called Little Ice
Age (LIA), that it is most deeply argued in the Section 2.3.2. Although the last
years present a positive anomaly (i.e. the most impressive was summer 2003 with
4.8 K to 3.9 K in the GAR), the beginning of the HISTALP series seem to give
evidence of “more extreme” seasons than summer 2003 (Brunetti et al., 2009),
so with major fluctuations. The overall trend of temperature is highly significant
and around 1.6 K to 1.1 K/century, the only two other significant trend are vapour
pressure and relative humidity that increased of 0.62 hPa to 0.37 hPa/century and
decreased of −1.6 % to −7.7 %/century respectively. Precipitation, sunshine du-
ration, cloudiness and air pressure have less relevant and trustworthy trends.

The climate models and future trends

Nowadays much effort is spent into predicting the future climate and to simulate
the past climate of the Earth. The climates models are usually trained with the
recent past, where many trustworthy observations are at disposal, and then they
are run in the future and in the past.

The IPCC (Intergovernmental Panel on Climate Change) release every five
to six years an assessment report (AR), that summarise the knowledge of the
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climate changes and provide several scenarios for the future. The most important
role of the IPCC is to sensitise the policy makers to the climate change problem
and to give them some tools to face the changes. The last assessment report
is AR5 of the 2014, the next in program is the AR6 for the 2022. In between
those some special reports was published, such as the “Global warming of 1.5
◦C” of the 2018, it was written after the 21st Conference of Parties od the United
Nations Framework Convention on Climate Change and regards the “impacts
of global warming of 1.5 ◦C above the pre-industrial levels and related global
greenhouse emission pathways’, in the context of strengthening the global response
to the threat of climate change, sustainable development, and efforts to eradicate
poverty”.

From the climate models, with different emission scenarios, comes up a pro-
gressive climate warming and an enhancement of extreme events.

Figure 2.4: Projected changes in mean temperature (top) and mean precipitation
(bottom) at 1.5 ◦C (left) and 2 ◦C (middle) of global warming compared to the pre-
industrial period (1861-1880), and the difference between 1.5 ◦C and 2 ◦C of global
warming (right). From IPCC (2018).

Figure 2.4 shows the changes in temperature and precipitation with 1.5 ◦C and
2.0 ◦C world warmer than the pre-industrial era. The first scenario is practically
the today reality.

Considering only the Alpine region a review of Gobiet et al. (2014), depicts the
future perspectives for the alpine climate. Figure 2.5 represents the temperature
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Figure 2.5: Air temperature evolution for the next hundred years with three differ-
ent RCP scenarios: B1 low emissions, A1B intermediate emissions and A2 invariate
emissions (From IPCC AR4).

evolution until 2100 with three different scenarios from the IPCC AR4 (Solomon
et al., 2007): B1 low emissions, A1B intermediate emissions, A2 no change in the
emissions.

The magnitude of change in the Alps is intensified with respect to other region
of the world, and the seasonal temperature change is between 1.2 ◦C to 1.6 ◦C until
the mid of 21st century and 2.7 ◦C to 3.8 ◦C until the end of the 21st century.

Precipitation change patterns indicates less precipitation in summer and more
in winter, with a variation between -4.1% in summer and +3.6% in winter until
the mid of 21st century, while -20.4% in summer and +10.4% in winter until the
end of 21st century.

The extreme precipitation events (heavy rain and floods) are more difficult
to predict for the future years. Some studies were done (Rajczak et al., 2013;
Schmidli and Frei, 2005), and in particular Rajczak et al. (2013) prepare with
ensemble forecasts a map for the changes in precipitation frequency, mean and
intensity, and in the return frequency of extreme events.

In Figure 2.6, it is evident the major change in precipitation for winter and
summer, while autumn and spring for the Alpine region is practically unchanged.
However, the intensity of the single events is enhanced a little, and also the 5 year
return values of 1-day precipitation.

A simple way to understand the climate change the Alps are undergoing is to
use a prediction map with the Köppen-Geiger climate classification.
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Figure 2.6: European projections of the ensemble-median climate change signals in
precipitation frequency (fre), mean (mea), intensity (int), the 90% quantile (q90) and
the 5 year return values of 1 day (x1d.5) and 5 day (x5d.5) precipitation intensities
(left to right) for the four climatological seasons (top to bottom). The results are
based on 10 ENSEMBLES RCMs. Changes are expressed as ratio between SCEN
(20702099) and CTRL (19701999), with blue (red) representing increases (decreases).
Stippling denotes grid points where 90% of the RCMs agree on the sign of change.
Regions experiencing too dry conditions for reliable return value estimates are masked
out (grey). Bold black lines indicate the 700 m isolines as presented by the E-OBS
Topography. Adapted from Rajczak et al. (2013).
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Figure 2.7: Maps of Köppen-Geiger climate classification of the GAR calculated from
projected temperature and precipitation data, upper panel uses the best scenario with
RCP 2.6 (Representative Concentration Pathway), while the lower panel the worst
case scenario with RCP 8.5. Adapted from Rubel et al. (2017)
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In Figure 2.7 with respect to Figure 2.2 the boreal and alpine climates are
confined to the highest peaks of the Alps, this altitude transition could significate
the extinction of many vegetal alpine endemic species. The altitude transition is
projected between 400 and 1000 metres (Rubel et al., 2017).

2.2 Mountain meteorology

The meteorology is the science that study the weather phenomena at short-time
scale (see further details on scales at Section 4.1). Typically, the atmosphere
has different time and spatial scales, the climate system, that I have previously
described, represent the most longer time-scales and usually affects entire regions.

The title of this section is even more specific, it regards a particular branch
of the meteorology, the one that directly deal with the interaction between the
atmosphere and the reliefs, in my case the Alps.

Two milestones of this particular fields are for sure Roger Barry with “Moun-
tain weather and climate” (Barry, 2008) and David Whiteman with “Mountain
meteorology, fundamentals and applications” (Whiteman, 2000). They describe
the fundamentals of the mountain meteorology and helps me as young student
to appreciate and grow fond of this argument. Moreover, the applications and
the studies deeply developed, with new instruments, for example the meticulous
studies of the ABL with ultrasonic anemometers and other dedicated instruments,
or especially in the last decades the refinement of NWP models at high horizontal
and vertical resolution.

The major effort is taken to describe the different theory that drive the air
masses on complex mountainous terrain, in fact the behaviour of the atmosphere
on a homogenous horizontal and flat terrain (HHF) is completely different from the
non-homogeneous, sloped and complex terrain. The mountain terrain is composed
by valley of different deepness and orientation, thus the interaction with the large-
scale winds completely modifies the flow especially in the lower part of valleys,
where the wind can be channeled into the valley.

Winds associated to mountainous terrain can be grouped into two big cate-
gories (Whiteman, 2000; Markowski and Richardson, 2010):

1. Terrain-forced flows, generated by the interaction of synoptic scale motions,
and

2. Diurnal mountain winds, generated by temperature contrast between the
valley bottom and slopes; henceforward I will refer to this category as ther-
mally driven circulations.
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The second category concerns also the glacier winds, a particular thermally
driven winds due to the cold surface of the glacier body. These are particularly
interesting for the debate on the glacier foreland plant colonisation and the related
shrinkage of glacier bodies.

2.2.1 Dynamic interaction at meso-alpha scale

The meso-alpha scale is the synoptic scale and regards the mesoscale meteorology
(thousand kilometres), so it is worth to consider frontal systems and all the phe-
nomenology directly connected with them. The question is what happens when
an air mass reaches a mountain barrier. The large-scale effects of mountain bar-
rier on an air flow can be explained as a consequence of the relationship between
divergence and vorticity, then using the equation of conservation of potential vor-
ticity

Dh

Dt

[
ζ + f

h

]
= 0 (2.1)

in this equation a simplification of the equation of potential vorticity with
the shallow water equation is presented (see Ch. 4 Holton, 2013), where ζ is the
relative vorticity, f is the Coriolis parameter and h is the height of the column
in pressure coordinates. In this case the assumption made is an incompressible
atmosphere and consequently the flow can be considered isentropic.

In this situation, if a westerly flow is forced to flow over a mountain ridge a
ζ > 0 in the windward side is obtained, then a relative high pressure, on the top
of the mountain chain a ζ < 0 will occur that is a low pressure on the leeward
and at the end, on the leeward side again a ζ > 0. In Figure 2.8 there is a simple
scheme of this situation.

In this case the flow will be reinforced to pass the mountain barrier because
the pressure gradient force (PGF) will grow. Moving to the synoptic scale there
are three major effects on air flow:

1. Flow blocking;

2. Frontal modifications;

3. Enhancing of cyclogenesis on the lee side.

The flow blocking strongly depends on speed and stability of the air. If the
velocity is low the mountain barrier will surely block the motion, and also if the
air is very stable it will not lift, but it will flow around the barrier. When the
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Figure 2.8: Schematic view of westerly flow over a mountain: (a) the depth of a fluid
column as a function of x and (b) the trajectory of a parcel in the (x,y) plane. From
Holton (2013) modified.

mountain chain blocks an air flow there are other effects: first, it is possible to
find pressure gradients (of the order of 10hPa at the surface) between lee and
windward side slopes. Other times the air flow is not blocked and a different
pressure field is visible, so we have (very typical on the Alps, but also in other
countries and mountains) the Föhn nose, and relative wind.

Frontal modifications occur when a front line (cold or warm front) reaches
a mountain chain and hit it not perpendicularly. The effect is totally similarly
to sea waves near the beach, that change direction of propagation caused by the
different depth. In other cases the masking is possible, that is the hiding of a front
due to pre-existent air masses (cold pool), or the effect of lee winds such as Föhn.
In closing the lee cyclogenesis enhancing it is possible especially when the barrier
modifies the flow through another path. A familiar case is represented by the
Alps. With cold north-westerly winds the Alps are like a wall, a part of such flow
will raise and pass the Alps (and maybe generating north Föhn), another part will
deviate south and create then a cyclone over the Ligurian see (see Figure 2.9).

Going further to smaller scale it is possible to find a local modification of the
air flow: the wave phenomena. When stably-stratified air flows over a mountain
range, gravity waves or mountain waves can be generated either over the moun-
tain and in the lee side. In other words, the mountain moves the air from its
equilibrium position and after that the air parcel tries to return to this equilib-
rium position oscillating around it. The behaviour of air flow over an obstacle
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Figure 2.9: Surface pressure chart analysis of 2016.03.02 at 06:00 UTC. In this
surface map it is possible to see the formation of a leeward cyclone and the Föhn nose
rounding the western Alps.

depends principally on:

1. the vertical wind profile;

2. the stability structure;

3. the shape of the obstacle;

and analysing these factors Förchgott (1949) distinguished three basic types of
flows: (1) laminar streaming, with weak winds and a constant vertical profile, (2)
standing eddy, with a stronger wind and an almost logarithmic profile, and (3)
with stronger winds and vertical gradients the lee waves, followed by lenticular
clouds (Figure 2.10) and on the ridge crest cloud.

2.2.2 Thermally induced winds

The thermally induced winds are more interesting in the frame of this Doctorate,
in fact, even if they represent a particular case that can verify only sometimes,
it is the simplest description of an Alpine valley wind, and for my purpose a
glacier-valley wind circulation (Figure 2.11).
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Figure 2.10: Altocumulus lenticularis, above Serre Chevalier France.

Following Whiteman (2000) it is possible to classify the winds into a valley:

• The slope wind system (upslope and downslope winds) is driven by hori-
zontal temperature gradients between the valley center and the slopes.

• The along-valley wind system (up-valley and down-valley winds) is driven
by horizontal temperature gradients along the valley axis.

• The cross-valley wind system driven by temperature gradients between
the two side of the valley, this system generates a cross wind, perpendicular
to the valley axis.

• The mountain-plain wind system results from temperature gradients be-
tween mountainous terrain and the nearby plain. This produces a mountain-
plain circulation where the upper level return flow is not confined by the
topography. It is the largest system of the above-mentioned.

Complex terrain wind systems are usually a mixture of the above-listed sys-
tems, and all of them - if dynamical wind system forcing is excluded for the
moment - are temperature driven. Thus for those it is crucial the day evolution
of the boundary layer.
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Figure 2.11: Schematic representation of glacier and valley winds during daytime
(Adapted from Whiteman, 2000).

2.2.3 Mountain Boundary Layer

The classical definition of ABL is given by Stull (1988):

The ABL is the part of the troposphere that is directly influenced by
the presence of the Earth’s surface, and responds to surface forcings
with a timescale of about one hour or less.

In this contest, instead, it could be more interesting to define a Mountain Bound-
ary Layer (MBL, Lehner and Rotach, 2018).

The MBL could be defined similarly to the ABL (as defined by Stull, 1988),
as the part of the troposphere that is directly influenced by the Earth’s surface.
However, over complex terrain the daytime evolution of the boundary layer could
be very different considering, for example, a wide or a narrow valley. Several
studies had shown the presence of a three-layer MBL over valleys in unstable
daytime conditions (Weigel and Rotach, 2004; Egger et al., 2002; Markl, 2016;
Zhong and Fast, 2003). So it is difficult to define, with the previous methods, the
height of the MBL, indeed the zone above the earths surface that directly exchange
mass, momentum and heat with the free atmosphere. In a review article Lehner
and Rotach (2018) defined the MBL as the lowest part of the troposphere that
is directly influenced by the mountainous terrain, responds to surface and terrain

24



High-mountain environments under climate changes

forcings with timescales of about one to a few hours, and is responsible for the
exchange of energy, mass, and momentum between the mountainous terrain and
the free troposphere. They also depicted in an efficient way the MBL (in their
Figure 2) with the bold, dashed green line, that I report in Figure 2.12.

Figure 2.12: Sketch of exchange (red full and dashed arrows) between the free atmo-
sphere and (left) the horizontally homogeneous and flat atmospheric boundary layer
and (right) the mountain boundary layer (MBL) for daytime (unstable stratification)
under weak or moderately weak background-wind conditions. Thin red arrows indi-
cate exchange between different sublayers of the MBL. Thick dashed lines denote the
corresponding boundary layer heights (purple for the HHF ML height zi and green for
the height of the MBL zM ), while dashed and dotted blue lines denote valley inversions
heights ziv and slope-flow-layer height zsfl, respectively. Lines are not shown where
the top of a layer is unclear. Green and purple double arrows show the depths of the
layers while the green dashed arrow points to the possibility of multiple heights with
the same characteristics. Black solid arrows indicate thermal wind circulations (e.g.,
upslope flow) and black dashed arrows indicate boundary-layer turbulence. Synoptic
wind is from the left. Courtesy of Lehner and Rotach (2018).

If the stable (nocturnal) stratification is considered the situation is quite dif-
ferent. In Figure 2.13 (from Lehner and Rotach, 2018), the left side represent the
classical boundary layer when the surface energy balance is negative. The lower
part of the troposphere is stably stratified and a shallow stable boundary layer
builds up. Inside valleys, with weak synoptic forcing a drainage or katabatic flows
will developed (Serafin et al., 2018; Whiteman, 1990; Brehm and Freytag, 1982),
both on the valley slopes and along the valley axis. During the night with those
conditions, cold air basins or pool may form. Whereas in case of stronger synoptic
winds (right part of Figure 2.13) the situation is quite different and complex. The
valley flows are perturbed by lee-waves and rotors and the MBL has a different
height.
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Figure 2.13: As Figure 2.12, but for nighttime (stable stratification); indication
of exchange between different layers only tentative (and with question marks). The
right-hand side (MBL) distinguishes between light ambient-wind conditions upwind of
the second peak and stronger ambient wind downwind, symbolized by the heavy gray
horizontal wind vector. The meaning of the individual lines and arrows is identical to
Figure 2.12. Blue dashed lines are displayed in green if ziv corresponds to zM (upwind
of the main peak). Synoptic wind is from the left. The flow direction in the valleys is
down-valley under quiescent ambient conditions, with the valley sloping into the page.
Up-valley flows are possible, as indicated by the X-symbol downwind of the major
peak. Courtesy of Lehner and Rotach (2018).

2.2.4 Mountain Meteorology the state-of-the-art

From Figures 2.12 and 2.13 it is clear that the MBL is challenging for mea-
surements and modelling, but a great part of the populated Earth’s surface is
characterised by complex terrain, or by mountainous terrain. So it is of great
interest to understand the behaviour of the boundary layer over those areas, in
fact over plains, and deserts both the theory and NWP works quite well, but the
population is not concentrated there.

Several experiments were conducted with the purpose of better depict the
ABL in complex terrain, to cite some of those in the Alps we had ALPEX
(Alpine Experiment 1981-1982, Davies and Pichler, 1990), MAP and MAP D-
Phase (Mesoscale Alpine Programme, 1995 Bougeault et al., 2001) and the most
recent, ongoing, TEAMx (Multi-scale transport and exchange processes in the at-
mosphere over mountains programme and experiment 2017-2022). The TEAMx
is under definition of the programme, the aims and the field campaigns, and it is
dedicated explicitly to the investigation of transport and exchange processes over
complex topography. Long term experiments are also available in particular the
i-Box project (on which I worked for my Master Thesis) settled in the Inn Valley
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near Innsbruck (Austria Rotach et al., 2017), and the HVMAS (Hudson Valley
Meteorological Study, Medeiros and Fitzjarrald, 2014).

The needs for progress into the understanding of MBL are well addressed
by Serafin et al. (2018) and other authors in the same special issue “Atmospheric
processes over complex terrain” of Atmosphere. They address three main aspects:

1. Dense measurements are necessary to map the state of the atmosphere near
mountains in three dimensions;

2. High-resolution NWP models, that can discretise with sufficient accuracy
and stability the MBL, and appropriate sub-grid-scale process parameteri-
sations (Chow et al., 2019);

3. Better conceptual understanding of the processes that play between the
synoptic and micro-scale.

As aforementioned the main engine for ABL flows in complex terrain is the
surface energy balance, that includes net radiation, sensible and latent heat fluxes
and the ground heat flux.

The observations of the surface fluxes reveal the underclosure of this balance,
even over homogeneous and flat terrain (Foken, 2008; Cuxart et al., 2015). This
evidence is in contrast with the assumption of nowadays NWP and climate models
that postulate the closure of the energy balance, hence some explanations for this
are a matter of the ongoing scientific debate. On complex terrain other factors
impact the surface energy balance: the heterogeneity of the terrain (i.e. different
land-use, Rotach and Zardi, 2007), slope effects on radiation (Wohlfahrt et al.,
2016; Matzinger et al., 2003), local advection processes (Cuxart et al., 2016),
the potential failure of the vertical-constant-flux assumption in the surface layer
(Nadeau et al., 2013).

However, there are not enough extensive studies on the surface energy balance
closure over complex mountainous terrain, that permit to correct the balance with
a physical law or parameter.

The measurements of turbulent quantities (mainly fluxes) are usually done
with some assumptions, that are systematically violated in complex terrain: hor-
izontal homogeneity, no slopes, stationarity, local isotropy, and approximately
constant turbulent fluxes (Tennekes and Lumley, 1972). A crucial role is played
by quality control and post-processing procedures that try to fill the impreci-
sions of measurements. The turbulence is nowadays measured with ultrasonic
anemometers that have a high sampling-rate (more than 10 measures per second)
and allow to resolve the smallest spatial and time-scales eddies. However some
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procedures must be applied before computing the turbulence quantities with the
Reynolds averaging, for example the tilt correction: double rotation, triple rota-
tion and different type of planar fit (Golzio et al., 2019), but for the moment has
not yet been reached an agreement of which is the best method. On the other
side there are several post-processing procedures to correct the measurement of
the turbulence in the surface layer (Stiperski and Rotach, 2016; Oldroyd et al.,
2016), that can substantially change the fluxes and the variances estimation. An-
other important aspect is the turbulence averaging scale, otherwise the window
length on which the Reynolds averaging is computed. As pointed by Wyngaard
(1973) it is necessary to include the complete turbulence spectrum, this could be
done finding the mesoscale energy gap into the spectrum itself, not so simple in
mountainous terrain (Babić et al., 2017).

Furthermore, the ambiguities in the data post-processing, the usefulness of
a method instead of another, reveal a fundamental lack of knowledge about the
properties of the flow structures in complex terrain (Serafin et al., 2018).

In mountain meteorology an important role is given to NWP, that need to
resolve even smaller scales to enhance the forecast skills. NWP are useful to
describe the atmosphere in three dimension, but their parameterisation and as-
sumptions are strongly linked with the HHF terrain. The Land-surface models
are very important in mountainous terrain, in fact they combine the land charac-
teristics (i.e. land-use, topography, vegetation) with the tendencies from several
parameterisation schemes (ABL, radiation, microphysics, convection) to specify
the bulk transfer coefficients and to update the land state variables, such as soil
temperature and moisture content. Nevertheless, these bulk transfer relation-
ships should be updated for the complex mountainous terrain and must take into
account the resolved and the sub-grid topography. Furthermore, the similarity
theory at the base of those parameterisations is the MOST (Monin-Obukhov Sim-
ilarity Theory), that is no longer valid over mountainous terrain. An important
issue is to abandon the flat-boundary approximation in the formulation of the
surface stress and heat fluxes, especially over complex orography neglecting the
horizontal flux components can lead to errors in modelling the surface exchange
(Epifanio, 2007; Lundquist et al., 2012). Especially in models with sub-kilometre
grid spacing the radiation has to be modelled accounting the complex topography.
The shortwave should consider the orography shading, and this aspect is already
present in many models, such as WRF (Skamarock et al., 2008), whereas the
longwave radiation typically neglects the radiation emitted by the surrounding
elevated terrain. More improvements are needed for the future, especially in the
treatment of surface fields: land-use (Pineda et al., 2004), spatial structure, soil
moisture, snow cover (Tomasi et al., 2017), urban land-cover (Giovannini et al.,
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2013).
The regional NWP challenge is to correctly predict the convective boundary

layer, or the previously introduced MBL, not only the horizontal grid-spacing is
important but also the vertical grid-spacing, and also the degree of smoothing
of the terrain is important. In fact, the choice of smoothing the topography is
necessary to remove too steep slopes that could cause problems when calculat-
ing the pressure gradients as height differences between neighbouring eta levels
(Doyle et al., 2013). The computation, so, needs a smoothed topography, but it
is necessary to introduce specific parameterisation to account the Sub-grid-scale
orographically driven exchange processes, as is done in Global Circulation Models
(GCM) such as IFS (Malardel and Wedi, 2016). In fact, the exchange processes
are controlled by some geometric factors which one the most important are val-
ley width and depth, inclination of valley floor, and valley cross-section (Wagner
et al., 2015), these geometric factors strongly change the behaviour, for example,
of valley winds.

2.3 Glaciers, climate change and their forelands

Figure 2.14: Gigante Glacier from Helbronner Peak (3462 m a.s.l.)

Mountain environments are also characterised by glaciers. The glaciers are
confined in the climatic zone EF (Köppen, 1936), and in the last decades with
the ongoing global warming are shrinking faster and faster. This cause several
consequences, the widening of proglacial areas, the colonisation of new environ-
ments by fauna and flora, the destabilisation of slopes and rock-walls, the changes
in the hydrological cycle and in water supply for agriculture, cities and hydroelec-
tric catchments.

In the Earth history a sequence of glacial and interglacial periods was regis-
tered. Focusing this analysis only on the last part of the Earth history, over the
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last 740,000 years there have been eight glacial cycles. According to the isotopic
record from ice-cores, the Late Pleistocene was marked by at least four major
cold stages: MIS5d, MIS5b, MIS4, and MIS2, the latter culminating in the Last
Glacial Maximum (LGM Monegato and Ravazzi, 2018).

The development of Alpine valley glaciers during the Pleistocene has been
the topic of a large number of studies since the 19th Century and especially after
the milestone work by Penck and Brückner (1909). According to these authors,
four major Pleistocene glaciation (Günz, Mindel, Riss and Würm) shaped the
Alpine relief. During the 20th Century the application of this subdivision acted
as a postulate, adopted in all the stratigraphic works within the Alpine realm,
including geological mapping. Only after Bowen (1978) and Šibrava (1986) this
subdivision was suggested to be abandoned and substituted by and array of strati-
graphic approaches including allo-,chrono-, bio and isotopic stratigraphy. The
development of dating methods in the last forty years improved the chronological
assessment of glacial units, thus detailing the chronological framework of glacial
cycles that shaped the alpine valleys, together with the last interglacial cold pe-
riod of the Pleistocene (Younger Drias) and the Holocene climate oscillations (see
Section 2.3.2).

2.3.1 The structure of a glacier

Glaciers could be classified in two main ways: on morphological basis and on
thermal basis. The morphology permits to distinguish between ice caps, ice sheet,
and the different type of mountain glaciers. The thermal classification divides
glaciers into cold, where the entire glacial body has a temperature always below
0 ◦C, and warm (or temperate) glaciers, where the temperature is around 0 ◦C.
In particular, the alpine glaciers are represented by the temperate class, in fact,
during summer the air temperature is above 0 ◦C and the lower part of the glacier
is melting (Smiraglia, 1992). The morphology of alpine glaciers is various, in
fact there is small cirque glaciers and big valley glaciers that receive the ice form
the confluence of different basins (such as the Aletsch Glacier, Miage Glacier
or Morteratsch Glacier). Anyway the base structure of alpine glacier could be
depicted with Figure 2.15: A) an upper zone, white and rich of snow accumulation
and B) a lower, grey and poor of snow accumulation, namely, the ablation zone.

Advances and retreats of glacier body are essentially regulated by the ice
mass balance: a gain of mass could bring to an advance of glacier and a loss
of mass could bring to a glacier shrinkage. Glacier bodies of diverse dimensions
responds to climate variation with different time-scales (Orombelli, 2011). In fact,
the glacier bodies dimensions had affected the glacial fluctuation of the Holocene.
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Figure 2.15: Basei Glacier in the Western Alps, Granparadiso group. The letter
“A” indicates approximately the accumulation zone, and the letter “B” indicates the
ablation zone, this subdivision is valid at the time of the shot.

Simplifying the mechanism of mass balance it is possible to state that hot summers
and poor of snow winters favour the progressively loss of mass, and consequently
the glacial retreat. Meanwhile, fresh summer and abundant winter snow favour
the gain of mass, and consequently the glacial expansion. During the ice ages,
and during the Holocene climate cold oscillations the second sentence was true for
several decades to thousands of years, while during interglacial periods the first
sentence dominates (Joerin et al., 2006).

The movement of a glacier is related with the gravity force and it is mainly
due to the slope inclination. Where the slope is flat, the movement is due to the
glacier up-stream mass production, in fact the abundance of ice and snow in the
collector basin force the down-valley portion of the glacier to flow through the
valley. The morphology of the surrounding terrain, the bed-rock below the glacier
and the valley geometry control the flow of the ice mass, that behave as a fluid.

The slow carving of the glacier into the bedrock and into the lateral side of the
mountain, but also the rock/snow avalanches that collapse on the glacier, con-
tribute to the sediment transport of the glacier. Those sediments if positioned at
the base of the glacier work as chisel on the bedrock, while on top could be organ-
ised into lateral or median moraines (Benn and Evans, 1998). All the sediments
that the glacier bring with him are deposited into frontal and lateral moraines
or flow into the glacial creek. When the glacier retreats the built moraines and
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all the other sediments compose the glacier foreland environment, that in some
years, if the climate conditions are favourable, will be colonised by plants and
animals.

2.3.2 The evolution of Alpine glaciers

Figure 2.16: a) Modelled ice surface topography (200 m contours) and ice surface
velocity (colour mapping) in the Alps 25 thousand years (ka) before present. (b)
Temperature offset time-series (black) from the EPICA ice core used as palaeo-climate
forcing for the ice flow model, and modelled total ice volume (blue) through the last
glacial cycle (120 - 0 ka). From VAW ETH Zurich website.

The four huge glaciations of the Alps carved the relief, and created the mor-
phology that afterwards was modified by weathering, mass wasting and human
activities. In the introductive Figure 2.16 it is possible to appreciate a recon-
struction of the large ice cup that covered the Alps during the Last Glacial Max-
imum (LGM) of 25000 years ago. The evidence of the glaciation is described by
the alpine landscape, with its morphology, the U-shaped valleys, erratic boulder,
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moraines, piedmont lakes, roches mountonnée, horns, and many others. Two ex-
amples for the Italian side of the Alps are the moraine amphitheatre of Ivrea and
the Garda Lake, both created by the ancient glaciers.

After the LGM during the Holocene epoch, there were some climate oscil-
lations that permitted several advances and retreats of Alpine glacier bodies.
Recent studies reconstruct the glacier variations in the European Alps since
the latest Pleistocene (Ivy-Ochs et al., 2009), in the Holocene (Joerin et al.,
2006) or in the last 2000 year BP (Before Present Solomina et al., 2016). The
glacier fluctuations could be reconstructed with different methods: using his-
torical data (maps, pictures, paintings, written documents) for the most recent
periods, dendrochronologically-based calendar-dated glacier chronologies, radio-
carbon dating of organic matter, the emergence of landscapes from beneath the
ice after a retreat, dating using terrestrial cosmogenic nuclides (such as 10Be),
lichenometry, lacustrine sediments (varve) and peat deposits (Solomina et al.,
2016).

After the multifold advance of the last worldwide glaciation lasted until 18 ka
BP (Figure 2.16) there was another advance of glacier during the Younger Dryas
(12.5 to 11.5 ka BP) documented by Maisch (1981), and glacier advanced during
the Egesen stadial with the maximum around 12.3 ± 1.6 ka and 12.2 ± 1.0 ka
(Ivy-Ochs et al., 2009). At the beginning of the Holocene (around 11.5 ka BP)
a long period of relatively warm climate was registered, even if huge fluctuations
characterised it. This period lasts from 10.5 to 3.3 ka BP, glaciers were smaller
than today for most of the time and forest growth was possible even in areas
presently buried by ice (Ivy-Ochs et al., 2009). Anyway several advances were
recorded, and they are of different intensity depending on the glacier size, and
also the glaciers responded with different time-lags related to their dimensions and
morphology. In general, larger glaciers remained well behind their LIA extents.
The number of glaciers advances during this warmer period cannot be counted
with certainty, in fact it depends form a glacier to another. A comprehensive
diagram from the Younger Dryas to today is in Figure 2.17, where several datasets
and publications were merged to create a unique scheme of this period.

After 3.3 ka BP started a period of glacier advances, when the timberline
was pushed to lower altitudes, and some recessions were also measured, but less
frequent. For example, between 3 and 2.7 ka the Forni Glacier advanced and
reached a position of a few metres outside the LIA moraine (Orombelli and Pelfini,
1985). Finally, from the 14th century the LIA started and last until the 1850-1860
AD. Most of the Italian glaciers registered their maximum Holocene expansion
during this period, and the LIA moraines are quite well conserved (Orombelli,
2011). After the LIA some smaller expansion were recorder: 1890s, 1920s and the
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Figure 2.17: Summary of glacier variations and general climate evolution during the
Younger Dryas and the Holocene. On the left-hand side of the figure: Interpreted
timedistance glacier extent for Egesen and early Holocene glaciers from Maisch et al.
(1999). 10Be surface exposure ages for Egesen-max (12.2±1.0 ka), Egesen-2 (11.3±0.9
ka) and the Kartell (10.8±1.0 ka) moraines are shown as blue crosses. Julier (10.4±0.7
ka) (Switzerland, Engadin) and Larstig (10.5 ± 0.8 ka) rock glacier (Austria, Tirol)
10Be stabilization ages are shown as black crosses (full dating is reported in Table
2 of Ivy-Ochs et al. (2009)). Reported glacier advances to the LIA extents or less
for the following glaciers are shown as dashed lines. G: Gepatschferner (Kaunertal);
S: Simonykees and Z: Zettalunitzkees (Venediger Mountains, Nicolussi and Patzelt,
2001). Short blue bars indicate inferred cold oscillations V: Venediger; F?: Frosnitz;
R1, R2: Rotmoos 1 and 2; L: Löbben oscillation; Gö1, Gö2: Göschener 1 and 2 oscil-
lations. Hwi: Holocene warm intervals (orange bands) based on data from Vadret da
Tschierva (Engadin, Joerin et al., 2008). Green line indicates variations in timberline
in Kaunertal (Nicolussi et al., 2005). Advances of Grosser Aletschgletscher from 3.5 ka
to present are taken from Holzhauser et al. (2005). On the right-hand side of the fig-
ure: Varves present in Silvaplanersee sediment (Engadin, Leemann and Niessen, 1994),
as indicator of active glaciers in the catchment area. Buntes Moor, uninterrupted or-
ganic sedimentation (Nicolussi and Patzelt, 2001). Glacier recession periods (central
and eastern Swiss Alps) from Joerin et al. (2006). Pasterze glacier smaller than at
2000 (Nicolussi and Patzelt, 2001). Ötztal Ice Man, glacier at Tisenjoch as small as
in 1991 (Bonani et al., 1992, 1994; Baroni and Orombelli, 1996). Radiocarbon-dated
archaeological materials found at Schnidejoch (Grosjean et al., 2007). Adapted from
Ivy-Ochs et al. (2009).
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last in 1980s.
The causes of Holocene glacier fluctuations have been discussed in many papers

(references in Orombelli, 2011) and there are long-term and short-term climate-
related events. The long term trend could be related with the precessional of
equinoxes, that decrease the solar radiation in the Northern Emisphere. The
short term trend, instead, could have several causes, not completely disentangled.
At a very short time-scales the 11-years solar activity, some explosive volcanic
eruptions (such as the Tambora volcano eruption in 1815, Indonesia), or internal
oscillations of ocean-atmosphere system (ENSO, NAO) could guide the glacier
advances or retreats.

2.3.3 Glacier forelands and the impacts of climate change

Figure 2.18: Aurona Glacier Foreland, Alpe Veglia (VCO) Central-Western Alps.

The glacier forelands are the main study area of this Doctorate Thesis. For
this reason, it is very important to define them. The area between the current
glacier front and the moraines of latest maximum of historical age (LIA peak)
is called glacier foreland. The foreland is in a different degree of colonisation by
plant, grass, shrubs and animals. The closest part is almost totally composed by
incoherent debris, and it is progressively colonised by first grass, shrubs and small
bushes than by small trees (Whittaker, 1993).

Before describing how those new habitats are colonised by vegetation and an-
imals, and also describing the changes into their morphology, it is interesting to
focused on why those new environments create. As aforementioned in the Sec-
tion 2.1, the climate evolution of the Alps drive a complex chain of modifications
of pre-existing equilibria. The mainly feature are temperature (Büntgen et al.,
2006) and precipitations (Casty et al., 2005), that could both drive the glacier
dynamics and the primary succession of glacier-leaved areas. The regime of pre-
cipitation, could sensibly impacts on the glacier shrinkage, and cause catastrophic
events on mountainous environments (Christensen and Christensen, 2004).

The impact of climate change is multifaceted and involve a lot of different
implications, some of those are related to the modification itself of the moun-
tain environment, while other regard implications for human fruition, geoher-
itage and also water resources. The firsts and more studied impacts of climate
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Figure 2.19: 1928-2007 Basei Glacier, Western Alps, Granparadiso group (Carlo
Felice Capello and Daniele Cat Berro photos)

change consist in glacier retreat (i.e. Bonanno et al., 2014; Orombelli, 2011; Jo-
erin et al., 2006), that are well documented especially after the LIA, with different
approaches, from historical sources to geomorphological and dendrochronological
approaches (Pelfini, 1999; Bennet and Evans, 2012). Other impacts of the climate
changes are also deeply studied (Beniston, 2003), and probably the less felt by the
population are the water resources related ones (Beniston and Stoffel, 2014; Hae-
berli and Whiteman, 2014). In fact, the glacier reduction, the snow-poor winters
sensibly reduce the water availability for the summer season, moreover the need
of winter sports (i.e. ski) when the snow is not available, and the consequent pro-
duction with high energy and water costs, exacerbate the problem. The enhanced
natural hazards are being deeply investigated because they threat infrastructures
and citizens (Einhorn et al., 2015), and should be taken into account especially
in mountainous regions. The problems essentially regard extreme precipitations,
that had partially increased their frequency, and related mass wasting processes
(Stoffel and Hugel, 2012), but also ice-related hazards, such as ice-avalanches from
glaciers, snow avalanches (during winter) and permafrost degradation (Damm and
Felderer, 2013).

Focusing the attention on glacier forelands, the mentioned above changes im-
pacts on foreland vegetation colonisation velocity, that depends on the elevation
of the foreland itself (Kauffman, 2002) and consequently by temperature, precip-
itation and climate change forcings (Fickert and Grüninger, 2018; Cannone et al.,
2008). The climate impacts produce also a shift of the tree-line, that could sen-
sibly vary due to local effects and to the species (Compostella and Caccianiga,
2017; Körner and Paulsen, 2004). Besides of vegetation colonisation also animal
progressively, and even before plants, colonised glacier forelands (Gobbi et al.,
2006; Bijlsma and Loeschcke, 2005). The strong glacial retreat, that is faster
than the arboreal colonisation, as also widened the sandur that is mainly com-
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posed by incoherent debris, there mass wasting processes, melting and running
water processes and gravitative phenomena could take place (Pelfini et al., 2014).
Moreover, the running waters could create lakes and pounds, and the deposi-
tion of the till sediment starts the soil development (D’Amico et al., 2015), and
afterwards the colonisation by animal and vegetal species (D’Agata et al., 2019).

Glacier forelands are also deep studied on the geomorphological point of view,
in fact they are rich of developing forms of a changing environment, related,
mainly, to the glacial shrinkage (Bennet and Evans, 2012). Moreover, the near
glacier forests or growing trees could be very useful to map the last century of
climate and glaciers evolutions (Vezzola et al., 2016). The main approach is
both geomorphological, through the study of, for example, the glacier sediment
deposition (i.e. moraines), or dendrochronological through the study of tree rings
(Pelfini, 1999).
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Chapter 3

The Study Areas

Figure 3.1: A comprehensive picture of the studied areas. Top-left is magnified the
Alpe Veglia and Loana positions, while top-right is magnified the Forni Glacier area.
The orography is from the NASA SRTM DEM (NASA-JPL, 2013).

This work had two main study areas, the first one was located in the Central

41



The Study Areas

Italian Alps at Forni Glacier Foreland, while the second one was located in the
Central-Western Italian Alps at Alpe Veglia. Both the study areas were in a
high-mountain environment, characterised by glacier shrinkage and truly complex
terrain.

Beside this two main research areas, where the on-field meteorological stations
were installed there were two other studies sites, one in Loana Valley, where
a geomorphological analysis was been integrated with a meteorological analysis
and a second one in Aosta Valley, where an application of the WRF model to a
pollution event was tested.

The studied areas are indicated in Figure 3.1, where the northern Italy is
represented with the orography.

In the following section I deeply describe the study areas and the installed
weather stations.

3.1 Forni Glacier foreland

The first studied area is located in the upper part of Forni Valley (Central Italian
Alps, Rhaetian Alps), a typical Alpine glacial valley which continue in Valfurva, a
tributary of the main valley, Valtellina. Forni valley is inside the Stelvio National
Park and belong to the Lombardy sector of the Ortles Cevedale Massif, in the Cen-
tral Italian Alps. The valley topography is complex, like in other high-mountain
territories; the landscape had been deeply shaped by glaciers and, following the
deglaciation, by mass wasting, mass movements and running waters (Masseroli
et al., 2016). Its upper portion is surrounded by many peaks higher more than
3000 m a.s.l., and the valley bottom ranges from 1800 m a.s.l., at the beginning
in Santa Caterina, to 2500 m a.s.l. at Forni Glacier foreland.

The Forni Glacier is the second largest glacier of the Italian Alps (11.34 km2,
Smiraglia et al., 2016) and it dominates the upper part of the valley. Its foreland is
complex and characterised by a deeply known moraine system (Pelfini et al., 2014),
that permits to precisely date the glacier advancing phases since the Little Ice Age
(Pelfini, 1989; Beniston, 2003; D’Agata et al., 2019). Nowadays the glacier central
tongue is separated from the two lateral tongues and it is rapidly retreating.
Moreover, debris is covering an even largest part of the ablation tongue. It was
estimated that in 2003 the debris cover was 26.7% and in 2015 it was 48.1%
(Azzoni et al., 2018).

Moreover, sediment budgets in the lower part of the valleys are strictly linked
with debris dynamics in the high mountain environment that are related to climate
conditions inducing risk issues also in the valley bottoms (Bollati et al., 2017).
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Figure 3.2: The Forni Glacier study area, it is clearly visible the Forni Glacier with
the entire basin, San Matteo peak (P.ta San Matteo, 3678 m a.s.l.) and Palon de la
Mare peak (3703 m a.s.l.). With the red dot it is indicated the position of AWS Mito,
and above it is visible the Branca Refuge (2487 m a.s.l.). The violet line indicates
the position of the rock cliff that separate the lower (L) by the upper (U) forelands.
Cartography Tabacco c©, Ortles-Cevedale, Ortlergebiet 08, 2014.

For the climatological study conducted over the Forni Glacier area, 28 pluvio-
metric stations were used (Section 4.2). Those stations are distributed in different
environments and altitudes. They may be grouped according to their distribution
respect to the relief features. The predominant landscape units in which the study
area can be categorized are the following ones:

1. High mountain environment: the lower limit of this landscape unit is consid-
ered as roughly corresponding to the upper limit of vegetation that, accord-
ing to (Masseroli et al., 2016), is strongly affected by geomorphic processes.
This unit is mainly characterised by rocky outcrops and deposits deriving by
action of glaciers and gravity. Glacier retreat and increasing of cryoclastic,
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periglacial and gravitative processes and reworking of debris by the water
runoff are in fact the predominant morphogenetic processes. In this unit
only 2 stations are located and their climatic conditions are highly variable
depending on slope aspects and on the presence of highest mountains in
their surroundings.

2. Slopes at middle altitude (approximately 1000-1800 m a.s.l.): they are rep-
resented by slopes below the treeline and their features depends strictly on
the slope aspect: 2 stations are North-oriented, 2 are East-oriented and 4
are South-oriented. This unit is mainly characterised by action of gravity
and water.

3. Passes and plateau: they are located below the treeline and their geomor-
phological features are similar to the following category, but the meteoro-
logical behaviour is quite different. Here there are 2 stations at a mountain
pass (Tonale pass) and 2 at a plateau (Careser dam and Valdisotto).

4. Valley bottoms: they are characterised by heavy human presence, or they
are situated near road or other facilities and they host nearly half of sta-
tions especially due to their higher accessibility. In this geomorphological
context water action is the most powerful morphogenetic agent and allu-
vial deposits represent the most diffuse substrate. For those stations valley
orientation and its morphology, for example, are significantly important for
precipitations. In this unit 14 stations are located.

These varied relief conditions, coupled with the macroclimatic differentiation
between the Swiss and the Italian side of the Alps, influence vegetation distribu-
tion and allow the generation of microclimatic settings.

The glacier foreland could be divided in two parts, one above (upper foreland)
and one below (lower foreland) a rock scarp (Figure 3.2). The upper foreland
was left free by the glacier in the last two decades and it is mainly composed by
incoherent sediments, rocks and roches mountonnes. The vegetation is composed
by sparsely grass, some shrubs and isolated young trees (less than 15-years-old,
Sobacchi, 2015). The lower foreland, instead, presents coherent sediments, and
there the soil is developed. Grass, shrubs and trees had widely colonised the area,
and many studies were done on dendrochronology and geomorphology (Pelfini
et al., 2010, 2014), geoheritage (Bollati et al., 2016; Pelfini and Gobbi, 2005) and
ecesis (Garavaglia et al., 2010a).

In the last decades, this mountain area, as well as the similar ones all over the
Alps, has suffered a rapid and deep modification due to climate change (Beniston,
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2003). As previously stated, the most evident result is a generalised shrinkage of
glacier bodies and, consequently, the expansion of glacier foreland, with changes
in the morphology of the upper valley portions (D’Agata et al., 2019).

3.1.1 The Forni Glacier upper foreland and the weather
station AWS MiTo

The Forni Glacier upper foreland, as aforementioned, is the portion freed by the
glacier in the last two decades. It is located above a scarp of roches mountonnées,
and it crossed by the Frodolfo creek. The altitude ranges between 2500 m a.s.l.
to 2550 m a.s.l. near the glacier front.

In this plain between the 28th August and 11th September 2017 it was in-
stalled an automatic meteorological weather station (AWS MiTo) built under a
collaboration between the Department of Physics of the University of Turin and
the Department of Earth Sciences “A. Desio” of the University of Milan. The
station was equipped with standard meteorological instruments and fast response
instruments for the study of the turbulence. There were a thermometer, wind
vane and cup anemometer for the standard one, and an ultrasonic anemometer
and fast krypton hygrometer for the latter group.

A complete description of the instrumentation is given in Table 3.1. In Fig-
ure 3.3 is visible a comprehensive picture of the station after the installation.

Table 3.1: AWS MiTo Forni Glacier foreland weather station characteristics.

Instrument Make and model Ground dist (m) North

Ultrasonic Gill, Solent R2-research 2.59± 0.01 5◦ ± 2◦

anemometer
Hygrometer CampbellSci, KH20 2.76± 0.01

Anemometer and Siap+Micros, SVDV 2.04± 0.01 0◦ ± 2◦

wind vane
Thermometer Thermocouple type K 1.81± 0.01

The position of the station was nearly at the middle of the valley, at a distance
of 450 metres from the glacier front (in 2017) and 100 metres from the Frodolfo
creek.

The Forni valley, at the upper foreland, is oriented approximately from South
to North, and the glacier is north-facing. East and West slopes of the valley are
around 30◦ of inclination and the terrain surrounding the station is characterised
by sediments, rocks and tuft of grass. Globally the terrain is not flat but rugged,
with small hills, moraines, rocks and boulders of many dimensions.
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Figure 3.3: The automatic weather station MiTo installed at the Forni Glacier fore-
land who had collected data between 28th August and 11th September 2017; it was
equipped with an ultrasonic anemometer at the top of the mast, a fast hygrometer
(beside the ultrasonic anemometer), and two traditional meteorological instruments:
wind vane with cup anemometer, and thermometer.

The AWS MiTo station is located at 46◦24′23.4′′ latitude N and 10◦35′4.8′′

longitude E at an altitude of 2522 m a.s.l.

3.2 Alpe Veglia

The second study site, the Alpe Veglia, is an alluvial plain lying over a glacio-
tectonic depression (Rigamonti and Uggeri, 2016); it is located in the Central
Western Italian Alps (Lepontine Alps), near the Simplon Pass at the border be-
tween Italy and Switzerland. This highland plain is located under the municipality
of Varzo in the Verbano Cusio Ossola province (Piedmont region), and its ter-
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ritory is included in the Veglia-Devero Natural Park. The Alpe Veglia plain is
surrounded by mountain peaks among which the highest is the Mt. Leone (3553
m a.s.l.), and it dominates the plain from West.

The evolution of Alpe Veglia is a succession of different geomorphological
processes. After the Alpine orogenesis the first agents were the glaciers, that
during the Pleistocene had carved and modified the badrock of Veglia. During
the last glaciation, the glacier shrinkage had left a thick layer of deposit (about 40
m) that later was inundated by an alpine lake. The lake progressively was buried,
and 50 metres of lacustral sediments was added to the previous glacial sediments.
On the stratigraphy top there are 20 metres of alluvial sediments (Rigamonti and
Uggeri, 2016).

The glaciers footprint is visible all around at Alpe Veglia, and a beautiful path
(glaciological path) drive the hikers through the history of glacier at Alpe Veglia
(Zanoletti et al., 2017). The Little Ice Age footprint is visible especially at higher
altitude, such as in Aurona Valley where the second station was installed between
the LIA moraines.

Figure 3.4: Alpe Veglia landscapes in late summer (27 September 2018) and in winter
(16 November 2018).

The Alpe Veglia plain in late summer and winter seasons is depicted in Fig-
ure 3.4, the meadow in the foreground is where the main weather station was
installed, in the background, dominating the plain, is visible Mt. Leone, on its
right there is Aurona Valley, where the second measuring site is located.

The plain is crossed from North to South by the Creek Cairasca, that collect
the water of creeks Ciamciavero, d’Aurona, Mottiscia and Frua. The centre of
the plain, where the river flows, is characterised by a larch forest, that split the
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plain in two huge pastures, one on the Eastern part and one on the Western part.
A dirt road encircles the plain and connects five hamlets, which are inhabited
during the summer season. The hamlets are: Ciamciavero, Aione, Ponte, Isola
and Cornù. The latter hamlet is where the weather station is located. Starting
from Ciamciavero a mountain path conduces to the Avino Lake (2,246 m a.s.l.),
an artificial lake with a dam built in the middle 20th century, whereas from Ponte
another mountain path conduces into the Aurona Valley, a glacial U-shaped valley
carved by the Aurona Glacier. Nowadays the Aurona glacier valley tongue is
retired at the Aurona Pass, and leave some erratic stones and the lateral moraines
into the valley. In the middle of the rock step that divide the Aurona Valley from
the Alpe Veglia plain there is a landform called “Rossetto” for its particular
reddish color and represent a rouche moutonnée. The upward portion of this
landform is smoothed by the Aurona Glacier, and now it is colonised by grass
and the glacier carving trace is buried, on the Alpe Veglia side there is a steep
rock-wall eroded firstly by the action of the glacier (by quarrying and plucking)
and more recently by freezing and thaw of decades.

On the other side of the Alpe Veglia plain, behind the Cornù hamlet, a moun-
tain path conduces to the neighbouring Alpe Devero (1650 m a.s.l.), through the
Valtendra Pass in about 6 hours of hiking.

The Alpe Veglia plain altitude ranges between 1700 m a.s.l. and 1760 m a.s.l.
The entrance to Alpe Veglia is a narrow 400 metre deep, 250 metre wide and 1
kilometre long canyon. The considered plain is 1.6 km NNW-SSE and 0.6 km
WSW-ENE, and its total area is approximately 0.8 km2.

At Alpe Veglia there were two meteorological station installed, one in the
centre of the plain, near the Cornù hamlet, and one inside the moraine-arc of the
Aurona Valley at 2300 m a.s.l.

The Environmental Protection Agency of Piedmont region (ARPA Piemonte)
since 2011 has a nivometric station installed at the Alpe Veglia plain (Figure 3.6).
It measures snow height, rain and temperature. The rain gauge is not heated,
consequently during winter the measurements are not reliable, whereas the ther-
mometer is a resistor probe and the snow-meter is a sonic ranger distance-meter.
The accuracy of the snow-meter is around 1 cm and its measurements are reliable
with more than 20 cm of snow on the ground. ARPA Station real-time data are
available on ARPAs website, whereas the entire record is available under an agree-
ment between ARPA Piemonte and the Department of Physics of the University
of Turin.
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Figure 3.5: Position of Alpe Veglia in North Western Italy (A), and details from a
topographic map of Alpe Veglia (B), c© Federal Office of Topography Swisstopo. The
Alpe Veglia Station (red point) is located in the centre of the Alpe Veglia plain. Mt.
Leone is visible in the bottom-left corner and the entrance canyon is visible in the
right. On the left, top of Mt. Leone is visible the position of Aurona pluviometric
station.

3.2.1 The Alpe Veglia plain micrometeorological station

The Alpe Veglia Station (SAV) is a micrometeorological station installed on 27th

September 2018. The station mast was mounted on a flat meadow, approximately
in the centre of the plain, which gentle slopes towards the river Cairasca. The
mast is surrounded by gently 2◦-3◦ slopes. The steepest slope is on the NNW
side, 550 m from the mast, and it has an inclination of about 45◦, whereas the
entrance canyon is at a distance of 1 km on the SSE side. There are no obstacles
close to the station mast, and the nearest are the houses in the Cornù hamlet (at
a distance of 75 m on the East side) and the riparian forest (at a distance of 174
m on the West side). The Cornù hamlet is settled on a slope of about 20◦-30◦ of
inclination with a forest in behind it.
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Figure 3.6: Alpe Veglia nivometric and pluviometric station of ARPA Piemonte.

The station is equipped with standard meteorological instruments: a ther-
mometer, wind vane, cup anemometer, barometer, radiometer and snow-meter.
A sonic anemometer was installed with a couple of inclinometers for the mea-
surement of turbulence. A complete description of the instrumentation is given
in Table 3.2, and a comprehensive picture of the station mast is reported in Fig-
ure 3.7. The instruments were mounted relatively far from the ground, because
the snow in winter can reach a depth of 3 metres.

The station electric power come from a battery recharged by a photovoltaic
panel. The grassland, in which the station is mounted, is used as pasture for cow
during the summer season, for this reason from July to September an electrified
fence was mounted.

The Alpe Veglia station is located at 46◦16′30.43′′ latitude N and 8◦8′44.60′′

longitude E at an altitude of 1736.8 m a.s.l.
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Table 3.2: Description and positioning of the Alpe Veglia Station instrumentation.

Instrument Make and model Ground and mast Range
dist. (±0.01m) N (±2◦)

Ultrasonic Gill, Solent R2 4.93; 0.53; 8◦ ±30 m s−1

anemometer 290 m s−1 to 370 m s−1

Anemometer and Siap+Micros, 4.30; 0.54; 8◦ 0 m s−1 to 60 m s−1

wind vane SVDV 0◦ to 359◦

Thermometer Thermocouple (K) 4.28; 0.43 −200 ◦C to 1260 ◦C
Snow-meter HC-SR04 4.17; 1.05 0 m to 5 m
Radiometer Eppley, PSP 5.00; 0.00 0 W m−2 to 2000 W m−2

Barometer Siap, TBAR 3.20; 0.00 700 hPa to 1100 hPa
Inclinometers HLPlanar Technik, 4.93; 0.45; 337◦ ±5◦

NS-5/PI

Figure 3.7: Alpe Veglia micrometeorological station (SAV).
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3.2.2 The Aurona Valley thermo-pluviometric station

The Aurona Valley thermo-pluviometric station is located inside the moraine arc
of the Aurona Glacier at 2263 m a.s.l. It is equipped with a tipping bucket
rain gauge and a thermocouple (type T) thermometer. This is a summer-season
installation, because the rain gauge is not heated, and the station pole is very
small. It is useful to measure summer precipitations that could destabilises the
moraine sediment, and cause weathering of the slopes.

The station is surrounded by incoherent sediments, with some tuft of grass
(Figure 3.8). The station was installed on 16th July 2019.

Figure 3.8: Aurona Glacier foreland termopluviometric station (SAP).

The vegetation here is mainly composed by moss, pioneer plants, such as
Linaria alpina (alpine toadflax), Artemisia genipi (Figure 3.9a), Silene acualis
(cushion pink, Figure 3.9b). Nearby the station a small spruce (Larix decidua)
of 4-5 years-old was found (Figure 3.9c), this is the only tree present in the lower
part of the Aurona Glacier foreland.

The Aurona thermopluviometric station was built with the aim of measuring
summertime precipitations, in particular the most intense due to thunderstorms.
Those very intense precipitations, in fact, could destabilize the moraine slopes
and change their morphology.
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Figure 3.9: Some species of vegetation found in Aurona Glacier foreland: a) Linaria
alpina and Artemisia genip, pioneer plants of post glacial environments; b) Silene
acalis; c) a young spruce found near the Aurona termo-pluviometric station.

Table 3.3: Description and positioning of the Aurona Station instrumentation.

Instrument Make and model Ground distance Range
(±0.01m)

Rain gauge SIAP+Micros, TPluv 1.46 0.2 mm
Thermometer Thermocouple T 0.80 −200 ◦C to 400 ◦C

The characteristics of Aurona station are summarised in Table 3.3, the altitude
is 2263.9 m a.s.l. and the coordinates are 46◦15′59.13′′ latitude N, 8◦6′15.64′′

longitude E.

3.3 Loana Valley

The Loana Valley was the study site of geomorphological processes analysed using
dendrochronology and meteo-climatic techniques.

The study area is represented by the upper portion of the Loana hydrographic
basin (red polygon in Figure 3.10). It is located in the Verbano-Cusio-Ossola
Province and it covers an area of about 27 km2. The Loana hydrographic basin is
placed at the boundary between the Ticino hydrographic basin, partially devel-
oping in Switzerland, and the Toce hydrographic basin in the Ossola Valley. The
Loana stream, flowing from South towards North, is a tributary of the Eastern
Melezzo draining the Vigezzo Valley and flowing, toward East, into the Switzer-
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Figure 3.10: Location of the study area in the Western Italian Alps, within the
Verbano-Cusio-Ossola province, at the border of the Val Grande National Park and
within the Sesia-Val Grande UNESCO Geopark. The portion of the Loana hydro-
graphic basin investigated in the present research is represented in red. The yellow
stars indicate the position of the meteorological stations whose data were used in the
present research (Bollati et al., 2018)

land portion of the Maggiore Lake. The reach of the Loana stream, within which
the investigated sites are located, spans between 1250 and 1300 m a.s.l..

3.3.1 Meteorological stations

Two different stations were used to correlate the mass wasting processes and the
precipitation over the Loana Valley area, one is in Domodossola at Collegio Ros-
mini (270 m a.s.l.) and the second is closer to the valley at Druogno (Figure 3.10).
The Domodossola station has the longer dataset, from 1872, while Druogno (831
m a.s.l., 6 km far from the study site) was recently installed by ARPA Piemonte
in 1989. Domodossola and Druogo stations are depicted in Figure 3.11.

3.3.2 Geological and geomorphological setting

The geological setting of the Loana Valley was described by Irene Bollati, that
collaborate with me for the Loana and the Alpe Veglia projects. Because the
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Figure 3.11: a) Druogno automatic weather station (photo ARPA Piemonte) and b)
Domodossola collegio Rosmini weather station (photo CNR-IRSA).

main focus on Loana was the detection of mass wasting processes, I report here
more detailed description of the geomorphology of the study site. The upper part
of Loana Valley is located in a geological and geomorphological relevant zone be-
cause the head of the valley is interested by the presence of the Insubric Line
separating the Southern Alps (on the SE) from the Austroalpine Domain (on the
NW) (Bigioggero et al., 2006). The region is characterized by a wide deformation
belt related to the presence of the Insubric Line, conferring weakness to rocks and
favouring their weathering and degradation, as already reported in other areas
of the Alpine region by Soldati et al. (2006). Furthermore, the valley is inter-
ested by an important structural and lithological control on landforms shaping.
The head of the valley is characterized by an intense glacial modelling (horns and
glacier cirques) and presents a glacial transfluence area occupied, during the Pleis-
tocene, by glaciers flowing towards south (Val Portaiola Glacier) and north (Loana
Glacier) to reach the Vigezzo Valley. The resulting U-shaped valley, drained cur-
rently by the Loana stream, is undergoing a reshaping due to weatheringprocesses
linked with water, snow and gravity action.

The Loana stream is incised mainly in the bedrock from its spring, in the
south, as far as the foot of the glacial step (reach 1 in Figure 3.12c). Then, a de-
crease of the steepness is visible along the longitudinal profile of the valley bottom
(Fig. 3.12c) where the alluvial deposits become abundant. The investigated sites
are indicated in Figure 3.12 with capitals A, B, C, and as it is visible comparing

55



The Study Areas

Fig. 3.12 a and b, during 1990s there were human intervention to regulate the
flow of the river, to permit the grazing nearby and limiting the alluvial plain.

In this area, but in general in the Ossola region, mean meteorological condi-
tions, geological features (e.g. abundant loose debris and fractured rocks) and
hydrographic basin morphology (Fig. 3.12) favour heavy instability phenomena
and debris flow events, that often take place along weakness zones (Hantke, 1988;
Cavinato et al., 2005; Mortara and Turitto, 1989; Luino, 2005; Dresti and Saidi,
2011). Among the most dangerous and famous events affecting the area, there are
1961, 1968 and 1978 events inducing widespread mass wasting processes all over
the region. The investigated reach of the glacio-fluvial valley is interested, along
both the valley slopes, by mass wasting processes and avalanches that periodi-
cally affect the valley bottom and contribute to the building of very representative
polygenic debris cones (sites A, B and C in Fig. 3.12a and b) that are located at
the confluence between secondary streams with the main one (the Loana stream).

Avalanches are among the most dangerous processes affecting slopes, mainly
during spring (Barbolini et al., 2011) as testified by clean corridors (site D in
Fig. 3.12 a and b) where vegetation is removed and transported down-valley.
Historical information about avalanches affecting the study area are spare and
available in the General Urban Development Plan and a model for detecting
areas susceptible to avalanches was tested and applied by Barbolini et al. (2011).
Locally defence works were positioned at the apex of the cone (site A) upstream
to the archaeological important site of the “NucleoAlpino La Cascina”, whose
protection is regulated within the Landscape Regional Plan (available at: http:

//www.regione.piemonte.it/territorio/pianifica/ppr.htm).

56

http://www.regione.piemonte.it/territorio/pianifica/ppr.htm
http://www.regione.piemonte.it/territorio/pianifica/ppr.htm


The Project Works

Figure 3.12: Loana stream patterns and location of the investigated sites A, B and
C. a) Loana braided reach during the 80s (ortophoto of 1989 courtesy of Geoportale
NazionaleMinistero dell’Ambiente); b) Loana stream pattern several years after human
intervention for flow regulation and grazing surface realization (ortophoto of 2012
courtesy of Geoportale NazionaleMinistero dell’Ambiente); c) longitudinal profile of
the Loana stream from the source to the outlet in the Eastern Melezzo as derived from
the DTM (10 m) (courtesy of Geoportale Regione Piemonte). The profile is subdivided
in reaches according to evident slope variations; study sites are located in the reach n.
2 (white star); d) Slope map derived from the DTM (10 m) (courtesy of Geoportale
Regione Piemonte) with reported the main hydrographic basins and streams draining
the region. On this map. the numbers of the reaches related to Fig. 2c are reported.
From Bollati et al. (2018).
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Chapter 4

Data and Methods

The research work was conducted through several interconnected fields, and, as
aforementioned, they are all tied around the mountain environment and by the
interactions between the atmosphere and the evolution of the mountain environ-
ment.

Figure 4.1: This scheme summarises the interconnections between the different topics
debated along this Thesis, on which the methods are examined in detail hereafter in
Chapter 4.

In the following sections I deal with the principal methods, that were applied
during my research in the previously described study areas. The main focus
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is given to the atmospheric part, and its influence to the surface and to the
vegetation growing at high altitudes. Furthermore, those methods could be used
in different study areas; in the following section I deal with the methods directly
related to the data used as input.

The opening scheme (Figure 4.1) reports the workflow of this project and it
tries to schematise the connections between the different debated arguments.

4.1 A spatiotemporal issue: the scales

This PhD Project, as previously understood from Chapters 1 and 2, explored
several fields connected to the mountain environment, in particular atmosphere-
related. Climate, meteorology, micrometeorology, but also glaciology, tree coloni-
sation of proglacial environment, geomorphological modification of the environ-
ment itself have different spatiotemporal scales.

Figure 4.2 is an attempt to gather all the different scales in one scheme. In
fact, we pass from more than 2000 km to some centimetres, and from more than
a millennium to a couple of hours.

Figure 4.2: The spatiotemporal scales treated, with some topics debated along the
Thesis.
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Table 4.1: Meteorological networks considered for the climatological work.

Network State Region-Province

ARPA Lombardia Meteo Italy Lombardia
ARPA Lombardia CMG Italy Lombardia
Meteotrentino Italy Trentino
Provincia autonoma di Bolzano Italy Alto Adige
Meteo Swiss Switzerland Grigioni
ARPA Veneto Italy Veneto

4.2 Climatology: precipitation distribution over

the Forni Glacier area

There are two main variables that could express the climate variability, that are
temperature and precipitation. In particular, in high mountain, and especially in
a complex topography region the nowadays approach is to spread the available
measurements using a statistical approach.

The main difficulties in mountain terrains are given by the topography and
by the lack of long time-series measurements, dating back more than 50 years.
The longest records of meteorological data are however generally available for
anthropised areas (in Italy they concern Milan, Padua and Turin), with some
excellences in high mountain environment, such as Capanna Margherita (Punta
Gnifetti 4554 m a.s.l., since 1899), Sonnblick (Austria, 3106 m a.s.l., since 1886)
and Jungfraujoch (Switzerland 3466 m a.s.l., since 1930). In the last decades
many automatic weather stations have been positioned in many high-elevated
sites, an example is the station on the Forni Glacier (Citterio et al., 2007).

Therefore, mountain environments, even if they are less monitored in the past,
are affected by the largest modifications due to climate change (Beniston, 2003).
The approach here used is to collect all the available measurements and using
longer series to complete the sporadic holes in the data. The analysis is based on
two areas, the first called “inner area” spanning between longitude E 10◦10′58.8′′

− 10◦49′8.4′′ and latitude N 46◦15′36.0′′ − 46◦37′20.4′′, and the second called
“outer area” spanning between longitude E 8◦36′0.0′′ − 12◦0′0.0′′ and latitude N
45◦0′0.0′′ − 47◦48′0.0′′. The study area is depicted in Figure 4.3.

The inner area considered 30 measurement sites, spanning from the 1913
to 2015 and composed by daily precipitation series. Besides those stations, to
strengthen the statistics, I considered other 706 station in the outer area. The
stations belong to several monitoring networks, that are reported in the following
Table 4.1.
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Figure 4.3: The two selected areas for the calculation of climatologies, the inner area
in gray and the outer area, with the position of each rain gauge.

The considered weather stations (grey shaded area in Figure 4.3) can be
grouped according to their distribution respect to the relief features. Two stations
belong to the high mountain environment, which lower limit roughly corresponds
to the upper limit of vegetation, that is 2000-2300 m a.s.l.; 8 stations are located
on slopes at middle altitude (below the treeline) and 6 more stations are located
at Passes and plateau. The remaining 14 stations are positioned at the Valley
bottoms.

The data availability is not constant for the entire period covered by this
climatological analysis, in fact from Figure 4.4 it is possible to appreciate both
the altitudinal distribution and time coverage of the stations considered.

The inner area had a practically constant number of measuring stations, that
range between 10 and 20 simultaneous stations. Before 1925 the number was
lower, in particular only two stations were available Bormio Valtellina (Sondrio,
Italy) and Santa Maria Mnstair Valley (Grisons, Switzerland). The outer area
registered a great increment of measuring sites in 1950, due to the National Geo-
physical Year.

Figure 4.4 b, shows the altitudinal distribution of measuring sites. It is clear
that a great part of the stations is located at an altitude lower than 1000 m
a.s.l., this is related to the anthropised areas, weather stations are located near
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Figure 4.4: Availability of weather stations (panel a on the left) from 1913 to 2015,
and station distribution according to the altitude (panel b on the right), with classes
of 100 m. The inner study area is represented in dark green, and the outer area is
represented in salmon

or inside urban areas. The interest in studying high altitude environments is
not a new-born science, from the XIX century we noticed of several scientist-
alpinist climbing the Alps and studying glaciers and weather. The possibility
to continuously monitoring the high altitude environments become accessible in
the last decades with automatic and low-cost instruments. Once resolved the
station distribution, maintaining and cost problems, it still remains the precipi-
tation measuring problem during winter. In fact, it is difficult to install heated
rain gauges in remote sites, so the winter snow invalidates the measures of pre-
cipitation. In some cases, stations are equipped with snow-meters, and from the
literature (i.e. Senese et al., 2018) through the Snow Water Equivalent (SWE) it
is possible to retrieve the amount of water content of the solid precipitation. How-
ever, automatic snow meters suffered of measuring errors related to the measuring
site (valley floor, crest, inhomogeneities of the ground underneath the sensor and
so on) and related to the weather conditions during the snowfall and after. In
fact, wind could move the snow and create fictitious accumulation or lack of snow
under the sensor. Furthermore, windy conditions could affect as well the measure
done with a heated rain gauge, perhaps snowflakes could flow away from the rain
gauge due to an ascending warm air flux over instrument itself. Many studies
were conducted on measurements techniques (further reading Singh and Singh,
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2001).

The dataset used collected all the available series longer more than 15 years.
Before applying the spatialisation a quality check and homogenisation procedure
is performed.

The station used in the inner area are reported in Table 4.2.

4.2.1 Data quality, series fulfilment and homogenisation

A data-quality assessment procedure is essential when analysing meteorological
data, but, more generally when analysing any physics variable. This concept
is transversal and used in other data-analysis done in this thesis. Moreover, as
indicated by the section title, to apply the interpolation methods it is necessary
to have continuous timeseries. Consequently, it is necessary to fulfil the data
at a daily-scale first and successively at monthly scale. After those operations,
when operating a climate analysis, is necessary to homogenise the data series,
in order to prevent systematic errors related to the instrumentation, positioning,
sheltering and measuring operations.

The first controls applied to the data were on the trustworthiness of the daily
or monthly data, in particular a daily precipitation greater than 1000 mm is
considered wrong and also a sequence of 30 days with no precipitation is doubt and
flagged. Then, they were subjected to a gap-filling procedure in order to minimise
the effect of sparse gaps in the daily records on the computation of monthly totals.
For each station (called test), all months with at least 15 available daily data
were subjected to daily fulfilment procedure, where each daily reconstruction was
performed by considering the daily records of a reference station. The reference
station was selected considering distance, elevation gap, common days in the
considered month and correlation value with the series to reconstruct. Correlation
was computed by Pearson method and all series with correlation values less than
0.7 were discarded. Therefore, reference station was the nearest one showing
the highest correlation and number of common data. The missing daily values
were reconstructed using the multiplicative anomaly method (Mitchell and Jones,
2005).

The multiplicative anomaly method is based on an average (called normal),
calculated over a period that could assume different length. This period is longer
in the case of the calculation of climatologies (at least 30 years), or at a month
length in the case of the gap filling procedure, that I am describing. Using this
average, it is possible to obtain an anomaly for each day or month considered.
Expressing this concept with an equation:
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Table 4.2: The stations used for the computation of climatologies in the inner area.
Province abbreviation: SO Sondrio, BZ Bolzano, BS Brescia, TN Trento, GR Grigioni
(Switzerland). Elev. stays for station altitude, Pos. is the positioning inside the
landscape (VB Valley Bottom, MM Mid mountain, HM High mountain).

ID Station name Prov. Lat N Lon E Elev. (m) Pos. Side

1 Grosotto SO 46.286 10.261 613 VB
2 Premadio centrale SO 46.485 10.351 1305 VB
3 Trafoi BZ 46.550 10.508 1570 MM E
4 Pezzo BS 46.283 10.519 1557 VB
5 Agumes Prato BZ 46.621 10.582 907 VB
6 Gioveretto dam BZ 46.509 10.725 1851 MM SE
7 Ganda BZ 46.550 10.786 1257 MM NW
8 Lago Verde BZ 46.467 10.803 1488 MM E
9 Rabbi Somrabbi TN 46.410 10.804 1352 MM S
10 Santa Caterina Valfurva SO 46.415 10.498 1760 VB
11 Forni SO 46.421 10.564 2118 MM bottom
12 Cancano SO 46.514 10.323 1855 MM bottom
13 Bormio SO 46.466 10.371 1225 VB
14 Solda BZ 46.514 10.594 1905 VB
15 Lasa BZ 46.615 10.693 865 VB
16 Silandro BZ 46.622 10.779 698 VB
17 San Giovanni Martello BZ 46.526 10.736 1616 MM E
18 Pian Pal (dam) TN 46.337 10.614 1800 MM NE
19 Careser (dam) TN 46.423 10.699 2600 HM NW
20 Mezzana TN 46.313 10.796 905 VB W-E
21 Passo del Tonale TN 46.263 10.597 1875 MM Pass
22 Peio TN 46.364 10.678 1585 MM SSE
23 Sondalo, Le Prese SO 46.350 10.355 950 VB
24 Aquilone SO 46.401 10.355 1082 VB
25 Grosio, Fusino dam SO 46.327 10.246 1220 MM S
26 Valdisotto SO 46.384 10.330 2114 HM E
27 Sta Maria Val Muestair GR 46.600 10.433 1383 VB
28 Cogolo Pont TN 46.365 10.689 1190 VB N-S
29 Passo del Tonale (old) TN 46.263 10.611 1795 MM Pass
30 Malga Mare TN 46.414 10.681 1950 MM SE
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p = a · n (4.1)

where, p is the measured or derived precipitation, a is the anomaly and n is the
normal computed over the chosen period.

In the gap-filling case, the average daily precipitation was computed for test
and reference stations on the basis of their common period, with these two av-
erages it was possible to compute the ratio that worked as scaling factor. The
missing day in test series was reconstructed by rescaling the corresponding day
in reference station using the aforementioned scaling factor.

Before the application of interpolation methods, it is necessary to homogenise
the timeseries. In fact, a timeseries could contain biases or systematic errors
due to the positioning of the station itself. The homogenisation algorithm is
based on the Craddock test (Craddock, 1979) and the Expert Judgment method
(Jones et al., 1986; Aguilar et al., 2003). The homogenisation is based on the
assumption that if two series are homogeneous their rations should be constant
in time. Therefore, for each test series, five reference stations are chosen based on
distance, altitude criterion and amount of common data. The monthly series of
cumulative relative differences (Craddock series) between test and each reference
were computed, if there is an inhomogeneity the series is positive or negative and
the period of inhomogeneity could be manually corrected. Only nine series out of
30 were homogenised for relative short periods.

The monthly precipitation is then computed and missing months are filled
using a similar procedure to the previous daily one, so the computation of monthly
normal is not invalidated.

After these procedures, the monthly normals in the period 1961-1990 were
computed for each station.

4.2.2 Statistical interpolation methods

In this work I used two different statistical methods: the Local Weighted Lin-
ear Regression (LWLR) of precipitation versus elevation (Daly, 2006), and the
Regression Kriging (RK, Hengl et al., 2007).

Those methods spatialized the variable, in this case precipitation, over a Dig-
ital Elevation Model (DEM) that describes with a fixed grid-spacing the terrain
elevation. In this case I used the GTOPO30 DEM with a grid-spacing of 30-arc-
second that was smoothed using a Gaussian filter, to filter out terrain features,
and interpolated to 1 km of grid-spacing, that is practically the same as its native
resolution.
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The degree of smoothing is decided with the implementation of the Gaussian
function, that decrease to 0.5 at a distance S. This distance was tested, using
integer from 1 to 5, to assess the lowest model error of LWLR or RK, the smallest
errors was obtained with S=3 (Crespi et al., 2017).

The requirement of smoothing out some features of the terrain, comes from
the enhancement of statistical model errors when the terrain is too complex. In
fact, both LWLR and RK have great difficulties to spatialize the station data if
the complexity of the terrain is too high. In the case of Forni, in fact, the terrain
smoothed reveal a maximum altitude of the area was 3000 m (instead of 3769 m
a.s.l. of Mount Cevedale) and the lowest part, near Bormio city, 1800 m a.s.l.
(instead of 1216 m a.s.l.).

The LWLR compute the precipitation climatologies using a PRISM-based pro-
cedure which estimates the local precipitation-elevation relationship at all grid
cells of the DEM (x, y):

p(x, y) = a(x, y) + b(x, y) · h(x, y) (4.2)

where a(x, y) and b(x, y) are the coefficients of the weighted linear precipitation-
elevation regression performed at the considered cell by selecting the stations
with the highest weights, h(x, y) is the elevation of the grid-cell and p(x, y) is the
climatology.

To the i-th station several weights are assigned:

wi(x, y) = wradi (x, y) · whi (x, y) · wsti (x, y) · wfaceti (x, y) · wdseai (x, y) (4.3)

All these weighting factors wpari (x, y) (rad: radial distance, h: vertical distance,
st: slope steepness, facet: slope orientation, dsea: distance from the sea) can be
expressed as Gaussian functions in which the distances and the level of similarity
between the station cells and the considered grid cell are taken into account:

wpari (x, y) = exp
−(∆par

i (x, y))2

cpar
(4.4)

where ∆par
i (x, y) is the difference of the parameter values between the station i

and the grid cell and cpar is the coefficient regulating weight decrease

cpar =
(∆1/2)

2

ln 2
(4.5)

More details are given in Crespi et al. (2017).
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Differently in the RK a mixed approach is applied, combining a regression
model and some predictors (latitude, longitude, elevation) to a kriging-based geo-
statistical model. The basic equation is altitude-dependent as the LWLR, but the
station residuals (ε), who comes out from the least square method that interpo-
lates the measured precipitations, are interpolated by means of ordinary kriging
(OK), so we obtain:

p(x, y) = a(x, y) + b(x, y) · h(x, y) + kT(x, y) · ε (4.6)

Those two methods permit to build the climatologies (normals) for the period
1961-1990 over the study area and distributed on the 1 km grid. With the same
procedures and using the multiplicative anomaly method it is possible to obtain
the precipitation anomalies referred to the climatologies over the same grid.

At the end we have a widespread climatology and anomalies over the entire
study area, based on observations, but available also where the observations were
never been taken.

4.3 Micrometeorology: measurements

of turbulence

The Doctorate Project concerns two field campaigns, as previously described in
Chapter 3, where a micrometeorological station was installed.

The meteorological data requires a simple analysis of basic statistics (averages,
maxima, minima, vector averages), that I omit from this thesis. The most complex
and relevant part is the analysis of turbulence data, in fact it requires a dedicated
software and a precise procedure of treatment of the data themselves.

Scientific literature provides many textbooks (i.e. Foken, 2016; Aubinet et al.,
2012) that deeply describe the approach to the best methodology for analyse
turbulence data, in particular ultrasonic anemometer data.

The method here followed is the Eddy-Covariance Method. This method was
firstly thought for homogeneous, horizontal and flat terrain (HHF), as well as the
major similarity theory of atmospheric boundary layer turbulence: the Monin-
Obukhov Similarity Teory (Monin and Obukhov, 1954). The area studied here
did not lay in HHF terrain, but in a mountainous terrain, that could be defined
as truly complex mountainous terrain. There, many of the assumption that base
MOST are no longer valid, as well as the basic Eddy-Covariance method.

The evolution of the method, with several corrections, parameterisations and
measurement procedures, nowadays permit its application also to complex terrain,
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where the advection could be important and so the flux footprint must be well-
considered.

4.3.1 Eddy-Covariance method: the basis

The turbulence measurements were taken into the Surface Layer (SL) the lower
part of the ABL (first 50-100 metres above the ground). In the SL the fluxes
could be considered approximately constant with height; hence measurements
taken into the SL are representative of the fluxes from the underlying surfaces,
for example the ground. In the SL the transport of energy, momentum and mass
is entirely due to the turbulence.

To describe properly the Eddy-Covariance method is necessary to introduce
some preliminary definitions.

The description of turbulent flows is usually done through equations, where
the mean part is separated from the fluctuating part, this is the Reynolds decom-
position:

ψ = ψ + ψ′ (4.7)

where

ψ =
1

T

∫ t+T

t

ψ(t)dt (4.8)

When the Reynolds decomposition is applied five rules should be followed

I ψ′ = 0

II ψε = ψε+ ψ′ε′

III ψ̄ε = ψε

IV aψ = aψ̄

V ψ + ε = ψ + ε

(4.9)

The aforementioned relations are valid only when computing an ensemble
mean, but usually turbulence measurements are timeseries, in fact, it is not pos-
sible to repeat the same atmospheric condition for more than one time. For this
reason, through the ergodic hypothesis it is possible to consider the time average
as the ensemble average.

This decomposition is then applied to the basic equations governing the at-
mosphere:
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• Dry air mass conservation (continuity) equation

• Momentum conservation equation

• Scalar conservation equation

• Enthalpy equation

To obtain the final definition of the Eddy-Covariance method is necessary to
consider the measurement site. The measurement tower consider a portion of
atmosphere that is affected by the mean wind, so the volume is 2L × 2L × h,
so it is necessary to integrate over this volume the previously stated equations.
Although, the most interesting is the scalar one, because usually the investigated
fluxes are fluxes of a scalar (heat, moisture, pollutant). The Scalar conservation
equation is

ρd
∂χs
∂t

+ ρd~u~∇(χs) + ~∇
[
ρd~u′χ′s

]
= Ss (4.10)

and if integrated

1

4L2

∫ L

−L

∫ L

−L

∫ hm

0

[
ρd
∂χs
∂t

+ ρdu
∂χs
∂x

+ ρdv
∂χs
∂y

+ ρdw
∂χs
∂z

+

∂ρdu′χ′s
∂x

+
∂ρdv′χ′s
∂y

+
∂ρdw′χ′s
∂z

]
dzdxdy

=
1

4L2

∫
−L
L

∫
−L
L

∫
0

hmSsdzdxdy

(4.11)

It is the Scalar Budget Equation (generalized Eddy Covariance Method). Us-
ing several simplifications, it is possible to obtain a simpler version of this equa-
tion. The first assumption is to consider the measurement system placed in a
horizontally homogeneous equilibrium layer where all horizontal gradients are
negligible, so it remains the integration in h.∫ hm

0

ρd
∂χs
∂t

dz +

∫ hm

0

ρdw
∂χs
∂z

dz + ρdw′χ′s|hm = Fs (4.12)

The third term represent the vertical turbulent flux at the top of the control
volume, and on the r.h.s. the averaged source/sink strength in the whole control
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volume. If the vertical advection is considered negligible the equation is simplified
as follow ∫ hm

0

ρd
∂χs
∂t

dz + ρdw′χ′s|hm = Fs (4.13)

And it suggests that the flux of a scalar exchanged by and ecosystem (Fs) can
be estimated as the sum of the vertical eddy covariance w′χ′s at the height hm,
and of the change of storage of the scalar between the soil and this height (first
term).

Those assumptions work quite well in daytime conditions when turbulence in
fully developed, but they fail in nighttime conditions. It is necessary to include
the horizontal and vertical advection terms, with the additional assumption that
the vertical integral of ρdw

∂χs

∂z
as measured on a single tower is representative of

the entire volume.

∫ hm

0

ρd
∂χs
∂t

dz +

∫ hm

0

ρdw
∂χs
∂z

dz+

+

∫ hm

0

[
ρdu

∆χs,x
∆x

+ ρdv
∆χs,y
∆y

]
dz+

+ρdw′χ′s|hm = Fs

(4.14)

that it is possible to summarise with

Fs = FEC
s + F V A

s + FHA
s + F STO

s (4.15)

4.3.2 Ultrasonic anemometer data analysis

Having said that, some pre-processing steps on the measured data need to be done,
in order to obtain reliable fluxes. During the doctorate a procedure was developed
starting from the literature and the common uses of the scientific community. This
procedure was published in Golzio et al. (2019) and applied to the first two months
of Alpe Veglia Station data, and to Forni Glacier foreland campaign.

Ultrasonic anemometer data are usually acquired at a frequency greater than
10 Hz, in fact more measurements are at disposal and is simpler to resolved the
smallest eddies. In Alpe Veglia and Forni campaign the ultrasonic anemometer
acquired at 10 Hz, and was a triaxial non-orthogonal ultrasonic anemometer (Gill,
R2 Research). The complete description of its mode of operation is described in
Appendix D.

71



Data and Methods

The anemometer measures the three components of wind: u towards East,
v towards North and w towards the zenith, and the sound speed c. Those are
referred to the anemometer reference system, indicated with a North-arrow on its
top, meanwhile the speed of sound is calculated with the flight time between the
transducers.

However, the instrument mounting could be not so accurate, the North di-
rection is difficult to address, the verticality and horizontality too, so usually is
preferred to move the anemometer reference system into a streamline reference
system. Before the rotation into the streamline coordinates, it is necessary to
assess the quality of the single data points.

The procedure consists of eight steps:

1. Control of the instrumental electronic range, applying the following thresh-
olds: ±30 m s−1 for the three components of the wind velocities u, v, w ;
290 m s−1 to 370 m s−1 for the speed of sound c; 700 hPa to 1100 hPa for
atmospheric pressure p.

2. First despiking step over u, v, w, c, using an algorithm that replaces single
spikes with the previous non-spike value. The block average and standard
deviation (σ) were used in the despike algorithm, and spikes were defined
as a point at a distance of more than nσ from the window average. Here,
we fixed n = 5. Bursts were than removed using a linear regression of
the neighbouring points. A burst is a step in instantaneous data that is
higher than a fixed threshold (here 0.25σ) with respect to the previous
point. It should not exceed a number of consecutive points (four in this
work) because, in this case, the data could represent physical behaviour of
the eddies.

3. Correction of the speed of sound. A previous calibration Richiardone et al.
(2012) was used.

4. Calculation of sonic temperature Ts from the speed of sound c with Eq. 4.16

Ts =
c2

γRd(1 + 0.502q)
(4.16)

where γ = 1.4, Rd = 287.05 J mol−1 K−1 is the gas constant for dry air and
q is the specific humidity. If the specific humidity was not measured directly
by a fast hygrometer or by a standard hygrometer via relative humidity, the
denominator parenthesis in (4.16) reduced to 1.
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5. Control of the extreme values of Ts using Eq. 4.17

|Ts − Ts| < 20K (4.17)

whenever a value fell outside this range, the entire instantaneous measure-
ment record was nullified (u, v, w, Ts).

6. Second despiking step with a 3σ threshold over u, v, w and Ts; burst control
was not applied in this phase.

7. Coordinate rotation calculation; all the data were moved from the anemome-
ter reference system to a streamline reference system, according to the three
rotation methods: Double Rotation (DR), Triple Rotation (TR) or Planar
Fit (PF). The applied methods rotate the coordinate system, as explained in
Tanner and Thurtell (1969); Hyson et al. (1977); McMillen (1988); Wilczak
et al. (2001); Richiardone et al. (2008); Foken (2016); Aubinet et al. (2012).

8. Final control of the valid physical range of the vertical wind speed |w| <
5m s−1. In this case, the w range is more restrictive than step 1.

After these eight steps the dataset is cleaned by spikes and by all the extreme
and erroneous values that could affect a ultrasonic anemometer timeseries. More-
over, the new reference system is in streamline coordinates using one of the three
methods at disposal. On the best rotation methods there are plenty scientific ar-
ticles, and it is a complicated choice, especially in complex mountainous terrain.
From other studies come up that the safer choice is the DR, someone (i.e. Nadeau
et al., 2012) applied the directional PF to a steep mountain slope, but the most
used is the DR.

Turbulent fluxes calculation

Immediately after these eight steps it is possible to apply the Eddy-Covariance
method and calculate the turbulent fluxes. In particular, when there is not a
fast hygrometer (or a gas analyser), measuring the water vapour content of the
atmosphere, the Latent Heat (LE) is not available, because it is based on the
fluctuation of the specific humidity q.

With only the ultrasonic anemometer is indeed possible to calculate the Sensi-
ble Heat Flux (SH) and the momentum fluxes. The SH represent the loss, or gain,
of energy at the surface as a result of heat transfer to, or from, the atmosphere.
It is considered positive when the surface loses heat, i.e., when the heat flux is
directed from the surface into the atmosphere. Its formulation is:
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SH = ρcp(w′T ′s) (4.18)

where the quantities w′ and T ′s are the fluctuations of the vertical wind speed and
sonic temperature, with respect their mean value in the temporal window (w, Ts).
The mean air density ρ was calculated from the measured atmospheric pressure

ρ =
100 · p
RdTs

(4.19)

where p is the mean atmospheric pressure evaluated over the temporal window.
Momentum fluxes are defined as

Fluxu′ = −ρ(u′w′) (4.20)

Fluxv′ = −ρ(v′w′) (4.21)

where u′ and v′ are the fluctuations of the u and v wind speeds, compared with
their averaged values. The fluctuations of each quantity are calculated over fixed
time windows, those time windows could vary from 30 minutes to one hour. The
perfect length is when the complete spectrum of the turbulence is embedded, so
from the smallest to the biggest eddies (Wyngaard, 1973).

Flux quality control

A second part of the sonic anemometer data analysis is the quality assessment of
the calculated fluxes, in fact a time window could contains untrustworthy data.
The approach followed to assess the quality of the computed fluxes uses a three
levels stage quality control (following Stiperski and Rotach, 2016).

The levels are:

1. Low: after a physical range control of the SH flux;

2. Medium: after a skewness and kurtosis limit control;

3. High: after uncertainty and stationarity control.

The data quality could be represented through the nested sets of Figure 4.5,
proceeding from the external circle towards the internal one the quality of the
data become higher.

The thresholds chosen for this quality assessment are:
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Figure 4.5: Graphical representation of the data quality classification with nesting
sets. As the data pass a control stage, its quality class is upgraded towards the centre
of the figure.

1. Low: this is applied on SH, whereby values outside the -300 W m−2 to 800
W m−2 range are deleted. Moreover, at least the 95% of data are necessary
for each window. A second control, in addition to the previously stated,
is applied to sonic temperature. The standard deviation is calculated for
the entire dataset (one standard deviation per window), and its probability
density function (PDF) is obtained. All the σTs that are greater than the
99th percentile of PDF declare not reliable the entire window. In Alpe Veglia
dataset this limit correspond to σTs(99th) = 5.8K.

2. Medium: this second stage considered skewness (γ1), that is the degree of
a-symmetry of the PDF of a variable, that should be between -2 and 2,
and kurtosis (γ2), that is the measure of the “tailedness” of a PDF, below 8
(Vickers and Mahrt, 1997). Their formulation is represented in the equations
below:

γ1 =
m3

m
3/2
2

(4.22)

γ2 =
m4

m2
2

− 3 (4.23)
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where:

mn =
1

N

N∑
i=1

(xi − x)n (4.24)

x is a generic variable (u, v, w, Ts) and N is the number of elements con-
tained in the temporal window analysed for the x variable.

3. High: the last stage consider the uncertainties calculated after Wyngaard
(1973) and the steady test, that assess the flow stationarity. The uncertain-
ties derived from the measure itself of the turbulence, in fact, if a part of the
turbulent spectra is loss the uncertainty in the flux calculation raises. Wyn-
gaard stated that to consider the whole spectrum it is necessary to change
the length of the integration window, making it longer or shorter time by
time. The software that process the data is not so flexible to permit a time-
by-time variable window, so it is possible to inverse the Wyngaard reasoning,
and keep the integration time τa constant and associate to the fluxes an un-
certainty. This uncertainty is calculated as follow, and the threshold fixed
is 0.5:

a2uw =
z

τa · U

[
(u′w′)2

u4∗
− 1

]
(4.25)

a2vw =
z

τa · U

[
(v′w′)2

u4∗
− 1

]
(4.26)

a2wTs =
z

τa · U

[
(w′T ′s)

2

(w′T ′s)
2
− 1

]
(4.27)

where U =
√
u2 + v2 is the mean horizontal wind value,

u∗ =
4

√
(u′w′)

2
+ (v′w′)

2
is the friction velocity and z is the ultrasonic

anemometer height. From these quantities it is possible to evaluate the
variances (and standard deviations) on the desired fluxes:

σ2
u′w′ = a2uw · u′w′

2
(4.28)

σ2
v′w′ = a2vw · v′w′

2
(4.29)
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σ2
SH = a2wTs · SH

2 (4.30)

The second control for the high-quality data is the flow stationarity, it can
be assessed using a posteriori test. The test that I used is the Foken and
Wichura (1996), that appear as the most appropriate for complex terrain.
The test (hereafter referred to as steady test) is evaluated using equation
4.31

RNcov =

∣∣∣∣∣−(x′y′)SI + (x′y′)WI

(x′y′)WI

∣∣∣∣∣ · 100 (4.31)

where WI indicates the 30 or 60 minute long windows, SI a sub-window
of 5 minutes, while the generic x and y can be substituted with the (u,w),
(v, w) or (w, Ts) pairs. The threshold fixed for the steady test is 40.

From the aforementioned definitions of quality level, the nesting sets in Figure 4.5
was deduced, and as it is possible to see the High level is divided into 3 part, the
HighA are all data that have low uncertainties, while the HighB are all data that
are stationary, the intersection, HighC, represents data with both the character-
istics.

4.4 High-resolution numerical modelling

with WRF

An important part of the Doctorate was to set a Numerical Weather Prediction
(NWP) model at very high-resolution in harsh environment (in particular the
Forni Glacier foreland), with the aim to resolve the wind pattern, turbulent fluxes
and the meteorological standard variables over complex terrain.

The model used is WRF (Weather Research and Forecasting model) version
3.9.1 a non-hydrostatic local area model that is freely available and downloadable,
and for its versatility widely used by the NWPs community (Skamarock et al.,
2008). My aim was to reach as small as possible grid-size, without loose too much
into computing-time, and so still have a useful tool for weather forecasts.

4.4.1 The WRF model

WRF model is composed by two parts: the pre-processor system (WPS) and the
core model (ARW). The preprocessing system is composed by three programs:
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Geogrid, that interpolates and average the static data on the domains grid, Un-
grib, that takes the meteorological boundary condition data and prepare them
for the subsequent Metgrid, that takes the files from Ungrib and combines them
with the output of Geogrid. Metgrid produces the metem files, that are used by
the core meteorological model to create the forecast. It is possible to control the
WPS through the namelist.wps where the domain positions and the type of static
data can be selected.

The core of WRF model (ARW) is composed by two programs: real and
wrf. The first used in real-cases simulations prepare the meteorological data
from WPS to the simulation that will be done by wrf, in particular generate the
boundary conditions that will drive the simulation and vertically interpolates the
meteorological fields from pressure coordinates to η ones.

WRF is the equation solver that mathematically produce the forecast, using
the boundary conditions given by real and the physical parameterisations specified
in the namelist.input file.

A scheme of WRF is presented in Figure 4.6.

Figure 4.6: WRF model flow chart.

4.4.2 WRF static data and new implementations

WRF is provided with several static fields that describe land-cover, topography,
soil properties, urban complexities, vegetation properties and many others. I
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focalised my attention on two very important aspects of mountainous terrain:
topography and land cover description.

The maximum resolution of land cover included into WRF is MODIS (Moder-
ate Resolution Imaging Spectroradiometer, NASA) 15-arc-second, that at 45◦ N
latitudes is approximately 500 metres, whereas the topography is GMTED2010
(Global Multi-resolution Terrain Elevation Data, USGS) 30-arc-second (990 m).
Usually the land use default dataset is MODIS 30-arc-second, so with the same
resolution of the topography, and previously on WRF v3.6 there was USGS land-
use (30-arc-second). However, with these datasets it is not possible to decrease the
grid-spacing below the kilometre, because otherwise neighbour model grid points
will have the same characteristics, and so the same description of the boundary
conditions.

My aim is to introduce a new land-use dataset and a new topography (or
Digital Elevation Model, DEM) into WRF. I choose the global DEM NASA SRTM
(Shuttle Radar Topography Mission, NASA-JPL, 2013) at 3-arc-second resolution
(about 90 metres) and the Corine Land Cover version 18 2012 (CLC, Büttner
et al., 2014) that describes the land use with 44 categories and has a horizontal
resolution of 100 metres. The complete set of CLC categories is descripted in
Figure 4.7.

The implementation in WRF of high resolution static data required a proce-
dure of conversion and pre-processing of the raster dataset.

CLC implementation in WRF

The first operations to be done on CLC raster represent a pure geographical stuff,
in fact it is necessary to convert the reference system from EPSG89-LAEA to the
EPSG4326 (WGS84) that is the map-projection recognise by WPS. Afterwards,
CLC does not cover the entire Mediterranean Sea, so the Italian Peninsula, Sar-
dina, Corsica fluctuate in the middle of nowhere, it is necessary to create the
sea, adding all this part to the class 44. Without this operation WPS could not
interpret the “nodata” points where there is the sea, and consequently the WRF
simulation will be wrong.

The second step is to separe the Europe-wide tide into smaller pieces, because
the binary files that I am going to create and that will be read by WPS, must
be smaller than 99,999 grid points. This tiling part could be done using ArcGis
or QGis, with the function “clip raster by mask layer”, that clip the raster file
using a grid in a new layer. The tiles are in GeoTIFF format and the next step
consists into the conversion from GeoTIFF to binary files. This part was done
with gdaltranslate, and automates with a R script (see Appendix F). The CLC
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Figure 4.7: CLC 2012 categories legend description.

raster file re-projected and with the tiling grid is depicted in Figure 4.8, the legend
is reported in Figure 4.7 above.

NASA SRTM topography implementation in WRF

The implementation of NASA SRTM DEM in WRF proceeded similarly to CLC.
In fact, from the EOSDIS database it is possible to download small tiles of DEM
in GEOTiff format, and afterwards I created a huge frame containing all Europe.
Also in NASA SRTM the sea was not mapped, and I have to force a 0 m a.s.l.
for the Mediterranean Sea and for the Eastern Atlantic Ocean. After that I tiled
the European frame with the same procedure followed for CLC and I created the
binary file into WPS format. The entire European frame before the data-filling
is depicted in Figure 4.9.
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Figure 4.8: Corine Land Cover (v18, 2012) raster map of the Central Europe, this
map was tiled and converted into the binary format useful for WPS.

4.4.3 WRF set-up for the Forni Glacier campaign

The WRF model was set-up and tested over Forni Glacier area, in particular
its domains are depicted in Figure 4.10, with a magnification of the innermost
domain (d03). The simulations covered the period between the 28th August 2017
and 11th September 2017, when the micrometeorological station AWS MiTo was
measuring at Forni Glacier foreland. In total I ran five simulations, changing
the grid-spacing, landuse and topography data. All the simulation had three
nested domains, centred over the Forni Glacier (46.44◦ N latitude and 10.59◦ E
longitude).

The WRF model has several parameterisation options between which is possi-
ble to choose. In this work, since the aim is not the parameterisation performance,
I used a combination following the literature (especially Klemp et al., 2008; Gio-
vannini et al., 2014; Gerber et al., 2018; De Meij and Vinuesa, 2014) and the
suggestions provided on the WRF users page. The description of the parameteri-
sations is given in Table 4.3, and the differences between the five runs is reported
in Table 4.4.

As it is possible to see the two maximum grid-spacing chosen were 1 km and 0.5
km, while the meteorological boundary conditions came from the ECMWF ERA5
Reanalysis at 0.28◦ of grid spacing, this is the last reanalysis of the European
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Figure 4.9: The NASA SRTM digital elevation model, white squares are portion of
“no data”, these portions represent sea or ocean parts that have 0 m a.s.l. altitude.

Centre for Medium-range Weather Forecasts, and was done with the IFS global
model cycle 41r2, with 4D-Var data assimilation. The first block of simulations
that I conducted was based on the IFS operational model analysis, but there was
a problem of interpretation of the snow coverage data by WRF, in fact some big
square appeared in the domain, approximately located on the largest glaciers of
the Alps, but with a too deep amount of snow. During my training course at
ECMWF in Reading I asked for a clarification but even the developer of the land-
surface model cannot explain this discrepancy. In fact, the maps drawn directly
from the IFS at the ECWMF were correct. Probably the GRIB code used by
WRF to read the snow depth is not the most appropriate from the operational
model.

The model set up included 44 vertical eta levels (Giovannini et al., 2014),
up to the 100 hPa pressure level (approximately 17 km above the ground), and
for the simulation period I verified that this altitude corresponds to far up in the
stratosphere. From the soundings reported in Figure 4.11 on the vertical of Milano
Linate, it is possible to see that the tropopause altitude during the experiment
was about 180 hPa (between 10.6 km and 13 km).

The first model level laid approximately around 5 m a.g.l., and there were 13
levels in the first kilometre above the ground. The dynamics options of WRF were
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(a)

(b)

Figure 4.10: The study area is represented within the WRF model domains with
the topography. Panel a) shows the three domains centred on Forni Glacier foreland,
the topography of parent domain (d01) and middle domain (d02) is GMTED2010, at
30-arc-second resolution, whereas the inner domain (d03) uses NASA SRTM at 3-arc-
second. Panel b) shows the inner domain (d03) where the background topography is
given by NASA SRTM at 3-arc-second resolution; red dots indicate the positions of
weather stations used for the comparison, and the white polygons represent glacier
extent in 2018 (GLIMS database, Raup et al. (2007); GLIMS and NSIDC (2018)).
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Table 4.3: WRF model configuration options. Differences between the runs consist
only in land-use datasets and topography DEMs, details are reported in Table 4.4.

Domain 1 (d01) Domain 2 (d02) Domain 3 (d03)

Hor. grid spacing see Table 4.4
Grid pt. (x,y,z) (96,96,44) (121,121,44) (121,121,44)

Area (km2) 182 756.25 32 400.00 3 600.00
Timestep 12 s 4 s 1.3 s

Initial and ECMWF ERA5 d01 (two-way nested) d02 (two-way nested)
bound. cond. 6h, 0.25◦

Simulated period From 00 UTC 2017.08.28 to 18 UTC 2017.09.11
Micro-Physics WRF Single moment 6th class scheme (Hong and Lim, 2006)
PBL Physics Mellor-Yamada-Janjic (Janjic, 1994)

Cumulus Grell-Freitas Ensemble Explicit
(Grell and Freitas, 2013)

Radiation New Goddard shortwave scheme (Chou and Suarez, 1999)
RRTM Longwave scheme (Mlawer et al., 1997)

Land Surface Unified NOAH Land Surface model (Tewari et al., 2004)
Land use see Table 4.4

Topography see Table 4.4

set imposing a vertical velocity dumping, and upper-bound 5 km implicit Rayleigh
dumping layer (Klemp et al., 2008). The model evaluated 2nd order diffusion term
on coordinate surfaces, and on d03 it computed a horizontal Smagorinsky first
order closure (Smagorinsky, 1963).

As aforementioned WRF was run using the introduced NASA SRTM topog-
raphy and CLC landuse. The novelty of this work is the implementation of CLC
with all 44 land-use categories, in fact, previous studies were done with a reclas-
sification of CLC over the USGS land use table using the work of Pineda et al.
(2004). In this work used the complete CLC dataset, with the parameters calcu-
lated by Pineda et al. (2004) and I implemented them into the LANDUSE.TBL
of WRF (see Appendix F), whereas the related VEGPARM.TBL, that describes
the vegetation parameters and its directly linked with the LANDUSE.TBL, was
reclassified using the reclassification proposed by Pineda. In fact, the vegetation
parameters were not available and a systematic study is needed to evaluate them.

The comparison between the model and the reality was done using five weather
station all around the Ortles Cevedale massif. One of those was the AWS MiTo
micrometeorological station installed for this experiment. The other station are
Bormio CNSAS (Corpo Nazionale di Soccorso Alpino e Speleologico), Solda (BZ),
Careser dam (TN) and AWS1 Forni on the glacier tongue. The comparison was
done using the nearest neighbour grid point to the station coordinates, and for
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Table 4.4: Set-up of WRF simulations, whose outputs had been compared with
measured data. Near the land-use dataset is indicated the number of represented
classes.

Model set-up Domains grid-spacing Topography of d03 Land-use dataset
(km)

WRF1000-USGS 9, 3, 1 GMTED2010 USGS (24)
WRF1000-MODIS30 9, 3, 1 GMTED2010 MODIS 30” (21)

WRF1000-CLC 9, 3, 1 NASA SRTM CLC (44)
WRF500-MODIS15 4.5, 1.5, 0.5 NASA SRTM MODIS 15” (20)

WRF500-CLC 4.5, 1.5, 0.5 NASA SRTM CLC (44)

the model version with the 0.5 km of grid-spacing, I considered also the eight
nearest neighbour to the previously selected grid point.

In Table 4.5 is reported the complete list of the weather stations with the
measured variables, coordinates, altitude and the typology. In Table 4.6 it is
reported the difference in altitude between the model and the station, and the
distance between the real position and the grid point considered.

Table 4.5: Meteorological stations used for model performance estimation. The
altitude is expressed in metres above the sea level. Available parameters are shorted
in: P precipitation, T 2m temperature, WS wind speed, WD wind direction,
RH relative humidity, R solar radiation, Turb turbulence parameters from sonic
anemometer.

Station name Lat N Long E Altitude Parameters Type

AWS1 Forni 46.399 10.590 2700 m P,T,RH,R glacier
AWS MiTo 46.407 10.585 2522 m T,WS,WD,Turb glacier foreland

Bormio CNSAS 46.454 10.366 1172 m P,T,RH,WS,WD valley floor
Solda 46.516 10.595 1907 m P,T,RH,R valley floor

Careser dam 46.423 10.699 2600 m P,T,RH,WS,WD high-altitude lake

A picture of the weather stations considered is reported in Figure 4.12.

4.4.4 Comparison statistics

The comparison of model performances was done using the data gathered in the
previously listed weather stations (see Section 4.4.3). The parameters compared
were: air temperature, wind speed, wind gust and turbulent sensible heat flux
(SH), the latter only measured at AWS MiTo. Simulated and measured data at
station-sites were averaged over 30 minute intervals on the nearest grid point to
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Figure 4.11: Sounding above Milano Linate (LIML) on 28th August 2017 at 12Z. The
tropopause is between 10.6 and 13 km. Above Milano there were some medium-high
clouds and a bit of convection but with a low CAPE.

Table 4.6: Model and real altitude in metres above the sea level of the surface at
station points. For the models the difference between the inner domain (d03) and real
are given. The last two columns report the distances between the “central” grid point
and the real position of the station in metres, for the model WRF1000 and WRF500.

Station Real WRF1000 WRF500 Station displacement
(m) USGS-MODIS30 CLC MODIS15-CLC WRF1000 WRF500

AWS1 Forni 2700 116.00 108.65 -16.94 445 111
AWS MiTo 2522 182.57 196.26 -51.92 648 315

Bormio CNSAS 1172 53.11 49.48 47.87 497 249
Solda 1907 280.99 245.89 40.78 712 222

Careser dam 2600 -191.81 -174.75 5.33 567 249
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Figure 4.12: The set of four weather stations that besides the AWS MiTo were
used to validate WRF. A) Bormio CNSAS (ARPA Lombardia), b) AWS1 Forni
supraglacial station (UniMi DESP), c) Solda (Province of Bolzano), d) Careser dam
(Meteotrentino).
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the station. The analysis was done on the third domain only, and the statistics
considered were the bias, the root mean square error (RMSE), the mean absolute
error (MAE) and the correlation term R2 between simulated and observed values.
In details:

BIAS =

∑n
t=1(Ot − Et)

n
(4.32)

RMSE =

√∑n
t=1(Ot − Et)2

n
(4.33)

MAE =

∑n
t=1|Ot − Et|

n
(4.34)

R2 =

∑n
t=1(Et −O)2∑n
t=1(Ot −O)2

(4.35)

where Ot are the observed values, O is the average of observed values and Et
are the estimated values by WRF.

In order to compare WRF simulated fields with measured data, a post-proces-
sing elaboration of observations was needed. In particular, the sonic anemometer
data were processed using the procedure described in Section 4.3.2, the wind data
were compared with the closest vertical level at disposal, that was the first (around
4.5 m a.g.l) for Careser and AWS MiTo, because their measurement heights were
5 and 2.5 metres respectively, and the second (10 m a.g.l.) for Bormio, because
the measurement height was 10 metres.

The temperature data, probably the most sensitive to vertical displacement,
was corrected using a moist adiabatic lapse rate of 0.0065 K m−1 to the WRF
simulated temperature (following was done by Schicker et al., 2016). The dis-
placement was given by the differences reported in Table 4.6.

4.5 Meteorological data and

dendrogeomorphology

The Loana Valley represents an attempt to connect the meteorological data, in
particular precipitations, to some dendromorphological dated events (see Sec-
tion 4.6) of mass wasting and avalanches. In particular, following Bertolo and
Bottino (2006) it was defined the Mean Annual Rainfall percentage, that is
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MAR =
pday
pyear

· 100 (4.36)

Where pday is the daily cumulated rain and the pyear is the annual mean
precipitation for the location evaluated on the entire dataset. Furthermore, a
threshold was applied at 6% (Bertolo and Bottino, 2006; IRER, 2008) for the
moderate events and a threshold for very intense events at 10%.

The station analysed for this study were Domodossola and Druogno (see Sec-
tion 3.3.1), and for both the precipitation and temperature series were available,
snow series was available only for Domodossola.

The meteorological records were coupled with dendrogeomorphological events
and analysed using the aforementioned thresholds. A series of χ2 tests were
performed on the common time intervals between the two series, more in detail
the tests were carried out on the number of historical or dendrogeomorphological
events corresponding to an overcoming of the MAR greater than 6%, on the
total occurrence of a MAR greater than 6%, considering, separately, both the
Domodossola and Druogno meteorological stations. The considered time intervals,
respectively, are 1984−2005 and 19902005, in order to have a complete coverage
by the 3 series of data (see Section 3.3). In order to compare the sensitivity
of different study sites to the extreme rainfall events (based on the events with
an overcoming of the MAR greater than 6% for both two weather stations) the
χ2 tests among all three study sites, together and by couples, were carried out.
The geomorphological events recorded by dendrogeomorphology for each site were
analysed based on the total number of events, corresponding to an overcoming
of the MAR greater than 6%, recorded using a dendrogeomorphological approach
(for the period 19842014 for the Domodossola weather station and for the period
19902014 for Druogno weather station).

In the same context, the chi-square tests were performed to understand the
different study sites sensitivity also to the avalanche events. Using the data of
snow accumulation, it was calculated when the snow accumulation was above
the average (signal of possible occurrence of snow avalanches). The snow accu-
mulation was measured at Domodossola station, so quite far and at a different
altitude, for this reason some avalanches events could not be detected. The com-
parison among all the three sites, together and by couples, was carried out taking
into consideration the difference between the amount of snow avalanche events
detected through dendrogeomorphology for each study site and the total number
of events recorded by means of dendrogeomorphology.
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4.6 Geomorphological and tree data

Geomorphological and arboreal data were not directly investigated by myself,
instead I collected material and description from my colleagues and from previous
field campaign. In particular, the geomorphological setting of the Loana and
Forni Valley was described by Bollati et al. (2018) and Sobacchi (2015). More
description on the study areas is given in the Chapter 3.

The methods followed regard the geomorphological survey: studying the land-
forms, in particular the glacial landforms (moraines, erratic boulders, roches
mountonnées) and also the geomorphology group collected all the prior documen-
tation about the glacier foreland. Besides the geomorphological studies, extensive
dendrochronological studies were conducted above the Loana and Forni study ar-
eas. They consist in a collection of all previous dendroclimatologies, and in a
dendrogeomorphological analysis. The dendromorphological analysis consists in
dating historical geomorphic surfaces (Bollati et al., 2014) and geomorphic events
that had affected trees growth (Pelfini et al., 2007b).

In the Forni Valley the main studied features are the moraines of the lower fore-
land, they were dated using a dendrochronological and morphological approach, so
extracting cores from roots and trunks. The vegetation is mainly of broadleaved
trees (birches) and coniferous trees (larches and spruces). The measurement of
cores was done with LINTAB (Rinn, 2004) counting the tree rings. In the upper
portion of the foreland the trees were younger and it was not possible to extract
cores, so on the 15 sampled trees was done the counting of annual units, starting
from the top to the base of the tree. This method was compared with the most
objective of tree-rings count, but considered the dimension of the trunk the only
way is to saw the tree near the ground. Considered the small dimension of the
sample only one tree was sawn.

In the Loana valley the field surveys were carried out during 2014, 2015 and
2016, and 77 trees were sampled on the three study sites on the polygenic debris
cones. There the most abundant species were larches (Larix decidua Mill.) and
spruces (Picea abies L. Karst). Other 24 trees were sampled in the neighbourhood
but in areas not interested by debris flow or avalanches. The comparison between
the two groups was fundamental to distinguish climate signals from geomorphic
activity. The indicators considered in this analysis were:

• Compression wood: that is due to the tilting of the stem, when the under-
lying terrain slips down the tree is no longer vertical so it tries to recover
its vertical position (Bollati et al., 2012).

• Scars and traumatic resin ducts: scars may be produced on trunks by impact
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of debris as a consequence of geomorphic processes (Garavaglia and Pelfini,
2011).
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Chapter 5

Results

Figure 5.1: AWS MiTo, on the background the Branca Refuge and the down-valley
foreland.

In this chapter the results obtained are reported and collected by study area,
so Forni Glacier foreland, Alpe Veglia sites, Loana Valley and a brief excursion
into the Aosta Valley preliminary results.
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5.1 Forni Glacier

Over the Forni Glacier area three different studies were performed: precipitation
climatology, weather analysis both with observations and NWP and tree coloni-
sation of the upper foreland.

5.1.1 Precipitation climatology

The precipitation over the Forni Glacier area for the last century were analysed
using two different spatialisation methods (Section 4.2). The climatologies were
evaluated over the inner domain area (Figure 4.3) and over a smothed DEM that
is depicted in the following Figure 5.2, with the indication of the Mean Absolute
Error (MAE) of the reconstruction procedure conducted in terms of leave-one-out.

Figure 5.2: The inner area with stations, numbered following Table 4.2, the smoothed
DEM with contour lines, and station MAEs as size of station points.

The overall model uncertainties were estimated in terms of monthly MAE,
RMSE and BIAS. The second method applied was the Regression Kriging and
the two were compared, the model errors are reported in Table 5.1.

On average LWLR had shown lower values for MAE and RMSE respect to RK,
except for summer months when RK performances were comparable or even bet-
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Table 5.1: LWLR and RK leave-one-out uncertainties. BIAS were evaluated as
difference between measured and simulated values.

Month LWLR RK
(mm) BIAS MAE RMSE BIAS MAE RMSE

January -0.48 4.6 5.8 -0.92 7.3 8.8
February -1.52 5.2 6.3 -1.80 7.3 8.5
March -1.20 5.8 7.2 -1.06 8.0 9.5
April -0.94 8.2 10.3 -0.71 11.3 13.8
May -0.81 9.9 12.7 -1.16 9.4 12.4
June -0.78 7.7 9.5 -0.35 7.1 9.8
July -0.16 7.6 9.9 0.13 7.7 9.6
August -1.12 8.3 10.3 -0.57 8.2 10.6
September -0.42 7.7 9.8 -0.58 8.1 11.2
October -0.43 8.3 11.4 -0.91 8.8 11.8
November -1.39 7.2 9.2 -1.12 7.9 10.1
December -0.22 5.1 6.3 -0.46 6.5 7.8

ter than LWLR. The reason could be found in the peculiar LWLR extrapolation
ability: the local precipitation-elevation regression tends to enhance precipitation
amounts in summer when the highest station monthly normals occurs. These
intrinsic imprecisions in the LWLR method did not invalidate the overall recon-
struction of climatologies. The annual mean precipitation for the entire area is
880 mm/yr.

Considering the annual climatologies of Figure 5.3, it is possible to see that
Venosta Valley (top right in C region) had a precipitation normal less than 500
mm/year, while there was a very wet area in direction of Bernina Pass (below the
A), this could be an overestimation due to the lack of station in this area that was
corrected by a very high precipitation rate from the outer area station, especially
the Bernina Pass rain gauge. In fact, the Bernina Pass is frequently affected by
Stau conditions, that enhances the precipitations.

At the border between A and D zones, where the watershed of Ortles Cevedale
chain is located, it is possible to appreciate a sharp division with 1000-1100 mm/yr
on the right (Sole Valley) and 800 mm/yr on the left on Forni Glacier. The
watershed is positioned on the border, but the precipitation subdivision is on the
Forni Glacier side, this could be related to the actual smoothed DEM description
of the orography. Indeed, from Figure 5.2, the watershed is not on the border but
on the Forni Valley side.

As pointed out by annual precipitation distribution, Ortles-Cevedale chain acts
as a pluviometric shadow, as it stops the southerly wet air masses. This behaviour
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Figure 5.3: Annual climatology (1961-1990) evaluated with the LWLR method.
Black dots indicate rain gauges; black lines indicate borders between regions. Let-
ters indicate administrative regions: A Lombardy, Sondrio province; B Switzerland,
Grisons canton; C Alto Adige Sdtirol; D Trentino; E Lombardy, Brescia province.
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is even more evident observing the seasonal climatologies in Figure 5.4, especially
during winter. Moreover, the annual cycle points out the contrast between a
very dry winter (even less than 100 mm/season, especially on Upper Valtellina
and Venosta Valley) to a very wet summer (up to 400 mm/season, especially on
Ortles-Cevedale chain). The relevant seasonality of the shadowing effect of the
Ortles-Cevedale chain is a consequence of the fact that atmospheric circulation
during rainy days exhibits strong differences along the year. The summer is
characterised by precipitations of convective type, that form near the highest
peaks, while winter is dominated by synoptic precipitations that in this region
are southerly-easterly advection driven, and consequently the Upper Valtellina
and the Forni Valley are in a pluviometric shadow. In the meanwhile, the North-
Eastern part of the domain features analogous conditions due to the presence of
Swiss Alps, which block frontal systems moving from the North and force them
to lose humidity on the Switzerland side.

Considering an average on the entire grid the amount of precipitation is 124
mm for the winter season, 228 mm for spring, 299 mm for summer and 230 mm
for autumn with minimum in February (40 mm) and maximum in August (107
mm).

The next step, after the reconstruction of the showed before climatological
fields, is the built of 1913-2015 gridded anomaly dataset. The gridded anomaly is
very useful to study the precipitation anomaly for a single grid point, that could
be in a remote area, not sampled by a rain gauge. To believe in a specific grid
point it is necessary to know the model uncertainties, for this scope the ability of
estimating the anomaly series was evaluated in terms of BIAS, MAE and RMSE
with the LOO approach. The monthly MAE, also depicted in Figure 5.2, ranged
between 0.28 for winter to 0.14 in summer. The annual MAE through the entire
series (Figure 5.5) oscillates between 0.35 at the beginning and at end of the
series, and around 0.2 from 1925 to 2000. The highest values for the beginning
and the end is due to the low station coverage and for the consistent measurement
uncertainties. The BIAS (Figure 5.6) oscillates around zero, with more spikes at
the beginning of the series. Those spikes come from the same problems of the
MAE.

The overall LOO errors are quite low, this is also proven by the quite high
correlations (always more than 0.7) obtained in the relation of station distances
(Figure 5.7 b), and also the measured versus simulated precipitations are quite
well correlated (Figure 5.7 a).

For this purpose I also computed the linear regression between the simulated
and measured values at all inner area station sites (Figure 5.7 a) and I found:
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Figure 5.4: Seasonal climatology (1961-1990) evaluated with the LWLR method.
DJF December, January, February; MAM March, April, May; JJA June, July, August;
SON September, October, November.
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Figure 5.5: Annual MAE for the entire series.

Figure 5.6: Annual BIAS for the entire series.
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Figure 5.7: (a) Scatter plot of monthly simulated LOO precipitation versus the
measured precipitations for each station. (b) Scatter plot of stations correlation versus
distance.

ysim = 0.96xobs + 1.36mm (R2 = 0.84) (5.1)

The highest common variance (R2 = 0.96) between the reconstructed and the
observed record was found for Rabbi Somrabbi (ID 9 in Table 4.2), the lowest (R2

= 0.66) was found for Valdisotto.
A seasonal analysis was also performed using two macro-seasons: autumn-

winter (from September to February) and spring-summer (from March to August).
The results were similar to the all-data regression. They are reported below:

ysim = 0.96xobs + 1.23mm (R2 = 0.86) autumn-winter

ysim = 0.96xobs + 1.54mm (R2 = 0.80) spring-summer
(5.2)

Spring-summer reconstructions were generally less accurate than fall-winter
ones and this could be related to the lower spatial coherence of precipitation in
the summer period.

Short and long term trends for the whole domain were evaluated both on
annual and seasonal scale. Long-term trends were computed using Theil-Sen test
(Theil, 1950; Sen, 1968), and their statistical significance was proved by Mann-
Kendall estimator (Kendall, 1970). Even if slope was slightly negative for winter
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and spring series, suggesting a centennial reduction of precipitation over the area,
and positive for summer, autumn and annual scale, the long-term trend has shown
a statistical significance below the 95% confidence level. Short term trends could
be highlighted using an 11-year Gaussian window filter with a 3-year standard
deviation (Figures 5.8, Annual and seasonal trends) which smooths out random
variability and evidences more clearly the decadal fluctuations. In order to better
describe the complex time evolution of climatic signal, which cannot be fully
captured by the Theil-Sen slope on 1913-2015 period, a running-trend analysis
was also performed on annual and monthly scale. Theil-Sen slopes and significance
levels were estimated within windows whose widths range from 20 years up to the
entire series length, running from the beginning to the end of the series (Brunetti
et al., 2006).

Figure 5.8: Annual anomalies calculated on climatologies 1961-1990.

The running trends could be represented with triangle-shaped plots, in follow-
ing figures the results of running trends are reported for the annual and seasonal
precipitation anomalies. There colours represent the values of trend while size
of pixels describes its significance. As already pointed out by long-term trend
analysis, trend values and significance are mostly negligible over the longest time
intervals, while more evident trends occurred considering shorter time windows.
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(a) Spring

(b) Summer

(c) Autumn

(d) Winter

Figure 5.9: Seasonal anomalies and decadal trends.
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Years between 1925 and 1945 featured a clear negative trend, while annual precip-
itation amount were found to increase both in 1940-1960 and 1960-1980 periods.

Figure 5.10: Running trends of annual precipitation anomalies. Colours represents
the value of trends while pixel size refers to trend significance level. Trend evaluation
is performed on windows whose widths range from 20 years up to the end of series
starting from each year in x-axis.

The climatological model creates the climatologies and anomalies based on the
observations of the last century, however it is necessary to cross-validate the model
and the sites that I used was the Forni Glacier supraglacial station (AWS1 Forni,
University of Milan, Department of Environmental Sciences and Policy). This
station was not used to construct the climatologies, so it is perfect to validate the
model, and it is also positioned in a very complex site. The precipitation series
from the AWS on Forni Glacier counts 3563 days, from 1st October 2005 to 30th

September 2016, and the number of complete months is 97 (no missing days).
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Figure 5.11: Running trends of seasonal precipitation anomalies. Colours represents
the value of trends while pixel size refers to trend significance level. Trend evaluation
is performed on windows whose widths range from 20 years up to the end of series
starting from each year in x-axis.
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All trustworthy monthly data between 2005 and 2015 were compared with the
modelled series of grid point 2101 (see Figure 5.12), which is the nearest to the
average position of the AWS, and the computed errors are 33 mm/month for the
MAE and 42 mm/month for the RMSE.

Figure 5.12: The Forni Glacier in a satellite image, purple dots represent the grid
point on which climatologies were reconstructed, red dots are the position of the Forni
Glacier Automatic Weather Station (AWS1 Forni). For the comparisons the nearest
grid point resulted the 2101, but also an average of the eight nearest neighbours was
considered.

The station AWS1 Forni is located at 2640 m a.s.l., so during the winter season
the precipitation is not liquid but as snow. The station is therefore equipped with
a sonic ranger that measures the snow depth, and for a short period it was also
equipped with a snow pillow that permitted the evaluation of the snow water
equivalent (SWE) and snow density (Senese et al., 2017). With the snow pillow,
and with a campaign done in February 2015 by the glaciological group of my
Department, it was possible to validate the snow-meter. The RMSE in the SWE
was evaluated in 45 mm of water equivalent, meanwhile the standard deviation of
snow-height in the neighbouring of the station, measured with a snow weighting
tube, is 29 cm. With the snow pillow it was possible to determine the snow
density that was 140 kg m−3, and with the snow density it was possible to convert
the snow-heights into water equivalent (liquid precipitation). The comparison of
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monthly data is shown in Figure 5.13.

Figure 5.13: Monthly distribution of discrepancies between simulated and measured
precipitation at Forni Glacier for the period 2005-2015. Colours identify years, and
positive values represent an underestimation by the model.

Considering an average of cell 2101 and its eight nearest neighbours the errors
raise to 38 mm/month of MAE and 48 mm/month of RMSE, this could be due
to the inclusion of lower values far from the peak precipitation area of the water-
shed. These rather high errors depend indeed on the difficulties in capturing the
exact position of the transition between the wet areas influenced by south-easterly
currents and the very dry Forni Valley; however, they could also be strongly influ-
enced by the high uncertainties of the SWE evaluation method. From Figure 5.13
it is clear that especially the winter precipitation is underestimated by the model,
so differently from what is showed in Figure 5.4 the Forni Glacier is more affected
by winter precipitation from the south-east sectors. This could explain the rela-
tively wide extension of the Forni Glacier. Instead the summer season is quite well
depicted by the model, and the discrepancies fluctuate around zero. Calculating
the uncertainties, it emerges that the winter season (DJF, December to February,
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meteorological winter) has an RMSE of 59 mm/month, MAE of 54 mm/month,
while the Summer (JJA, June to August) has an RMSE of 24 mm/month and
a MAE of 18 mm/month. Summarising the model is able to catch the summer
convective systems, that sparsely developed on the mountain range, while the
winter steady and synoptically forced precipitation are not resolved because the
watershed is positioned on the maximum resolved topography height (that is not
the actual position of the border), but that not represent at all the real position
of the watershed. It seems that the position of the transition regime wet-dry is
more down-valley during winter in the Forni Valley.

5.1.2 Meteorological data of Forni Glacier campaign 2017

Figure 5.14: Group photo after assembling the AWS MiTo.

During the late summer and the beginning of meteorological autumn of 2017
I had installed micrometeorological weather station in the Forni Glacier fore-
land with the support of Roberto Sergio Azzoni, Marta Zennaro and Francesca
Cagnasso (Figure 5.14). The station as reported in Section 3.1.1, was composed
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by a sonic anemometer with high rate of measure (10 Hz), that measures the
three components of wind (u, v, w) and the speed of sound, beside a traditional
cup anemometer and a wind vane are mounted and a thermocouple. With those
measures it was possible to characterised the Forni Glacier foreland meteorolog-
ical patterns during those two weeks, and this station was also used to validate
the WRF model over the Forni area with the turbulent flux of sensible heat, a
quite uncommon measurement for high-altitude environments.

The standard meteorological data analysis was also done during a Bachelor
Thesis by Edoardo Tiboldo at the University of Turin, here I present a reanalysis
and a comment of those data.

From the complete dataset and using other observations (webcams, radiome-
ters, rain gauges) made all around the Forni Valley, I selected within the 14 days
of campaign the clear-sky and with no synoptic forcing. They resulted into nine
days: from 28th to 30th August, from 5th to 9th and 11th September.

Temperature

Figure 5.15: Mean temperature over one minute at AWS MiTo. All the data are
reported.

During the field campaign it was experienced practically all the weather con-
dition for the Forni area. In fact, the first period 28th 30th August, there was a
sunny with scattered clouds weather, that reflects into temperature measurements
(minimum at 6 ◦C and maximum at 19.4 ◦C). Between the 31st August and the
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3rd September a cold front passed over the Central Alps, the temperature drop
down to negative values in the night of 2nd-3rd September, and a thin layer of
snow deposited on the ground (10-15 cm). In the following days was again sunny
and with almost a clear sky, while to the end of the campaign a cloudy weather
with scattered precipitations occurred.

Over the entire period the minimum temperature was -2.4 ◦C (3rd September
early morning), while the maximum temperature was 19.4 ◦C (30th August, 16:52).
Those values are typical of end summer or middle autumn values.

The temperature was calibrate using a high precision Pt100 thermistor and
the relation is:

yobs = 0.832 + 0.998xPt100 (5.3)

The precision of the thermocouple was quite satisfying, in fact the correlation
between Pt100 and thermocouple was 0.996.

Wind speed and direction

The wind speed during the campaign showed mostly a typical valley wind pattern
during the thermally driven days aforementioned. They are characterised by a
upvalley wind during daytime (from N-NNW 350◦-10◦) and by downvalley wind
during nighttime (from S-SSE, 160◦-200◦). A local phenomenon that superim-
posed to the typical breeze is the cold katabatic glacier wind (see Section 2.2.2).
Later I present the ultrasonic anemometer data, that probably had detected this
phenomenon in the sensible heat flux. However this wind revealed weaker as ex-
pected, and this could be due to the poor snow coverage of the lower part of the
glacier during the field campaign.

In Figure 5.16 the complete campaign is represented with the direction and
the wind speed. The maximum wind speed was registered during the bad-weather
days (11.7 m s−1), while the mean wind speed is frequently below 5 m s−1.

The wind rose in Figure 5.17, graphically represent what was stated before,
the main wind patterns are up and down-valley. The most frequent classes are
below 5 m s−1 as previously shown by Figure 5.16.

5.1.3 WRF outputs

The WRF model was applied with the aim to detect the 3D structure of the wind
inside the Forni Valley. WRF was so tested with five weather stations (in Ta-
ble 4.5), and the parameters tested was temperature, wind speed, wind direction,
wind gust and the sensible heat flux at AWS MiTo position. However, to reach the
500 m of horizontal grid spacing some modifications in the static data of the model

109



Results

Figure 5.16: Wind speed and direction from 15 minute averages, gusts represent the
maximum over the 15 minutes with sampling every 1 second.

Figure 5.17: Wind speed distribution in 10◦ amplitude sectors, the main direction
of the Forni Valley is NNW SSE, see Figure 3.2. The data represented are from 15
minute averages of one minute data.
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were done. Firstly, I implemented the Corine Land Cover dataset to describe the
effective land-use inside the model domains. In Figure 5.18, it is reported the four
different type of Land use table at disposal (after my implementation) in WRF:
USGS at 30-arc-second resolution with 24 categories, MODIS at 30-arc-second
resolution with 21 categories, MODIS at 15-arc-second resolution with 20 cate-
gories and CLC at 3-arc-second resolution with 44 categories. Focusing on the
urban categories, Bormio city (10.366◦ E, 46.454◦ N) is the biggest urban area
included into the domain. CLC (category 2) and MODIS15 (category 13) had well
positioned Bormio at the confluence of Valfurva Valley and Valdidentro Valley,
while MODIS30 (category 13) had represented the city bigger than in the real-
ity and positioned at the Stelvio Pass (10.450◦ E, 46.533◦ N). Furthermore, with
USGS land-use (category 1), Bormio was not resolved. Moreover, some MODIS
and USGS categories, that were present into the selected area, seemed not to
be adequate to mid-latitude terrain, and they had not a correspondence in CLC
representation of the same area. It is worth to note that CLC was built to fit the
land cover properties of the Europe continent, so it is much more accurate.

The main category changes and discrepancies are reported in Table 5.2 and
more in detail in the Appendix E, at the bottom of those tables are reported the
residuals of misrepresentations between MODIS or USGS and CLC.

Considering the residuals, a lack of representation immediately emerged: the
reclassification over the study area left out, or misrepresented 11 USGS cate-
gories and 9 MODIS30 and MODIS15 categories. In fact, the main differences
between MODIS30 and MODIS15 could be appreciated from Figure 5.18 the dif-
ferences lay on the land-use distribution grid-spacing, and MODIS15 does not
consider the inland water category, but only the Sea and ocean one. The missing
classes of CLC reclassification with USGS, MODIS30 or MODIS15 represented,
respectively, 29.72%, 11.81% an 4.69% of the study area. The amplitude of not
represented area in MODIS30 was 425 km2, in USGS was 1070 km2, while in
MODIS15 was 169 km2. The most consistent classes left out in MODIS30 were
the 18th Wooded Tundra, and the 8th Woody Savannahs. In MODIS15 the most
consistent excluded category was the 14th Cropland/grassland mosaic. While con-
sidering USGS, the most consistent excluded classes were 21st Wooded Tundra,
8th Shrubland, 18th Wooded wetland and 5th Cropland/grassland mosaic. Con-
cluding, the reclassification proposed by Pineda et al. (2004), and used by many
authors, enhance the spatial resolution, basing on CLC raster, but left out many
peculiar classes with their physical description, flattening CLC over USGS land-
use table, that was not developed specifically for European continent. From a
rigorous representation, it is better to apply a completion of Pineda et al. (2004)
Table 1, with 44 land-use classes, full coefficients description and no reclassifica-
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Figure 5.18: A comparison between different land-use datasets is shown. The domain
represented is the inner one (d03) and the area is 3600 km2. From left to right, from top
to bottom: USGS land-use, the old default of WRF; MODIS30 land-use, the default of
WRF (version 3.9.1); MODIS15 land-use, the higher resolution dataset included into
WRF; CLC land-use, the new implementation of this work. Two black dots indicates
the positions of Bormio (on the left) and AWS MiTo, the weather station installed
during this campaign at the Forni Glacier foreland.
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Table 5.2: Land-use top-classes correspondences after Pineda et al. (2004) about the
inner domain d03. NRC stays for “Not Represented Classes”, between MODIS-USGS
land-use and CLC.

CLC 2012
N. CLC N. class Category description N. of tiles Area (km2) % of domain

1 - 11 Urban 120 30.00 0.83%
24 Coniferous forest 4550 1137.50 31.60%
26 Natural grasslands 1736 434.00 12.06%
31 Bare rocks 3186 796.50 22.12%
32 Sparsely vegetated areas 1668 417.00 11.58%
34 Glaciers and snow 462 115.50 3.21%

40 - 43 Inland water bodies 36 9.00 0.25%

Total 14400 3600.00 100.00%

USGS, old WRF default

1 - 11 1 Urban and built-up 0 0.00 0.00%
24 14 Evergreen needleleaf 479 479.00 13.31%
26 7 Grassland 612 612.00 17.00%

30 - 33 19 Barren or low vegetated 31 31.00 0.86%
34 24 Snow or ice 127 127.00 3.53%

40 - 44 16 Water bodies 7 7.00 0.19%

Total 2530 2530.00 70.28%
NRC 11 4,5,8,10,12,13,18,20-23 1070 1070.00 29.72%

MODIS30, WRF v3.8 default

1 - 11 13 Urban and built-up 44 44.00 1.22%
24 1 Evergreen needleleaf 828 828.00 23.00%
26 10 Grasslands 381 381.00 10.58%

30 - 33 16 Barren or low vegetated 41 41.00 1.14%
34 15 Snow and ice 40 40.00 1.11%

40 - 43 21 Inland water (lakes) 10 10.00 0.28%

Total 3175 3175.00 88.19%
NRC 9 2,3,6,8,9,14,18-20 425 425.00 11.81%

MODIS15

1 - 11 13 Urban and built-up 30 7.50 0.21%
24 1 Evergreen needleleaf 2401 600.25 16.67%
26 10 Grasslands 7047 1761.75 48.94%

30 - 33 16 Barren or low vegetated 139 34.75 0.97%
34 15 Snow and ice 577 144.25 4.01%

40 - 43 17 Water bodies 173 43.25 1.20%

Total 13724 3431.00 95.31%
NRC 9 2,3,6,8,9,14,18-20 676 169.00 4.69%
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tion, as was done in the present work.
The topography was also improved in my work, in fact the maximum resolution

of WRF built in datasets was 30-arc-second (990 metres) that is not enough to
reach 500 metres. So the SRTM NASA DEM was used and the discrepancies are
well depicted in Figure 5.19. The topography represents a necessary improvement
for WRF at high resolution, and the Figure 5.19 clearly shows the differences:
valley bottoms are lowered between 30 and 90 metres, and mountain peaks are
raised by 60 to 150 metres.

The used NASA SRTM DEM was also compared with a local very high-
resolution DEM (10 metres). It emerges that the valley floor in the smoothed
version for the inner WRF domain was 20 to 60 m higher (in the model), and
mountain peaks were 80 to 120 metres lower in the model respect to the real
terrain. In fact, the differences between real and model altitudes were much lower
in WRF500 set-up. They ranged, in absolute values, between 5 m to 52 m, while
in WRF1000-USGS or WRF1000-MODIS30, where the GMTED2010 topography
was used, the differences ranged between 53 m to 281 m.

Moving on the meteorological parameters and on the model performance, I
had considered the temperatures and the WRF skills of predicting them. In the
following Figure 5.20 I reported the timeseries of temperature simulated by WRF
and measured at AWS MiTo and the other four is reported in Appendix E.

From the Figures 5.20, E.1, E.2, E.3 and E.4 it is possible to appreciate the
model ability to follow the temperature trend, quantitatively some statistics were
calculated, BIAS, MAE and RMSE, and reported in Table 5.3.

The correlation coefficients was retrieved using a linear regression, as showed
in Figure 5.21 for the AWS MiTo weather station, and it is possible to see that
the average correlation is quite high.

The overall performance of WRF, both at 1 km and 0.5 km of grid spacing, is
comparable, and the biggest difference is 0.6 ◦C in the mean temperature RMSE.
The performance of WRF500 regarding temperature was almost comparable to
WRF1000, with a small performance increase of about 0.2 ◦C to 0.3 ◦C in the
mean temperature of WRF500. The RMSE fluctuated between 1.0 ◦C to 2.5 ◦C
and the worst performance was given by WRF1000-USGS with the exception of
Bormio where WRF1000-CLC was the worst. Regarding the mean temperature,
the correlation coefficient R2 was calculated, and from Table 5.3, it is possible to
appreciate that the higher resolution did not significantly changed the R2. In fact,
the best represented station was Careser, where RMSE and R2 were the same for
all models, Solda obtained better results for WRF500, while the other stations
had similar results for WRF1000 and WRF500. Among the WRF1000 runs the
best results were given by WRF1000-MODIS30. Moreover, the WRF1000-USGS
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Figure 5.19: The difference between the DEM at 3-arc-second NASA SRTM and
the default WRF DEM GMTED2010 is shown for the inner domain (d03). Blueish
colours indicate lower altitude from NASA SRTM, while reddish colours indicate higher
altitude from NASA SRTM, respect to GMTED2010.
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Table 5.3: Model performances regarding temperature against the five measurement
locations. Regarding the mean temperature is also calculated the correlation coefficient
R2 from the linear regression of observed versus simulated data. For WRF1000 the
nearest grid point to station location was considered, whereas for WRF500 also the
first eight neigbours to the nearest grid point (central) were considered, and the best
value was expressed followed by the cardinal point of the grid point relative to the
central. Where any indication of cardinal point is given, the best value laid on the
central grid point. Statistics were computed over 720 half-hour data.

WRF1000 WRF1000 WRF1000 WRF500 WRF500
◦C MODIS30 USGS CLC MODIS15 CLC

AWS1 Forni

Tmean

BIAS -0.2 1.3 1.2 -0.2(N) -0.1(N)
RMSE 1.4 2.0 2.0 1.4(N) 1.5(N)
MAE 1.1 1.6 1.6 1.0(N) 1.1(N)
R2 0.88 0.75 0.81 0.88(N) 0.85(N)

Tmax
BIAS 0.3 1.6 1.7 1.6 1.8
RMSE 1.7 2.6 2.5 2.4 2.6
MAE 1.2 2.0 1.9 1.9 2.0

Tmin
BIAS -0.6 0.8 0.8 0.9 1.1
RMSE 1.4 1.7 1.7 1.6 1.7
MAE 1.1 1.3 1.4 1.3 1.4

AWS MiTo

Tmean

BIAS -0.7 1.0 -0.6 -0.2(S) -0.3
RMSE 1.9 2.6 2.0 1.6(S) 1.8
MAE 1.5 2.0 1.7 1.3(S) 1.4
R2 0.85 0.72 0.82 0.87(S) 0.84

Tmax
BIAS -0.5 1.1 -0.4 -0.4 -0.2
RMSE 2.0 2.8 2.1 1.9 2.0
MAE 1.6 2.1 1.7 1.5 1.5

Tmin
BIAS -0.8 0.9 -0.7 -0.6 -0.4
RMSE 1.8 2.5 1.9 1.7 1.7
MAE 1.5 1.9 1.6 1.3 1.4

Bormio

Tmean

BIAS -1.6 -1.4 -1.8 -1.1(W) -1.3(W)
RMSE 2.5 2.3 2.7 2.2(W) 2.3(W)
MAE 2.0 1.9 2.2 1.7(W) 1.8(W)
R2 0.79 0.78 0.77 0.79(W) 0.78(W)

Solda

Tmean

BIAS -0.9 -1.1 -1.4 -0.5(NW) -0.5
RMSE 2.1 2.1 2.3 1.8(NW) 1.8
MAE 1.6 1.6 1.8 1.4(NW) 1.5
R2 0.84 0.80 0.85 0.87(NW) 0.86

Careser

Tmean

BIAS 0.4 0.5 0.5 0.1(W) 0.2(W)
RMSE 1.2 1.2 1.2 1.0(W) 1.0(W)
MAE 0.9 0.9 0.9 0.8(W) 0.8(W)
R2 0.93 0.94 0.94 0.95(W) 0.95(W)
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Figure 5.20: AWS MiTo mean temperature, the solid bold blue line are the observa-
tions, red solid fine line is the nearest grid point to the station and the other dashed
lines are the eight nearest neighbours to the first one, outputs from WRF500-CLC.

outputs were always less correlated with measured data. The mean R2 of all
station location was 0.86 for WRF500-CLC, 0.87 for WRF500-MODIS15, 0.86
for WRF1000-MODIS30, 0.79 for WRF1000-USGS and 0.84 for WRF1000-CLC.

The wind speed showed some promising results, in fact the overall skill, es-
pecially for gust and direction was enhanced. The wind was measured only by
three stations: Careser dam, Bormio CNSAS and AWS MiTo. The results are
expressed in Table 5.4 with the same statistics used for temperature.

The wind speed showed that WRF1000-MODIS30 performed better than
WRF1000-USGS and WRF1000-CLC, and WRF500 was generally much bet-
ter than WRF1000, of about 1.0 m s−1 to 2.0 m s−1 in the RMSE. Wind gust
performance was improved for Bormio and Careser station, whereas AWS MiTo
obtained comparable results between the the two grid-spacing.

Wind denoted some noticeable improvements especially due to topography and
grid-spacing. In fact, in such a complex terrain the model ability to resolve small
valleys, their orientation and valley-floor height is very important to accurately
predict wind.

The following plot shows the horizontal wind speed simulated and observed
at AWS MiTo (Figures 5.22), Bormio and Careser stations are reported in Ap-
pendix E (Figures E.5 and E.6).
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Figure 5.21: Scatter plot of AWS MiTo mean temperature for the nearest grid point
to the station. On y-axis the simulated values by WRF, on the x-axis the measured
values, outputs of WRF500-CLC
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Table 5.4: Wind speed, wind gust and wind direction comparison between the five
tested WRF set-up. As done for temperatures, in WRF500 was reported the best
performance among the eight first neigbours to the “central” grid point. In brakets it
is reported the cardinal point of the best grid point with respect to the central one.

WRF1000 WRF1000 WRF1000 WRF500 WRF500
MODIS30 USGS CLC MODIS15 CLC

AWS MiTo (2 m)

Speed [m/s]
BIAS -1.0 -1.2 -1.7 0.2(NW) -0.3(NW)
RMSE 2.9 3.1 3.8 1.9(NW) 2.2(NW)
MAE 2.2 2.2 2.6 1.4(NW) 1.6(NW)

Gust [m/s]
BIAS 0.8 0.6 0.1 1.4(NW) 1.6(NW)
RMSE 3.1 3.2 3.5 3.1(NW) 3.1(NW)
MAE 2.3 2.5 2.7 2.4(NW) 2.4(NW)

Direction [◦]
BIAS -2 -1 0 -3(NW) -3(NW)
RMSE 8 11 12 9(NW) 1(NW)
MAE 5 6 7 5(NW) 6(NW)

Bormio (10 m)

Speed [m/s]
BIAS -1.4 -1.4 -1.3 -0.7(SW) -0.9(W)
RMSE 2.6 2.7 2.6 1.9(SW) 2.1(W)
MAE 1.8 1.8 1.7 1.3(SW) 1.5(W)

Gust [m/s]
BIAS -1.7 -1.7 -1.5 -0.8(SW) -1.0(W)
RMSE 2.9 3.0 2.8 2.1(SW) 2.2(W)
MAE 2.0 2.0 1.9 1.5(SW) 1.6(W)

Direction [◦]
BIAS 3 4 4 4(SW) 4(W)
RMSE 21 20 19 19(SW) 20(W)
MAE 10 9 9 8(SW) 9(W)

Careser (5 m)

Speed [m/s]
BIAS -1.9 -1.7 -2.6 -0.6(S) -0.8(S)
RMSE 2.9 2.7 4.2 1.5(S) 1.8(S)
MAE 2.2 2.0 2.9 1.2(S) 1.3(S)

Gust [m/s]
BIAS -2.3 -2.0 -3.0 -0.4(S) -0.9(S)
RMSE 3.2 2.9 4.4 1.7(S) 2.0(S)
MAE 2.5 2.3 3.2 1.3(S) 1.5(S)

Direction [◦]
BIAS -4 -3 -6 -3(S) -4(S)
RMSE 10 8 14 10(S) 13(S)
MAE 5 3 7 5(S) 7(S)

119



Results

At AWS Mito, probably the most complex site for the vicinity of the glacier,
the wind speed encountered some big differences especially on 1st, 3rd and 10th

September. However, the direction was quite good, only with some differences,
principally in the same days as wind speed inaccuracy.

Figure 5.22: The predicted (WRF500-CLC) and observed (Real) wind speed and
direction at AWS MiTo in the Forni Glacier foreland.

At Bormio CNSAS the wind speed behaved quite well, and sometimes very
well (Figure E.5). The model was able to catch the trend of 29th and 30th August,
4th and 8th September with a satisfying accuracy, while in the bad weather days
there were more uncertainty. The wind direction was more scattered.

At Careser dam the wind speed was overestimated by WRF (Figure E.6), with
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some gusts that had the same shape but on which WRF doubled the magnitude
(such as 3rd September). The wind direction suffered for the same misrepresen-
tations, in fact, the diurnal wind direction suffered of a 80◦ inaccuracy.

At AWS MiTo, a deeper inspection on wind profiles was done. In particu-
lar, the evolution of along valley wind speed and direction was performed. The
aim, as aforementioned, was to detect the glacier katabatic wind with the model
and, possibly, explain the night-time negative sensible heat fluxes (see following
paragraphs). The vertical profiles at AWS MiTo, shown in Figures 5.23 and 5.24,
in two thermally driven days (clear sky and no synoptic forcing), showed a typi-
cal mountain breeze pattern, with daytime up-valley winds (positive values) and
night time down-valley winds (negative values). In this figure the high-valley is
on the right and the valley exit is on the left. The wind arrows represent the
composition of u and v on the valley axis and their inclination denote the pres-
ence of the w component. From Figures 5.23 and 5.24 it is possible to appreciate
the upvalley wind between 6 to 17 UTC and the downvalley wind during night.
The downvalley circulation could reach only 3000 m a.s.l and, considering the
orography of the valley, did not fulfil the valley, probably the reason was a syn-
optic wind that was flowing in the upvalley direction. This wind-pattern was also
observed into the wind direction measured by the AWS MiTo, that is represented
in the lower panel of Figures 5.23 and 5.23. During the 29th August, the upvalley
wind was simulated since the 7.00 while it was measured from the 11.00, mean-
while the nocturnal downvalley wind was correctly timed (at 18.00). During the
7th September the timing was the same, in conclusion the model activated the
upvalley circulation too early with respect the measured data.

The most interesting comparison that I have done was between the measured
sensible heat flux (SH) at AWS MiTo and the simulation by WRF.

The observed SH was adequately post-processed as described in the Methods
chapter (Section 4.3.2), so the analysis was conducted over a trustworthy dataset.
Moreover, the only compared data lay in the nine-day subset previously described.

In Figure 5.25 the complete dataset with the quality assessment is reported,
while in Figure 5.26 the average for the nine thermally driven days and the WRF
simulation is reported.

From Figure 5.25 it is possible to see that during bad weather conditions the
computed SH present a lot of spikes and this is due to: the unstable atmosphere
(i.e. scattered clouds) or the precipitating rain drops that disturbed the measures
between the transducers. Anyway using only the thermally driven days the typ-
ical day showed in Figure 5.26, present a relatively negative fluxes during night,
-50 W m−2, and not very high daily fluxes, 80 W m−2. The maximum SH for a
clear day was around 200 W m−2 on 29th August. The comparison with WRF
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Figure 5.23: Vertical profile of along valley wind over the AWS MiTo station. On
y-axis the altitude, interpolated from vertical levels output of WRF is reported, while
on x-axis there is the time, in hours, starting from midnight of 29th August 2017.
Positive contour values indicate up-valley winds, and arrows indicate the composition
of along-valley wind and the vertical component of wind. Arrows pointing on the right
of the plot indicate up-valley winds (winds from North), whereas arrows pointing on
the left indicate down-valley winds (winds from South). The crest top is around 3200-
3300 m a.s.l. The bottom plot represent the wind speed in components (u and v)
measured at AWS MiTo and predicted by WRF. Continuous lines are observations,
dashed lines are predictions.
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Figure 5.24: Same as Fig. 5.23, but relative to 7th September 2017.
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Figure 5.25: SH for AWS MiTo obtained after the Double Rotation of sonic
anemometer coordinates. In green are reported the High-A quality data (see Fig-
ure 4.5) in red the medium quality and in blue the low quality data.

was done with the average of the same subset of days, and for the five model
setups. Generally, WRF reproduced a well-tuned SH during daytime, that was
not completely true for the measured data. During nighttime the negative values
measured ad AWS MiTo were not completely caught by WRF. A possible hypoth-
esis for such a negative SH during night was the presence of a layer of cold air
under the anemometer, this can be explained with a thin layer of katabatic wind
flowing down from the glacier. This hypothesis was investigated using WRF500
set-up, but, even if the vertical η-levels density was increased near the ground,
the first level laid at 4.5 m above the ground, and probably this eventual cold
layer was thinner and hard to be resolved.

From the comparison the RMSE was computed (on 432 points) and the best
performance was given by WRF500-CLC with 64 W m−2, followed by WRF1000-
CLC with 68 W m−2, meanwhile with similar results there were WRF1000-MODIS-
30 and WRF500-MODIS15, with respectively 93 and 90 W m−2. Those results
are confirmed by the Figure 5.26. The RMSE for WRF1000-USGS is not shown
because from Figure 5.26 it is clear that this run did not represent at all the
trend of the SH for AWS MiTo location, in fact, the land-use raster had assigned
a Snow and Ice category to the foreland and the computed SH resulted wrong.
This explanation could also be derived from the LU-type Figure 5.18, where, in-
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Figure 5.26: Daily averaged SH for the clear-sky days (28th-30th August, 5th-9th and
11th). The observation is drawn in red; green and pink are WRF-MODIS versions,
respectively at 1 km and 0.5 km, purple and blue the WRF-CLC versions, respectively
at 1 km and 0.5 km, the orange line represents WRF1000-USGS data that completely
failed the SH trend.
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deed, the white pattern is bigger with respect the other land-use rasters, and so
the importance of a correct land cover representation is relevant.

The proposed enhancements of the WRF model brings to a better descrip-
tion of wind, temperature and SH, but some improvements could be done using
different microphysics or surface-layer parameterisations.

Those results were also presented in the submitted manuscript to Boundary-
Layer Meteorology (see Appendix A), while other comparisons were done also for
precipitation, net radiation and relative humidity, but with less success.

5.1.4 Glacier foreland tree colonisation

The Forni Glacier foreland was surveyed in the years before my PhD, in particular
the entire foreland was well inspected by the dendrogeomorphological working
group and by the glaciological working group of the University of Milan. In
particular, I focused my attention on the upper foreland where the AWS MiTo
was installed in 2017. The study area is described in Section 3.1, and in Figure 5.27
it is shown the disposition of the 15 spruces that was surveyed in 2014.

Figure 5.27: Map of the distribution of the surveyed trees in the upper Forni Glacier
foreland, where the AWS MiTo was installed. The rock scarp is enlightened with the
purple line.

The full description of the trees is reported in Table 5.5, where the ID of the
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Table 5.5: The ID number correspond to the Figure 5.27 numeration, the glacier
distance (Gl. dis.) is calculated using the GIS software with the 2015 ortophoto and
the frontal variation measured, the wind exposition is deducted with some detailed
pictures of the trees.

ID UTM x UTM y Age (yr) Gl. dis. (m) Wind exposition

1 621658 5140391 4 263
2 621648 5140345 4-5 226 North, up-valley winds.
3 621654 5140345 4 223 East, slope winds.
4 621664 5140327 4 195 Isolated, sheltered by stones.
5 621656 5140342 5 202 North-South, up and

down valley winds,
no slope winds.

6 621667 5140329 7 208
7 621715 5140309 3 151
8 621706 5140321 166 Isolated, sheltered by stones.
9 621736 5140229 7-8 75 Free to every direction.
10 621647 5140328 3 205 South, down-valley winds.
11 621665 5140336 5 214 Rather sheltered.
12 621617 5140396 6 291 Free to every direction.
13 621679 5140325 2-3 201
14 621731 5140277 1 131
15 621748 5140312 161

tree is reported with the UTM coordinates, the age, the glacier distance and the
deducted wind exposition. As it is possible to see from the map in Figure 5.27,
the meltwater stream bed is visible in the central-left part of the foreland, than
it dig the rock cliff on the left (near trees 12 and 1).

The distance of the AWS MiTo weather station was measured with GIS tech-
nique and in August 2017 was 493 metres. From the glacier mass balances (Baroni
et al., 2018, and previous bulletins), it was possible to determine the retreat of
Forni Glacier from summer 2014 to summer 2017: it was 126.5 metres.

In our dataset the older spruce had approximately 8 years (Figure 5.28 a) and
it was the nearest to the glacier front, we have to note that a clear relationship
between tree age and distance is not present. In Figure 5.29 it is possible to note
that probably the tree number 9 was an outlier, not related with the general trend
that showed an increment of tree-age with distance.

Considering the sheltering and the exposition to the mean wind patterns, also
measured during the short campaign, it is possible to denote that every spruce
was born sheltered by stones, in 3-4 years they started to emerge and they were
exposed to both direct solar radiation (perhaps sooner) and wind patterns.

127



Results

Figure 5.28: Spruce number 9, aged 8 years old (panel a), the surrounding area was
characterised by pebbles and blocks of different sizes, but not so big to shadowing
or sheltering the tree. b and c) spruce number 5, estimated age 5-years, it is well
sheltered by neighbouring stones. D) spruce number 12, aged 6, is not sheltered by
stones, and the surrounding area was characterised by small blocks.

Figure 5.29: Age-distance plot for the glacier foreland trees, the uncertainties are 1
year for the age and 5 metres for the distance.
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Figure 5.28 b and c depicts the spruce number 5, that was aged 5 years-old.
It is exposed to the up and down valley winds, but mostly sheltered by slope
winds. The Figure 5.29 clearly shows that the expected direct proportionality
age-distance (older trees with higher distances) is only partly respected. In fact,
the oldest spruce in the series was also the nearest to the glacier front. Moreover,
the sheltering seamed to not play a fundamental role.

5.2 Alpe Veglia

The Alpe Veglia site was settle at two different time: the first station in the
pasture of the Alpe Veglia was installed in the 27th September 2018, while the
Aurona Glacier foreland thermo-pluviometric station was installed for the summer
season 2019 on the 16th July 2019. Here I present the first part of the data of the
Alpe Veglia Station (SAV, from 27th September 2018 to 15th July 2019) with a
first comprehensive analysis of the turbulence data (from 27th September to 16th

November 2018) that was published by (Golzio et al., 2019, Appendix A).
The SAV station was equipped by a snow-meter built by myself and that I

compared with the observation of the near ARPA Piemonte station, moreover
I collected all the modifications, maintenance and the most significant weather
events in a station log.

In the following sections I report the main results first for the first period of
SAV that was deeply inspected also on the turbulence point of view, and secondly
an overview of the winter and spring.

5.2.1 The Alpe Veglia Station

The general weather conditions and meteorological data

The general weather conditions at Alpe Veglia are strictly related to the North
Alpine domain, so on the what the weather is on the Swiss side. It is very common
to have clear sky condition at Alpe Veglia and bad weather down valley in San
Domenico di Varzo, and vice versa.

The 2018-2019 winter over the Western Alps was quite scarce in snow, and
from Figure 5.30 it is possible to see the very thin layer of snow at two nivometric
station in Bardonecchia at 2045 m a.s.l. This station is quite far from Alpe Veglia,
but the snow situation was similar in other sites in the Italian Alps.

The nivometer that I built works quite well for the entire winter, it was only
needed a filtering to remove some second backscatter echoes, the results are shown
in Figure 5.30.
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Figure 5.30: Snow depths at Alpe Veglia (ARPA in red and SAV in blue) and
Bardonecchia (in green). The trend between the ARPA and SAV stations are very
similar with some differences: the SAV has a spikier signal, and usually a lag of 30 cm
is measured. The two stations are at a distance of 500 metres. The last part in July
is white noise.

During the entire period the temperature ranged from -18.4 ◦C (11th January
2019 at 3:42) to 28.9 ◦C (27th June 2019 at 14:42), the hot peak was reached
during the warmest record week of 2019 when on the major city of Europe there
were more than 40 ◦C.

The wind speed reached the maximum of 31.5 m s−1 and the distribution could
be depicted with a wind rose (Figure 5.31). Almost the 15% of cases the wind
comes from NNW (340◦), and considering also the neighbouring sectors is around
36% of cases. Moreover, the wind from the North-West side is also the more
intense, from in situ observations I deducted that it is originated by an internal
circulation of the Alpe Veglia plain. In fact, the main wind comes from the
Aurona Valley (Bocchetta d’Aurona, west side) and then it turns right for the
conformation of the relief and reach the station from NNW.

The pressure measured at the station has partially complete record, in fact,
due to some programming errors during the first months it was not registered.
Unfortunately, in this period (the end of October and the beginning of November)
the Vaia storm hits the Northern Italy with a record lower atmospheric pressure,
that SAV station did not registered. The lowest pressure measured was 805.3 hPa
and the highest was 846.0 hPa.

In Figure 5.32 a comprehensive timeline of wind, pressure and temperature is

130



The Project Works

Figure 5.31: Wind Rose of the period from 27th September 2018 to 16th July 2019,
aggregated data on one hour periods.

presented.

Turbulence measurements at SAV

The analysis of high frequency measures was conducted only on the first part of
the dataset. The period was a test-bed for the analysis its self of the ultrasonic
anemometer data in complex terrain. The period span from the 27th September
to the 15th November 2018 it was composed by 49 complete days, and from the
analysis standard meteorological data only six days have a completely clear-sky
conditions (28th September; 5th, 20th, 22nd, 24th October; 14th November 2018).
These days are depicted in the first timeline in Figure 5.33. The total precipitation
for 49 days was 896 mm, and it was distributed over 16 days. The rainy days were:
30th September; 1st, 6th, 8th , 10th , 11th , 15th , 27th October (second timeline in
Figure 5.33). It snowed between 28th October and 3rd November, and the snow
reached a depth of 113 cm. A second snowfall event affected Alpe Veglia on 6th

November and the fresh snow was 10 cm deep (third timeline in Figure 5.33). The
snow depth and cumulated rain from 27th September is shown in Figure 5.34.

During this period, it is possible to separate two different sub-periods: first
(27th September 26th October) has no snow on the ground and relatively good
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Figure 5.32: Timeline of the period 27th September 2018 to 16th July 2019. Hourly
averaged data.
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Figure 5.33: Short-wave incoming radiation (a), air temperature (b), wind speed
with gusts (c) and wind direction (d) measured at the Alpe Veglia Station. The data
refer to 15 min averages of one-minute data. There are three timelines between the
plots representing: (1) clear sky days (CSD, light blue); (2) rainy days (blue) and (3)
snowy days (green).
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Figure 5.34: Standard deviation of the sensible heat flux after applying DR, cal-
culated using Equation 4.30 for 30 min temporal windows (σ SH 30 min) or 60 min
temporal windows (σ SH 60 min), considering the snow depth (green line) and cumu-
lated rain (blue line). Similar results were obtained for TR and PF.

weather, the second (27th October 12th November) with a thick layer of snow
(between 1 metre to half a metre) and relatively bad weather conditions. Also
the temperature has different ranges: from 6 ◦C to 2.5 ◦C on average and daily
excursion from 10 ◦C to 4-5 ◦C. The wind direction clearly shows the diurnal
cycle, calm during the night and more intense during the day, the wind rose (not
shown here) reflect the same pattern of the entire dataset (Figure 5.31).

The ultrasonic instrument collected data during the 49-day campaign with a
frequency of 10 Hz. The data were analysed using moving windows of 30 and
60 min time length windows. A total of 4777 temporal windows were available
and 4644 (30 min integration interval) and 4657 (60 min integration interval)
were actually analysed (windows that had passed the eight-step procedure in
Section 4.3.2), which corresponded to 97.22% and 97.49%, respectively. The tur-
bulent fluxes (Equations 4.18, 4.20 and 4.21) were computed using the DR, TR
and PF methods for these subsets. The SH flux during clear-sky days (Fig-
ure 5.35) showed a typical daily cycle, with approximately 150 W m−2 at noon
and -50 W m−2 during the night (the upward fluxes were positive). The qual-
ity assessment (Section 4.3.2) was performed on the same subsets of the entire
dataset.

It is important to highlight that the reliability of ultrasonic anemometer mea-
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surements during rain or snow events is very low. Falling snowflakes and raindrops
between the transducers in fact compromise the measurements. It is possible to
see, in Figure 5.34, the time-series of σSH (Equation 4.30) along with the cumu-
lated rain and the snow depth. High standard deviations were obtained during
rainfall and snowfall, and this could be responsible for the poor reliability of the
ultrasonic anemometer measurements during these periods. In fact, the two peri-
ods of fine and cloudy weather conditions that were identified in the temperature,
short-wave incoming radiation and wind speed measurements were also captured
in the SH standard deviation time series.

Figure 5.35: Sensible heat flux of a typical clear-sky day (24 October 2018) after
DR or TR. This data was classified as high A.

During this period the three rotation method were compared (DR, TR and
PF), and in Table 5.6 are presented the results on the quality assessment.

The DR high C-quality class was only filled for the momentum fluxes and
higher values considering the 30 min windows. By observing the high B quality
data, it is clear that the steady test was the most difficult to pass, and low
uncertainties were frequently present (high A class).

A particular attention has to be paid to the TR in fact, it is necessary that
the triple rotation angle must be below 10◦ (|φ| < 10◦, McMillen, 1988), in my
case this angle was maximum 1.5◦.

The main differences that came up between DR and TR were in low-wind
conditions, in fact when the wind was stronger the TR angle is around 0◦. Unlike
the double rotated data, fewer values fell into the “high A” class, for both the
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Table 5.6: Data quality for the Alpe Veglia ultrasonic anemometer dataset. The
quality levels are described in Section 4.3.2. The low data passed the first control;
medium data passed the first and second controls; high A data passed the first, second
and uncertainty controls; high B data passed the first, second and steady test controls;
the high C data passed all the controls. No Fluxv′ statistics were evaluable for the
TR definition.

Variable Quality level DR TR PF
30 min 60 min 30 min 60 min 30 min 60 min

SH zero 8.46% 4.98% 7.99% 4.64% 10.96% 6.87%
low 0.04% 0.11% 0.04% 0.11% 0.04% 0.15%
medium 30.32% 38.29% 35.47% 46.03% 31.37% 39.68%
high A 61.18% 56.58% 56.46% 52.18% 57.62% 53.25%
high B 0.00% 0.04% 0.04% 0.04% 0.00% 0.04%
high C 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Fluxu′ zero 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
low 0.04% 0.04% 0.09% 0.04% 0.04% 0.09%
medium 4.93% 5.18% 15.87% 14.54% 1.85% 1.87%
high A 94.90% 94.67% 83.91% 85.27% 97.83% 97.90%
high B 0.02% 0.02% 0.11% 0.15% 0.00% 0.00%
high C 0.11% 0.09% 0.02% 0.00% 0.28% 0.25%

Fluxv′ zero 0.00% 0.00% 0.00% 0.00%
low 0.02% 0.02% 0.04% 0.09%
medium 4.69% 4.60% 1.21% 1.10%
high A 95.09% 95.28% 98.62% 98.80%
high B 0.00% 0.00% 0.00% 0.00%
high C 0.19% 0.11% 0.13% 0.02%
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heat and momentum fluxes. This suggests higher uncertainties with respect to
DR.

The PF indeed had failed in Alpe Veglia, in fact the computed plane did not
interpolate the data. In order to verify the reliability of the obtained PF plane, it is
possible to plot the computed plane and the mean wind value for each sector. If the
data lie on the computed plane, the method is relevant. Considering the results in
Figure 5.36, where a single PF plane (red line) was not able to interpolate the wind
vectors, it is possible to observe that the Alpe Veglia data do not show a precise
plane. This may be explained considering the wind distribution (Figure 5.31),
which showed two opposite preferential directions. The wind vectors at Alpe
Veglia seem to depict the presence of two overlapping planes as a consequence of
a three-dimensional streamline surface. In this case, it could be useful to apply
the directional planar fit, as suggested by Nadeau et al. (2012).

Figure 5.36: Azimuthal distribution of the tilt of the 10◦ wide-sector mean velocity
vector above the horizontal plane. The red line was computed with planar fit coeffi-
cients and represents the ideal detected plane. The velocity vector direction (clockwise
from North) indicates the direction towards which the wind blows.

A quality control on the PF data indicated (Table 5.6) that there were more
“zero” quality SH data than for the DR and TR methods, while class “high A”
was as heavily populated as the TR “high A” class. The momentum fluxes show
that more than 97% of the data had low uncertainties, but they did not pass the
steady test, and a rather small part, but comparable with DR, was in the “high
C” class. In conclusion, the flow was not planar and the PF method was not
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applicable, but the PF method uncertainties were low. These results suggest that
caution is needed in judging a method using data quality only.

A deeper inspection was dedicated to the Sensible Heat Flux standard de-
viation; in fact, it could be very interesting to know the best post processing
method that fits better to complex terrain situations. Here I consider all the data
that pass the Low quality level control. The σSH values were plotted in bins of
1 W m−2 from 0 W m−2 to 20 W m−2, of 2.5 W m−2 from 20 W m−2 to 30 W m−2

and of 5 W m−2 from 30 W m−2 to 90 W m−2 (Figures 5.37 and 5.38). The dis-
tribution peaks of the 30 and 60 min windows are very similar, and are at about
5 W m−2 for the DR and TR values. The slightly higher score of TR than of
DR is appreciable in Figures 5.37 and 5.38, where it may also be noted that the
standard deviations of the TR and DR heat fluxes have lower values than the PF
ones. In fact, 29.5% of the DR data, 31.4% of the TR data and 18.4% of the PF
data are below 5 W m−2 for the 30 min window. The distribution for the 60 min
window is: 19.8% for the DR data, 21.3% for the TR data and only 11.3% for the
PF data. As a consequence, longer windows did not generally produce smaller
standard deviations. In fact, there is a drop of 10% in the analysis conducted with
the 60 min windows compared to that conducted with 30 min windows below the
5 W m−2 limit. In other words, there are fewer data with a standard deviation
below 5 W m−2 in the case of the 60 min windows.

Figure 5.37: Standard deviations calculated after Stiperski and Rotach (2016) on
half-hour window data for the sensible heat flux. All the non “zero-quality” data were
used.
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Figure 5.38: Standard deviations calculated after Stiperski and Rotach (2016) on
one-hour window data for the sensible heat flux. All the non “zero-quality” data were
used.

Those results bring to some key points, that with further studies could be also
generalised and applied to different complex terrain sites:

1. The PF method was hard to apply in Alpe Veglia complex terrain because
the flow was not planar; instead, the wind flow was on a three-dimensional
surface. As suggested by Nadeau et al. (2013), it could be useful to apply
the directional planar fit.

2. The TR method has a much smaller third rotation angle φ than the thresh-
old suggested by McMillen (1988). This suggests that the TR method could
be useful, especially for low wind cases that were mostly experienced at the
Alpe Veglia site.

3. Two different procedures have been applied to define the trustworthiness of
SH flux calculated by the three coordinate rotation methods: the quality
control procedure and the SH standard deviation. Considering the high-
quality class, the DR method obtained the best results in the 30 and 60 min
integration interval (61.18% and 56.58% Table 5.6), whereas, considering
the merged classes medium and high, the best result is for the TR method
(91.93% and 98.21%). Considering the standard deviation on SH, and a
threshold of 5 W m−2, the best result is given by the TR method, while PF
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performs the worst. The biggest difference between the two methods arose
in the PF, which obtained a high rating with the quality assessment, but
very high standard deviations were computed; this reflects the senselessness
of the detected PF-plane.

4. The stationarity test (or steady-test) is harder to obtain at Alpe Veglia,
and this could be linked to the applied test or to the constitution of the
turbulence in the Alpe Veglia location.

5.3 Loana Valley

In the Loana Valley work the aim was to somehow correlate the precipitation and
snow records with the main geomorphological events registered into dendrochrono-
logical records. The climate conditions of Ossola region are driven mainly by the
presence of the Alpine range, that nearby has one of the highest peaks, the Du-
four peak (Monte Rosa, 4634 m a.s.l.). The northerly winds are usually dry and
warm, due to the adiabatic worming of an already dry air mass (Föhn conditions),
meanwhile southerly winds are usually warm and wet due to the presence of the
Mediterranean Sea and the Po plain. The most frequent cases of steady or heavy
rain comes with south advections, that also are favourable to snow condition
during winter.

The first part concerned an analysis of the entire records of precipitation and
snow depth. The Domodossola series cover 1466 months (from 1872 it is the
91.2%), while the Druogno series started on 12th April 1989. Data from the
Druogno AWS, show how temperatures follow a trend typical of a low-mountain
location site, characterized by a mild winter (Tmin = −2.3 ◦C reached in Jan-
uary) and a lukewarm summer (Tmax = 25.0 ◦C reached in July). The highest
temperature (i.e. 36.0 ◦C) were recorded on 11th August 2003 and the lowest
ones (i.e. −15.0 ◦C) on 7th February 1991. In Figure 5.39, the rainfall trends
from the two stations, considering the different data time interval (18712016,
Domodossola and 19892016, Druogno), are reported. Rainfall at Druogno AWS
shows two peaks, one during spring and the other one during late autumn. The
mean annual rainfall is 1642.2 mm for the period 19892016. By means of the
Gaussen and Bagnouls diagram it is possible to affirm that Druogno does not suf-
fer drought periods. The Domodossola area reaches the maximum rainfall value
in October, well distinct from the close months (September and November). The
Domodossola annual rainfall is 1423 mm. The average snowfall on Domodossola
is progressively decreasing, and the average 1872−2010 is 68 cm/year.
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(a) (b)

Figure 5.39: Domodossola and Druogno monthly rainfall calculated over the entire
dataset at disposal.

The technique used to relate the precipitation with the slopes instability was
based on identifying some thresholds with the MAR index (see Section 4.5,
Eq. 4.36), even if the station used, Druogno and Domodossola, were sensibly far
from the three sites of the work (Figure 3.10). So the extreme, especially summer,
rain events could be not detected. Even though, the thresholds used are MAR
greater than 6%-10%. The complete list of the events is reported into Bollati et
al. (2018) (their Appendix 1A https://doi.org/10.1016/j.ecolind.2018.05.

053), and it shows that the number of overcoming events is 169 for Domodossola
and 49 for Druogno. Considering the common period between stations, not all the
events overcoming the threshold according to the Domodossola dataset appear in
the Druogno record (15.52%) and vice versa (44.83%). The remnant 39.65% are
the concordant events. The most of the over threshold events are between 6%
and 10% of MAR (85.80% Domodossola, 89.80% Druogno) and only a small part
exceeded the 10%.

Considering the 1900-2005 dendrochronological record is composed by 175
events and only the 20% is related with hydrogeological instability. Crossing the
climatological data with the hydrological instability record, it is possible to note
that the 92.90% of the Domodossola and 94.59% of Druogno events that overcome
the 6% MAR threshold, but stays below the 10%, were related. While the most
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intense event (MAR > 10%) did not correlate well with the hydrogeological
instability series.

In general, the analysed typology of hazardous events (i.e. mass wasting
processes) demonstrate to be common (85.80% for Domodossola and 89.80% for
Druogno AWS) under meteorological conditions when MAR overcoming is com-
prised between 6% and 10%. When climate, historical archives and tree rings
coincide, it means that instability affected certainly the studied area. When cli-
mate and historical archives are concordant but tree rings do not report any
disturbance, the hydrogeological instability should have affected different areas.
In particular, in this category, one of the most devastating hydrogeological in-
stability event is included: number 114 (Bollati et al., 2018, Appendix 1A) 7th

August 1978. This means what is aforementioned, that usually a hydrogeological
instability event is activated by a very local scale precipitation, that could be de-
tected with on-site measurements (and not 6 km far) or with a numerical model
run (in the past).

To detect some big events of hydrological instability it is important to know
the soil dynamics but also the relationship between precipitation and activation
thresholds. The most interesting thing is, doubtless, the forecast of those events,
especially in crowded areas.

5.4 Aosta Valley

The Aosta Valley study case is related to a collaboration with the Environmental
Protection Agency of Aosta Valley (ARPA VdA) for a Master Thesis work (Bon-
giovanni, 2019). The case study regards a previous study by Diémoz et al. (2019)
about three air pollution events. During the Master Thesis the high-resolution
WRF model was applied (Section 4.4.1), with the aim of detecting the wind cir-
culation and the specific humidity advection during those air pollution events. In
particular, the ARPA colleagues had detected three case studies: January 2015,
August 2015 and May 2017 when a strong advection from the Po plain brought
a high concentration of PM10 from the plain to Aosta.

The actual pollution prediction modelling chain is driven by the COSMO I2
model (http://www.cosmo-model.org) for the atmospheric part, and then the
FARM model (http://www.aria-net.it) on the flow predicted by the NWP
describes the spatial concentration variation of pollutants. The low resolution of
COSMO is a strong limitation, in fact it cannot describe properly the wind regime,
especially during night. The need of a high-resolution model that can properly
describe the valley topography and so the complete sets of wind is urgent. For
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this purpose, some WRF runs were performed over the Aosta Valley with different
configuration, from the most standard model (WRF at 1km of grid-spacing, and
simplest parameterisations) to the improved version (WRF at 0.5 km of grid-
spacing, and complex terrain enhanced parameterisations).

The comparison then was done on different weather stations and between
COSMO I2 and WRF. It is worth to say that the direct comparison between two
completely different numerical models is very challenging. First, COSMO model
is implemented and improved to forecast over the Alps, and after a decades of
tuning of the parameterisation, instead WRF is partially tuned and improved
during this study, but a better performance is not sure. After this foreword I will
show that WRF had a satisfying behaviour, and sometimes it reach very good
results against COSMO.

The most important variables that the meteorological model have to provide
to the pollution dispersion model are: wind speed and direction (mainly in wind
components u and v), temperature (potential temperature), surface pressure and
specific humidity. In particular, the specific humidity is considered a marking of
the air mass, in fact usually an air mass maintains its specific humidity constant,
and it changes only after turbulent mixing with neighbouring air parcels. For this
reasons the compared variables were temperature, wind components and specific
humidity.

The station considered were more than the ones showed in Figures 5.40 and
5.41, I considered also Aosta Airport (near Saint-Christophe), Donnas and Bard,
but the statistics (don’t showed here) was evaluated also on other twenty locations.
The greatest enhancements were obtained for the topography description and for
the wind patterns. Beside those, obviously, also the surface temperature changed,
consequently to the better description of the terrain shape. Such an example WRF
places Aosta airport at 539.8 m a.s.l. instead of 540 m a.s.l. while COSMO places
it at 1071 m a.s.l. The temperature, as shown in Figure 5.40 upper panel, was
underestimated by COSMO, because the altitude of the grid point is completely
wrong, while WRF catches the overall trend, with only some degrees of mismatch
in minimum and maximum values. The specific humidity was too much oscillating
in COSMO, while in WRF, especially between 26th and 30th August 2015, was
correctly forecasted.

Interesting were the resolved circulations inside the valley, hereafter I show
some cross-sections of the inner domain of WRF (0.5 km of grid spacing) for
the first 20 η-levels. Here (Figure 5.42) the interesting thing is that the model
was able to resolve the slope winds (yellow upslope on the south facing slope,
blue upslope on the north facing slope), moreover a layered structure with two
contrasting wind direction was visible, this structure was then destroyed with
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Figure 5.40: Aosta Saint-Christophe, nearest position to the weather station of the
Aosta airport. The temperature has a lag of some degrees due to the difference in
height between COSMO and the station. WRF correctly forecasted the temperature
maxima and minima, with only some discrepancies on 25th and 26th August 2015.
The specific humidity is much more similar to observations in WRF than COSMO.
Courtesy of Henri Diémoz.
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Figure 5.41: The valley at Saint-Christophe is East-West directed so the diurnal
breezes should be on the U component, and in fact they are. COSMO and WRF
are practically comparable. The V component is practically always around zero, with
some oscillations due to slope winds, sometimes correctly marked by WRF (i.e. evening
30-8-2015). Courtesy of Henri Diémoz.
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turbulent mixing during the next days.

Figure 5.42: A South-North cross-section above Saint-Christophe (Aosta), that is
located in the lower part at figure centre, on 27th August 2015 at 12 UTC. On the
right there is the North, on the left there is the South. Positive winds come from
south (yellow), negative winds come from north (blue). Here the slope winds are
clearly visible, with a main free-atmosphere wind from south.

In Figure 5.43 it is visible the higher values of specific humidity near the valley
floor, and it is also visible the recirculation (entrainment) of less moist air above
the valley. This could be related to the remnant valley jet (perpendicular to the
figure plane).

This was a first study that will be developed with the refinement of the WRF
model at high resolution. The main goals and limitations were:

1. The WRF at high resolution with the modification inserted (see Sect. 4.4.1),
was able to correctly depict the valley circulation, and the trend of T , u, v
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Figure 5.43: Identical cross-section of Figure 5.43, but with the shading that repre-
sent specific humidity. It is visible the higher specific humidity near the ground and
at the centre of the Aosta Valley.

and q.

2. WRF could depicts the lower layer circulation, following the main theory,
it should be tested with observations.

3. WRF enhances considerably the topography representation with respect to
COSMO.
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Chapter 6

General Discussion, Conclusions
and Future Perspectives

6.1 General discussion and final remarks

The studies conducted during my doctorate was finalised to better understand the
role of climatic and of meteorological conditions on the ongoing glacier foreland
changes.

The climatological studies over the Forni Glacier revealed that precipitations
over the area are not equally distributed, in fact a strong (winter) gradient was
found near the Ortles-Cevedale watershed. The low precipitation during winter
mean a low snow depth, and also a very scarce future maintenance of the glacier.
However, the in situ measurements revealed that the watershed was not in co-
incidence with the border between Lombardy and Trentino, but it is positioned
somewhere in the middle of the glacier, even though the climate model was not
completely able to locate it. In fact, from the climatological maps, compared with
its DEM it is clear that the model positioned the transition zone over the ridge
between Forni Valley and Sole Valley, so the overshooting of the precipitation
across the border was mainly (or totally) due to the smoothed DEM. Anyway the
precipitation is an important forcing factor for the glacier shrinkage (i.e. lack of
winter snow), for the activation of hydrological instability events (i.e. debris flow,
moraine degradation, mass wasting) and also for the glacier foreland colonisation
(i.e. summer water availability but also for sheet and rill erosion).

The long term trends into precipitations were not statistically significant. Over
the entire period the annual variation is slightly increasing, while the autumn-
winter season are decreasing. Considering the Forni area, this will be a serious
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problem for the conservation of the glacier.
The deeper, but concentrated in time, study on the meteorological conditions

for the Forni Glacier forelands, measured between the 28th August and the 11th

September 2017, confirm the mountain-valley breezes as expected from the theory
of valley winds, while the ultrasonic anemometer, that permitted the calculation
of sensible heat flux, showed a relatively low values during night. Lower values
of SH indicates that the layer of air, or the ground, below the instrument is
colder than aloft, and this could also indicate the presence of a cold advection
underneath the sonic anemometer. At Forni Glacier campaign 2017 the sonic
was mounted at roughly 3.5 metres from the ground, so the night-time cold air
advection layer was thinner than 3 metres. Moreover, this layer could indicate
the presence of the glacier katabatic wind, a cold wind that flow down from the
glacier surface and sweep the foreland. The observation of the actual presence of
this theorized phenomena is an interesting result for the colonisation dynamics
of the glacier upper-foreland. In fact, this cold wind could threaten the higher
plants (i.e. trees).

The support of the high-resolution WRF model for the horizontal and vertical
wind fields was valuable. However, the first level at 4.5 metres was not able to
resolve the too thin cold advection layer, even if it confirmed the general valley
circulation, and was able to fully revolve the inner valley mountain boundary
layer.

From the observations made during the two-week campaign and from the
numerical modelling, it was clear that the major components of wind were along-
valley; this was useful to appraised the influence of the wind on the plant-growth.
More in detail from the 2014 survey of the upper foreland, 15 young trees (spruces)
were identified and aged. During the survey many photos were collected of the
plants and their surroundings, and I was able to identify their level of sheltering
by huge stones. The oldest plants ranged between 5 to 8 years-old and they were
not sheltered, actually they were wind-exposed to both up and down-valley winds
and also to the glacier katabatic wind. The oldest spruce of the series was sur-
veyed at 75 metres from the glacier, and so excluding sheltering due to small hills
nearby (that was not possible to know), it tangled the already complex situation.
Meanwhile, considering all the other trees the overall trend was proportional with
the glacier distance.

Moreover, the performed analysis on climatic data has contributed to under-
stand the complex slope dynamics and hydrogeological instability processes, in
the Loana Valley and in Alpe Veglia. From the Loana Valley it was clear that an
analytical relationship between hydrological instability events and the precipita-
tion forcing exists, but many other variables have to be taken into account, such
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as the soil moisture, soil saturation, soil texture and lithology, slope inclination.
However, the precipitation forcing has to be known with a greater and greater
detail. Sparse weather stations, sometimes at several kilometres from the site are
not enough. The Loana study showed that with large scale events (i.e. winter or
spring warm fronts) the link was quite strong, while many big events but triggered
by very local precipitations could not be identified using a station-based analysis.
Similar to the Loana study case there was the San Domenico di Varzo landslide of
the 13th August 2019, that had blocked the route to Alpe Veglia. The rain gauges
at Alpe Veglia, Aurona detected only a part of this precipitation (22.6 mm 11th to
15th August), while the San Domenico rain gauge registered 73 mm with a peak
of 13 mm in 10 minutes. The distance between the two stations is 4.8 km. For
this reasons, the high-resolution WRF could help again because without a station
it can give a 0.5 km2 precipitation value.

The distinct works that I have done with the WRF and the turbulence mea-
surements in complex terrain, fits with the previous work described until now. In
fact, the turbulence measurements are useful to both understand the mountain
boundary layer (physics of the atmosphere aim), to validate the ABL schemes
inside numerical models (NWP enhancement aim) and at the end have a useful
toolbox for the environment analysis (i.e. hydrological instability, risks and vul-
nerability management). For appreciate the turbulent data a trustworthy analysis
method is necessary and from my work it emerged that the DR and TR could
be both useful in complex terrain, while PF is trickier, and also the blamed TR
could turn useful in low wind conditions, while with high wind speed it reduced
to the most used DR.

In conclusion the bet that I started at the beginning of the doctorate is par-
tially win, in fact, I deepened my knowledge with different tools (climatological
models, NWP models, field experience) directly applied to the mountain environ-
ment, and I tried to relate all the parts of this complex system. The final results
of my doctorate surely help to deep the knowledge on the complex dynamics of
natural processes and on the feedbacks between biotic and abiotic systems to the
climate change. At the end the refined knowledge (and even the NWP at high
resolution) could really help to have a safe fruition of mountain area by tourists,
hikers, mountaineers and also by shepherds and local businessmen.
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6.2 Future perspectives

The future works that naturally follows this doctorate could be summarized into
some key points:

• Alpe Veglia revealed as a very interesting complex terrain mountain site, in
fact the Veglia plain meteorological behaviour, internal circulation and mi-
croclimate showed a particular trend that is de-coupled from some kilometre
far (i.e. Varzo or Domodossola). Moreover, it presents many of the char-
acteristics of the high mountain changing environments: the upper Aurona
Valley is comparable to the Forni Glacier Foreland (with a small glacier),
while the lower Alpe Veglia plain is a characterised by a well-developed en-
vironment. The main ongoing and future works are related to the analysis
of the last part of the turbulence data, with a similarity scaling approach.
Moreover, it could be useful to combine the WRF model at high resolu-
tion and use the in-situ dataset to validate it. The validation could consist
both the turbulence forecasting (SH and other micrometeorological vari-
ables), precipitation, radiation, wind and temperature. Furthermore, it is
interesting to deeply investigate the triggering thresholds for hydrological
instability events in order to look for analytical formulas that could be used
also by operational NWP forecasts.

• WRF model: from my last doctorate conference (ICAM 2019), I learned
many things on high resolution modelling over complex terrain, some of
these innovations made by other groups could be implemented into the
WRF that I proposed here and tested on some interesting cases with Alpe
Veglia site data.

• The WRF testing over the Aosta Valley in collaboration with the ARPA
Valle dAosta could be continued, with the main aim of use it as a trustwor-
thy wind and humidity predictor for the pollutant dispersion models, other
application of the same WRF setting are related to the cloud cover and the
UV radiation.

As it is possible to understand the mountain environment could be thoroughly
studied, and focusing on the application of the atmospheric sciences and the
geomorphological studies, it is possible to better understand the relationships
and the feedbacks of the natural system. In particular, during my doctorate I
was able to explore different topics all related with the mountain environment. I
tried to collect different data, some directly (the field campaigns), some indirectly
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(with the work of decades of meteorologists for the climatological data, and the
field work of years of the dendrogeomorphology group), I analysed them and I
create a new optimised version of a NWP model that I tested with observations.
The products try to answer to some open questions, that have been only partly
solved, and that hopefully could be solved starting from my findings; however the
multidisciplinary approach is needed and a synergy between the different research
areas should continue.
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Richard D, Vengeon JM, Giraud G, Schoeneich P (2015) Climate change and
natural hazards in the Alps: Observed and potential impacts on physical and so-
cioeconomic systems. Journal of Alpine Research, Revue de Géographie Alpine
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In this appendix I collect the preprint of my published articles: Golzio et al.
(2018), Bollati et al. (2018) and Golzio et al. (2019) and the last submitted to
Boundary-Layer Meteorology.
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Mountain environments are extremely influenced by climate change but are also often affected by the lack of long and high-quality
meteorological data, especially in glaciated areas, which limits the ability to investigate the acting processes at local scale. For this
reason, we checked a method to reconstruct high-resolution spatial distribution and temporal evolution of precipitation.The study
area is centred on the Forni Glacier area (Central Italian Alps), where an automatic weather station is present since 2005. We set up
a model based on monthly homogenised precipitation series and we spatialised climatologies and anomalies on a 30-arc-second-
resolutionDEM, using LocalWeighted Linear Regression (LWLR) and RegressionKriging (RK) of precipitation versus elevation, in
order to test themost suitable approach for this complex terrain area.The comparison shows that LWLR has a better reconstruction
ability for winter while RK slightly prevails during summer. The results of precipitation spatialisation were compared with station
observations and with data collected at the weather station on Forni Glacier, which were not used to calibrate the model. A very
good agreement between observed and modelled precipitation records was pointed out for most station sites. The agreement is
lower, but encouraging, for Forni Glacier station data.

1. Introduction

Responses of the mountain environment to climate change
represent one of the most studied topics in recent years [1–
3]. The evident and fast landscape modifications occurring
in the last decades testify the vulnerability of mountain areas
to climate change (e.g., [4]). At higher altitudes cryosphere is
shrinking and in the last 60 years Italian Alpine glaciers have
lost about 30% of their volume [5], with a huge reduction of
glacier surfaces [6] and a progressive widening of proglacial
areas, which lead to new colonisation of glacier forelands
[7, 8] and debris covered surfaces by vegetation [9–11] and
animals [12, 13]. Such geomorphological changes involve not
only the abiotic and biotic components but also the landscape
fruition as theymodify the local geoheritage [14], geodiversity
[15], hazard, and risk scenarios [16–18].

As glacial and geomorphological processes are strictly
climate related, accurate reconstruction and analysis of

present and past climatic conditions are crucial. Qualitative
reconstruction of the past climatic characteristics over long
time scales is possible thanks to geomorphological and
biological paleoclimatic indicators (e.g., typical features of
glacial and periglacial environment, debris covered glaciers
and rock glaciers, tree remnants under glacial deposits, and
pollens) [19–22]. Quantitative reconstructions, instead, come
fromdendroclimatic analysis [23–25] or frommeteorological
observations that in Italy began to be collected regularly in the
last decades of the XVIII century [26]. The longest records
of meteorological data are however generally available for
anthropized areas (in Italy they concern Milan, Padua, and
Turin), with some excellences in high mountain environ-
ment, such as Capanna Margherita (Punta Gnifetti 4554m,
since 1899), Sonnblick (Austria, 3106m, since 1886), and
Jungfraujoch (Switzerland, 3466m, since 1930). In the last
decades many automatic weather stations (AWS) have been
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A B S T R A C T

Mountain areas are characterized by geomorphic processes, especially mass wasting and avalanches, which may
impact the landscape affecting also the biological component, trees included. If sites colonized by trees are char-
acterized by geomorphic features with a high Global and Scientific Value, including Representativeness of geomor-
phological processes, Educational Exemplarity, and Integrity, they can be considered geomorphosites. In the frame-
work of assessment of the Scientific Value of geomorphosites, Ecological Support Role is of great importance. Hence,
tree rings derived information can be used as indicators to refine the Scientific Value of the sites and also to pro-
pose multidisciplinary approaches to understand landscape dynamics. In fact, trees colonizing sites of geomor-
phological interest are used for detecting past and present events and tree rings may be considered ecological
indicators under different points of view. Arboreal vegetation can register growth disturbances in terms of mor-
phological features, at macro- (particular morphologies of trunks) and micro-scale (annual growth rings, stress
indicators like compression wood, traumatic resin ducts), becoming a powerful indicator of the geomorphic ac-
tivity affecting the landscape. In some cases, combined with other techniques like climate data analysis, they
may allow refining the often lacunose historical records of geomorphic events impacting different territories. The
integrated analysis carried out in the Loana Valley (Sesia Val Grande Geopark, Western Italian Alps), considering
a selection of geomorphosites affected by mass wasting processes and avalanches and located along a touristic
trail, allow to detect which meteorological thresholds favour hydrogeological instability (i.e. overcome of Mean
Annual Rainfalls of 6–10%). Tree rings data coming from the investigated sites provided information on the re-
currence of geomorphic activity allowing filling gaps within the historical archives by individuating years during
which hydrogeological or snow-related events probably occurred and that were missed (i.e. 1986, 1989, 2001,
2007), and providing details on sites for which temporal constraints had not been found before (i.e. Pizzo Stagno
Complex System). Finally, investigated sites demonstrated to differently record the history of instability affect-
ing the area and this difference is mirrored in the sites values that are adopted in the framework of geoheritage
analysis (Scientific Value, Ecological Support Role and Educational Exemplarity). The proposed multidisciplinary ap-
proach, including geomorphology, dendrogeomorphology and climatology, represents, hence, a useful tool in
geoheritage valorisation and management strategies.

1. Introduction

Geomorphic processes, as well known, can represent hazard and
risk for people, including both residents and users (e.g. tourism), and
also for cultural and natural heritage (Cendrero and Panizza, 1999).
According to Panizza and Piacente (2003), natural heritage includes
geoheritage (sensu Osborne, 2000), which consists of ecosystem abi-
otic components at different spatial scale, from rocky outcrops to land-
scapes. Great attention is nowadays paid to landforms and geomor-
phological sites most representative of active geomorphic processes,

(Reynard et al., 2007; Pelfini and Bollati, 2014) which are responsible
for hazards. When such geomorphological evidences are characterized
by specific attributes (Scientific, Additional, Global Values and Potential
for Use; see a review in Brilha, 2016), they can be considered geomor-
phosites (sensu Panizza, 2001), or more precisely active geomorphosites
or evolving passive geomorphosites (sensu Pelfini and Bollati, 2014). In
this sense, mountain geomorphosites, particularly sensitive to climate
change, represent a key-category (Giardino and Mortara, 1999; Bollati
et al., 2016; Reynard and Coratza, 2016; Bollati et al., 2017a,b).

The ecological meaning of geomorphosites is of a great interest
both for the specificity of endemic flora associated to specific geologic
bedrocks and for the meaning of geomorphosites in environmental re
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Abstract: The measurement of turbulent fluxes in the atmospheric boundary layer is usually
performed using fast anemometers and the Eddy Covariance technique. This method has been
applied here and investigated in a complex mountainous terrain. A field campaign has recently
been conducted at Alpe Veglia (the Central-Western Italian Alps, 1746 m a.s.l.) where both standard
and micrometeorological data were collected. The measured values obtained from an ultrasonic
anemometer were analysed using a filtering procedure and three different coordinate rotation
procedures: Double (DR), Triple Rotation (TR) and Planar Fit (PF) on moving temporal windows of
30 and 60 min. A quality assessment was performed on the sensible heat and momentum fluxes and
the results show that the measured turbulent fluxes at Alpe Veglia were of a medium-high quality
level and rarely passed the stationary flow test. A comparison of the three coordinate procedures,
using quality assessment and sensible heat flux standard deviations, revealed that DR and TR were
comparable, with significant differences, mainly under low-wind conditions. The PF method failed
to satisfy the physical requirement for the multiple planarity of the flow, due to the complexity of the
mountainous terrain.

Keywords: coordinate rotation methods; sonic anemometers; turbulence; boundary layer; complex
mountainous terrain; sensible heat flux; quality assessment; Veglia–Devero natural park

1. Introduction

High mountain environments are rapidly changing as a result of the ongoing climate changes,
which are quickly modifying not only landscapes but also ecological components, such as vegetation,
including flora and fauna, as well as human fruition and geoheritage [1]. In mountain areas, glacier
shrinkage is accompanied by a widening of the proglacial areas ([2] and reference herein), while some
debris-free glaciers are transforming into debris covered ones and a transition is occurring from glacial
to paraglacial systems [3]. Debris covered glaciers are progressively being colonized by supraglacial
grass, shrubs and trees [4] and new biological successions are emerging [5].

The nearest atmospheric layer to the surface is the Atmospheric Boundary Layer (ABL),
where exchanges of momentum, mass and energy with the surface take place. Its structure is more
complex in mountain environments than over flat, horizontal and homogeneous terrains and it has a
multi-layered configuration due to transport processes, which interact at different spatial and temporal
scales. In mountain environments, some authors have defined a specific ABL as a Mountain Boundary
Layer (MBL) [6].

Atmosphere 2019, 10, 324; doi:10.3390/atmos10060324 www.mdpi.com/journal/atmosphere
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Abstract Weather forecasts over mountainous territories are challenging, due9

to the complexities of topography that is necessarily smoothed by actual local10

area models. Complex mountainous territories are very diffuse all around the11

world, especially in mountain chains as the European Alps. Thus the impor-12

tance of accurate forecasts and the numerical resolution of interaction between13

the surface and the atmospheric boundary layer is crucial. An assessment14

of Weather Research and Forecasting model (WRF) with two different grid-15

spacing (1 km and 0.5 km), using two topography datasets (NASA SRTM16

and GMTED2010 digital elevation models) and four land-cover description17

datasets (Corine Land Cover, USGS, MODIS30 and MODIS15) was done.18

WRF was tested on the Ortles Cevadale region in Rhaetian Alps (Central19

Italian Alps), focusing on the upper Forni Glacier proglacial area, where a mi-20

crometeorological station operated from 28th August to 11th September, 2017.21

This station was designated to investigate turbulent fluxes and wind patterns22

of the latest deglaciated landscape, where a new colonisation by grass, shrubs23

and trees is acting. The output simulations were compared with observation24
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Appendix B

Congress Abstracts

During the doctorate I participate to five congress, hereafter I reports the Ab-
stracts (not formatted).

B.1 AISAM 2018 High resolution WRF over

mountainous complex terrain: validation

over the Ortles Cevedale area (Central Ital-

ian Alps)

Alessio, GOLZIO1,*, Silvia, FERRARESE2, Manuela, PELFINI1

1,* corresponding author: Università degli studi di Milano, Dipartimento di Sci-
enze Della Terra “A. Desio”; alessio.golzio@unimi.it

2 Università degli Studi di Torino, Dipartimento di Fisica

Weather forecasts over mountainous terrain are challenging, in fact the com-
plexities of mountain topography are necessarily smoothed by the coarser grid of
actual local area models and the interaction between the ground and the atmo-
sphere is parameterized. Furthermore, complex terrain areas are very diffuse in
northern Italy, and they are crowded of tourist and local business. The impor-
tance of accurate forecast and the numerical resolution of interaction between the
surface and, in particular, the boundary layer (BL) is crucial.

An improvement of Weather Research and Forecasting (WRF 3.8.1) numerical
model with a finer topography (NASA SRTM digital elevation model) and finer
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land use (LU) description (Corine Land Cover 2012), respectively with 90 and 100
metres of horizontal resolution, had permitted to enhance the model resolution
from 1 km, with the built-in datasets, up to 500 metres.

WRF were tested over the Ortles Cevadale chain in Rhaetian Alps, focusing
over the Forni Glacier foreland, where a micrometeorological station operated
(AWS MiTo) from the 28th of August to the 11th of September 2017. This station,
equipped with a sonic anemometer, was designate to investigate turbulent fluxes
and the wind patterns of a near-glacier area, where the colonisation by arboreal
species is acting. The model where compared with those data, and with other four
weather stations: on the glacier tongue, Bormio (Lombardy side), Solda (Sdtirol
side) and Careser dam (Trentino side). The validation variables are: temperature
at 2 metres, wind speed and direction, and turbulent fluxes at AWS MiTo.

Three different set-up of WRF were compared: two at maximum resolution
allowed, one with USGS LU and another with MODIS LU, the last version is
with SRTM and CLC data at 500 m. The results demonstrate that the higher
resolution can better describe the complexities and the interaction between ground
and BL, with an enhancement of 20% on variables accuracy.
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B.2 EGU 2019 Micrometeorology and tree re-

colonization in glacier forelands:

Forni Glacier campaign 2017

(Central Italian Alps)

Alessio, GOLZIO1 and Manuela, PELFINI1

1,* corresponding author: Università degli studi di Milano, Dipartimento di Scienze
Della Terra “A. Desio”; alessio.golzio@unimi.it

The Alpine environment is rapidly changing under the current climate change.
Fast modifications affect landscape evolution, surface processes and the ecological
component, and involve as well human activities. The dynamics of the biological
component, especially in the most sensitive areas as glacier forelands, are strictly
related to weather conditions.

In this study we focused on the interactions between the valley glacier re-
treat (and consequently the glacier foreland widening) linked with the new tree
recolonization and the atmospheric boundary layer characteristics and dynamics.
Changes from glacial to paraglacial and periglacial conditions continuously modify
the boundary-layer conditions, and the local wind valley circulation. Tree colo-
nization (ecesis) is accelerating and ecesis time is reducing. Nevertheless saples
and young trees are able to germinate, but often suffer in the first growth years.
First investigations have been carried out in order to analyze during a short cam-
paign forcing factors and feedbacks. During late summer 2017, from 28th August
to 11th September a micrometeorological campaign was set-up at Forni Glacier
foreland (Central Italian Alps), in particular we measured the wind pattern and
we tried to relate the cold katabatic wind from the glacier to the distribution of
new-germinated trees.

The weather station measured temperature, wind speed and direction with a
cup anemometer and heat fluxes through a sonic anemometer at 3 m above the
ground. In late summer time the glacier has relatively weak katabatic wind caused
by a lower albedo (no snow left on glacier tongue), the wind patterns follow the
valley wind regime, and a slightly more negative sensible heat flux than expected
was measured during night-time.

Past studies on conifers germination and growth in the Forni glacier foreland
observed that frequently trees survived only few years after their emergence from
their stone-shelter, and their complete exposition to weather conditions. With this
campaign, we investigate the possible relationship between young trees growth
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and micrometeorological variables, such as sensible heat flux, momentum fluxes
and the general wind circulation near the glacier.
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B.3 AIGEO 2019 Micrometeorology and tree re-

colonisation in glacier forelands:

Forni Glacier Campaign 2017

(Central Italian Alps)

Alessio, GOLZIO1,*, Roberto Sergio, AZZONI2, Manuela, PELFINI1

1,* corresponding author: Università degli studi di Milano, Dipartimento di Sci-
enze Della Terra “A. Desio”; alessio.golzio@unimi.it

2 Università degli Studi di Milano, Dipartimento di Scienze e Politiche Ambientali

Weather conditions are strictly related with the dynamic and the evolution of
biological component, especially in the most sensitive areas as glacier forelands.
Furthermore, here, the effect of the climate is more intense and fast modifications
affect landscape evolution and surface processes.

In this study we focused on the interactions between the glacier retreat (and
consequently the glacier foreland widening) linked with the new tree recoloniza-
tion and the atmospheric boundary layer characteristics and dynamics. Changes
from glacial to paraglacial and periglacial conditions continuously modify the
boundary-layer conditions and the local wind valley circulation, widely affecting
the ability of seeds to germinate and young trees to grow.

During summer 2017 a micrometeorological campaign was set-up at Forni
Glacier foreland (Central Italian Alps) in order to measure the wind pattern and
to relate the cold katabatic wind from the glacier to the distribution of new-
germinated trees. Information about the position, age and species of each tree on
the upper foreland of Forni Glacier are collected in a previous field campaign. We
observe that frequently tree survived only few years after their emergence from
their stone-shelter, and their complete exposition to weather conditions. With
the second meteorological campaign we tried to relate those data, and investi-
gate if a relationship exists between conifers germination and growth and the
micrometeorological forcing.
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B.4 ICAM 2019 High resolution WRF over

mountainous complex terrain: a case-study

over the Ortles Cevedale area (Central Ital-

ian Alps)

Alessio, GOLZIO1,*, Silvia, FERRARESE2, Manuela, PELFINI1

1,* corresponding author: Università degli studi di Milano, Dipartimento di Sci-
enze Della Terra “A. Desio”; alessio.golzio@unimi.it

2 Università degli Studi di Torino, Dipartimento di Fisica

Weather forecasts over mountainous terrain are challenging, in fact the com-
plexities of mountain topography are necessarily smoothed by the coarser grid of
actual local area models and the interaction between the ground and the atmo-
sphere is parameterized. Accurate forecast and numerical resolution of interaction
between the surface and, in particular, the boundary layer (BL) is crucial and it
is important because complex terrain areas are very diffuse in northern Italy, and
they are crowded of tourist and local business.

An improvement of Weather Research and Forecasting (WRF 3.9.1) numer-
ical model with a finer topography (NASA SRTM digital elevation model) and
finer land use (LU) description (Corine Land Cover 2012), respectively with 90
and 100 metres of horizontal resolution, had permitted to enhance the model grid
spacing from 1 km, with the built-in datasets, up to 500 metres. This set-up
has 44 vertical levels, with the first two levels lying close to the ground at about
5 and 17 metres. Thus it was possible to test WRF with in-situ measurements
over the Ortles Cevedale chain in Rhaetian Alps, focusing over the Forni Glacier
foreland. Testing was done both with standard instruments at four weather sta-
tions surrounding the area (on Forni Glacier tongue, Bormio, Solda, Careser dam)
and with a micrometeorological station (AWS MiTo) operated from 28th August
to 11th September 2017. This station, equipped with a sonic anemometer, was
designate to investigate turbulent fluxes and the wind patterns of a near-glacier
area, where the colonisation by arboreal species is acting.

Three different set-up of WRF were compared at two maximum resolutions of
1 km and 0.5 km; differences lays on land-use and topography fields. The control
topography was GMTED2010 (30) and the land-use were MODIS and USGS. The
results are presented and discussed.
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Posters

In this appendix the conference poster that I presented are collected.
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Figure C.1: Alpine Glaciological Meeting, 2-4 February 2017, Zurich (CH).
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Figure C.2: National Conference of the Italian Association for Atmospheric Sciences
and Meteorology, 10-13 September 2018, Bologna (IT).
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Figure C.3: European Geophysical Union General Assembly 2019, 7-12 April 2019,
Vienna (A).
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Figure C.4: VIII International Young Geomorphologist’ Days, 26-28 June 2019,
Milano-Courmayeur (IT).
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Figure C.5: International Conference on Alpine Meteorology, 2-6 September 2019,
Riva del Garda (IT).
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Figure C.6: This poster written in english and italian was placed at the entrance of
Alpe Veglia, and describes the ongoing work in the Alpe Veglia plain with the SAV
station.
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Appendix D

Ultrasonic Anemometer
Operating Principle

Principle of the Sonic Anemometer

The sonic anemometer mounted at SAV and AWS MiTo has three sonic path
not orthogonally placed, but with an angle of 45◦ from the main pole, with a
non-crossing path (see Figure D.1).

The sonic anemometer measures wind components from the transit times of
the acoustic signals travelling between the transducers in both directions, the
theory of measuring wind components by sound mean dates back (Schotland,
1955), where he theorised the possibility of measuring wind velocity by sound
wave propagation perturbation. The first use of sonics dates back to middle
XX century, Kaimal and Businger (1963) described an experimental instrument
composed by one vertical sound path of about 1 metre. This was one of the first
experiments with those new equipments. The importance and the applications of
sonic anemometer developed especially in 1980s and 1990s, and nowadays it is a
key instrument not only for micrometeorological applications.

In our case the instrument measures 3 non-orthogonal component, and then
with a rotation matrix it creates the three Cartesian wind components according
to the reference system chosen by the constructor.

The measurement is in two steps: in the first one the signal travels from
transducer “A” to “B” (Fig. D.2), where A is the emitter and B is the receiver;
in the second step emitter and receiver are exchanged and the ultrasonic impulse
travels in the opposite direction. In Figure D.2 it is possible to see how the
wind velocity affects and deviates the sound wave path, and knowing the distance
between the two transducers is possible to calculate the velocity Vd along the
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Figure D.1: Gill Solent R2 Research ultrasonic anemometer mounted at the top SAV
station, it is also visible the inclinometers plate, the radiometer, cup anemometer and
wind vane.

transducers path.
The two time equation of the sonic anemometer (one component) are:

d = t1(cd + Vd) (D.1)

d = t2(cd − Vd) (D.2)

where d is the distance between the transducers and (D.1) is for the first impulse
and (D.2) is for the second impulse (see Fig.D.2), clearly the assumption that the

wind vector ~V is constant in the time step t1 + t2, has to be made. The velocity
of sound has to be found for measuring the sonic temperature, I will do it later,
but from these equations it is simple to find the velocity of the wind, because the
distance is known and the travelling time is directly measured. Then

Vd =
d

2

(
1

t1
− 1

t2

)
(D.3)

The crosswind component Vn is affected by the knowledge of the sound speed,
and the sound is a pressure wave, propagating in the air-mean. Since the sound
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Figure D.2: Schematic of one couple of transducers of a generic sonic anemometer.
The wind vector ~V modifies the path of sound waves, and so the fly-time change.
Redrawn by the author, Kaimal and Finnigan (1994)

speed ~c is directly connected with the air pressure, density (temperature) and
the air moisture, it is possible to calculate (Schotanus et al., 1983) the sonic
temperature. Similarly to Equation (D.3) it is possible to write

cd =
d

2

(
1

t1
+

1

t2

)
(D.4)

the sound wave is a perturbation in the air-mean, and it propagates at sound
speed ~c, that depends on the properties of the fluid. In this case density and
pressure are related in this way

d p = −ρ~c d~c, (D.5)

with the continuity equation is obtained

d ρ

ρ
= −d~c

~c
(D.6)

combining with the Equation (D.5) of the sound propagation

d p

d ρ
= c2 (D.7)
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now using the state equation for a perfect gas, and coefficients for dry and moist
air it is possible to write1

c2 = γRT (1 + 0.51q) (D.8)

where γR = 403 m2 s−2 K−1 and q is the specific humidity.
From Eq. (D.8) it is possible to see the relation between sound speed and

temperature, then using the (D.4) and the time lag is possible to find the sonic
temperature2

Ts =
d2

4γR

(
1

t1
+

1

t2

)2

, (D.9)

that is the sonic temperature on-field calculated by the instrument.

1The state equation for perfect gas states p = ρR∗T , then the propagation of the sound wave
is an adiabatic process p = kργ where γ = cp/cv with cp,v specific heat at constant pressure or

volume. Substituting ρ after derivation in (D.7), the result is c2 = d p
d ρ = γkργ−1 = γ pρ = γR∗T .

2I have to recall that the sonic temperature Ts = c2/γR is different form the real air tem-
perature, later we will see that, in order to obtain the air temperature, the sonic one has to be
corrected for humidity and crosswind components.
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Appendix E

WRF supplementary material

Here I report some supplementary material of the WRF setup.

E.1 Land Use categories comparison

In this section the complete land-use comparison tables are presented, the results
are reported in Sect. 5.1.3. Tables E.1, E.2, E.3 and E.4.
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Table E.1: Land-use classes correspondences after Pineda et al. (2004) about the
inner domain d03. In this study was considered also the land-use table Modified
MODIS with 21 classes, that is the default for WRF 3.9.1. NRC stays for “Not
Represented Classes”, between MODIS-USGS and CLC.

CORINE LAND COVER 2012 (CLC)
N. CLC Category description N. of tiles Area (km2) % of domain

1 - 11 Urban 120 30.00 0.83%
12 Non-irrigated arable land 71 17.75 0.49%
13 Permanently irragated land 0 0.00 0.00%
14 Rice fields 0 0.00 0.00%
15 Vineyards 20 5.00 0.14%
16 Fruit trees and berry plantations 165 41.25 1.15%
17 Olive groves 0 0.00 0.00%
18 Pastures 448 112.00 3.11%
19 Annual crops associated 0 0.00 0.00%

with permanent crops
20 Complex cultivation patterns 58 14.50 0.40%
21 Land principally occupied 223 55.75 1.55%

by agriculture, with significant
area of natural vegetation

22 Agro-forestry areas 0 0.00 0.00%
23 Broad-leaved forest 156 39.00 1.08%
24 Coniferous forest 4550 1137.50 31.60%
25 Mixed forest 237 59.25 1.65%
26 Natural grasslands 1736 434.00 12.06%
27 Moors and heathland 424 106.00 2.94%
28 Sclerophyllous vegetation 1 0.25 0.01%
29 Transitional woodland-shrub 835 208.75 5.80%
30 Beaches, dunes, sands 0 0.00 0.00%
31 Bare rocks 3186 796.50 22.12%
32 Sparsely vegetated areas 1668 417.00 11.58%
33 Burnt areas 0 0.00 0.00%
34 Glaciers and perpetual snow 462 115.50 3.21%

35 - 38 Inland marshes, peat bogs, salines 4 1.00 0.03%
39 Intertidal flats 0 0.00 0.00%

40 - 43 Inland water bodies 36 9.00 0.25%
44 Sea and Ocean 0 0.00 0.00%

Total 14400 3600.00 100.00%
NRC None 0 0.00 0.00%
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Table E.2: Land-use classes correspondences after Pineda et al. (2004) about the
inner domain d03. This table represents the correspondences between the land-cover
used (CLC) and the most used, USGS. NRC stays for “Not Represented Classes”,
between USGS and CLC.
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Table E.3: Land-use classes correspondences after Pineda et al. (2004) about the
inner domain d03. This table represents the correspondences between the land-cover
used (CLC) and the default one, MODIS30. NRC stays for “Not Represented Classes”,
between MODIS30 and CLC.
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Table E.4: Land-use classes correspondences after Pineda et al. (2004) about the
inner domain d03. This table represents the correspondences between the land-cover
used (CLC) and the MODIS15. NRC stays for “Not Represented Classes”, between
MODIS15 and CLC.

MODIS15

N. CLC N. MODIS Category description N. of tiles Area (km2) % of domain

1 - 11 13 Urban and built-up 30 7.50 0.21%
12, 18 12 Croplands 93 177.00 0.65%
13 - 17 -
19 - 22 -

23 4 Deciduous broadleaf for-
est

39 9.75 0.27%

24 1 Evergreen needleleaf for-
est

2401 600.25 16.67%

25 5 Mixed forest 2904 726.00 20.17%
26 10 Grasslands 7047 1761.76 48.94%

27 - 29 7 Open shrublands 316 79.00 2.19%
30 - 33 16 Barren or sparsely vege-

tated
139 34.75 0.97%

34 15 Snow and ice 577 144.25 4.01%
35 - 39 11 Permanent wetlands 5 1.25 0.03%
40 - 44 17 Water bodies 173 43.25 1.20%

Total 13724 3431.00 95.31%
NRC 9 2,3,6,8,9,14,18-20 676 169.00 4.69%
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E.2 Temperature comparison

Here the temperature comparison between the observation and the WRF model
forecast are reported. The list and position of the station is reported in Table 4.5,
the general discussion is in Section 5.1.3.

Hereafter it is possible to see temperatures at Figures E.1, E.2, E.3 and wind
at Figures E.5, E.6. These are the outputs of WRF500-CLC.

Figure E.1: AWS1 Forni mean temperature, the solid bold blue line are the observa-
tions, red solid fine line is the nearest grid point to the station and the other dashed
lines are the eight nearest neighbours to the first one.
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Figure E.2: Bormio CNSAS weather station temperature comparison. The data for
this station started only on the 31st August, the colours are the same as Figure E.1.

Figure E.3: Careser dam weather station temperature comparison. The colours are
the same as Figure E.1.
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Figure E.4: Solda weather station temperature comparison. The colours are the
same as Figure E.1.

E.3 Wind comparison

Wind comparisons for Bormio and Careser stations, the main comments are in
Section 5.1.3.
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Figure E.5: The predicted (WRF) and observed (Real) wind speed and direction at
Bormio CNSAS station.
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Figure E.6: The predicted (WRF) and observed (Real) wind speed and direction at
Careser dam station.
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Appendix F

Programs and Scripts

This appendix is a collection of the programs, part of programs, tables that I used
or modified for my PhD

F.1 WRF scripts and tables

F.1.1 GEOGRID.TBL

Geogrid table for WPS.

1 # See options.txt for a (somewhat up to date) list of the

2 # options that may be specified here.

3 # Last update: 2018.10.17 by Alessio Golzio

4 ===============================

5 name = HGT_M

6 priority = 1

7 dest_type = continuous

8 smooth_option = smth -desmth_special; smooth_passes =1

9 fill_missing =0.

10 interp_option = ASTER:average_gcell (4.0)+four_pt+average_4pt

11 interp_option = SRTM:average_gcell (4.0)+four_pt+average_4pt

12 interp_option = gmted2010_30s:average_gcell (4.0)+four_pt+average_4pt

13 interp_option = gtopo_30s:average_gcell (4.0)+four_pt+average_4pt

14 interp_option = gtopo_2m:four_pt

15 interp_option = gtopo_5m:four_pt

16 interp_option = gtopo_10m:four_pt

17 interp_option = default:average_gcell (4.0)+four_pt+average_4pt

18 rel_path = ASTER:topo_ASTER/

19 rel_path = SRTM:europe/topo_SRTM/ #

In cartella EUROPE

20 rel_path = gmted2010_30s:topo_gmted2010_30s/

21 rel_path = gtopo_30s:topo_30s/

22 rel_path = gtopo_2m:topo_2m/

23 rel_path = gtopo_5m:topo_5m/

24 rel_path = gtopo_10m:topo_10m/

25 rel_path = default:topo_gmted2010_30s/
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26 ===============================

27 name=LANDUSEF

28 priority =1

29 dest_type=categorical

30 z_dim_name=land_cat

31 dominant = LU_INDEX

32 landmask_water = nlcd2006_9s :17 # Calculate a landmask from

this field

33 landmask_water =nlcd2006_30s :17 # Calculate a landmask from

this field

34 landmask_water = nlcd2011_9s :17 # Calculate a landmask from

this field

35 landmask_water = nlcd2006 :17 # Calculate a landmask from

this field

36 landmask_water = ssib_10m :16 # Calculate a landmask from

this field

37 landmask_water = ssib_5m :16 # Calculate a landmask from

this field

38 landmask_water = modis_15s :17 # Calculate a landmask from

this field

39 landmask_water = modis_30s :17 # Calculate a landmask from

this field

40 landmask_water = usgs_30s :16 # Calculate a landmask from

this field

41 landmask_water = usgs_lakes :16,28 # Calculate a landmask from

this field

42 landmask_water = modis_lakes :17 ,21 # Calculate a landmask from

this field

43 landmask_water = usgs_2m :16 # Calculate a landmask from

this field

44 landmask_water = usgs_5m :16 # Calculate a landmask from

this field

45 landmask_water = usgs_10m :16 # Calculate a landmask from

this field

46 landmask_water = corine_3s :40,41,42 ,43,44 # Calculate a landmask from

this field

47 landmask_water = default :17,21 # Calculate a landmask from

this field

48 interp_option = nlcd2006_9s:average_gcell (0.0)

49 interp_option =nlcd2006_30s:average_gcell (0.0)

50 interp_option = nlcd2011_9s:average_gcell (0.0)

51 interp_option = nlcd2006:nearest_neighbor

52 interp_option = ssib_10m:four_pt

53 interp_option = ssib_5m:four_pt

54 interp_option = modis_15s:nearest_neighbor

55 interp_option = modis_30s:nearest_neighbor

56 interp_option = usgs_30s:nearest_neighbor

57 interp_option = usgs_lakes:nearest_neighbor

58 interp_option = modis_lakes:nearest_neighbor

59 interp_option = usgs_2m:four_pt

60 interp_option = usgs_5m:four_pt

61 interp_option = usgs_10m:four_pt

62 interp_option = corine_3s:average_gcell (4.0)+wt_average_4pt

63 interp_option = default:nearest_neighbor

64 rel_path = nlcd2006_9s:nlcd2006_ll_9s/

65 rel_path =nlcd2006_30s:nlcd2006_ll_30s/

66 rel_path = nlcd2011_9s:nlcd2011_ll_9s/

67 rel_path = nlcd2006:nlcd2006_ll_30s/

68 rel_path = ssib_10m:ssib_landuse_10m/
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69 rel_path = ssib_5m:ssib_landuse_5m/

70 rel_path = modis_15s:modis_landuse_20class_15s/

71 rel_path = modis_30s:modis_landuse_20class_30s/

72 rel_path = usgs_30s:landuse_30s/

73 rel_path = usgs_lakes:landuse_30s_with_lakes/

74 rel_path = modis_lakes:modis_landuse_21class_30s/

75 rel_path = usgs_2m:landuse_2m/

76 rel_path = usgs_5m:landuse_5m/

77 rel_path = usgs_10m:landuse_10m/

78 rel_path = corine_3s:europe/corine_landuse_3s/

#In Cartella EUROPE magari

79 rel_path = default:modis_landuse_21class_30s/

80 ===============================

81 name=SOILTEMP

82 priority =1

83 dest_type=continuous

84 interp_option=default:sixteen_pt+four_pt+average_4pt+average_16pt+search

85 masked=water

86 fill_missing =0.

87 rel_path=default:soiltemp_1deg/

88 ===============================

89 name=SOILCTOP

90 priority =1

91 dest_type=categorical

92 z_dim_name=soil_cat

93 dominant=SCT_DOM

94 interp_option = 30s:nearest_neighbor

95 interp_option = 2m:four_pt

96 interp_option = 5m:four_pt

97 interp_option = 10m:four_pt

98 interp_option = default:four_pt

99 rel_path= 30s:soiltype_top_30s/

100 rel_path= 2m:soiltype_top_2m/

101 rel_path= 5m:soiltype_top_5m/

102 rel_path= 10m:soiltype_top_10m/

103 rel_path= default:soiltype_top_2m/

104 ===============================

105 name=SOILCBOT

106 priority =1

107 dest_type=categorical

108 z_dim_name=soil_cat

109 dominant=SCB_DOM

110 interp_option = 30s:nearest_neighbor

111 interp_option = 2m:four_pt

112 interp_option = 5m:four_pt

113 interp_option = 10m:four_pt

114 interp_option = default:four_pt

115 rel_path= 30s:soiltype_bot_30s/

116 rel_path= 2m:soiltype_bot_2m/

117 rel_path= 5m:soiltype_bot_5m/

118 rel_path= 10m:soiltype_bot_10m/

119 rel_path= default:soiltype_bot_2m/

120 ===============================

121 name=ALBEDO12M

122 priority =1

123 dest_type=continuous

124 z_dim_name=month

125 masked = water

126 fill_missing = 8.
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127 interp_option=default:four_pt+average_4pt+average_16pt+search

128 rel_path=default:albedo_ncep/

129 ===============================

130 name=GREENFRAC

131 priority =1

132 dest_type=continuous

133 interp_option=modis_fpar:average_gcell (4.0)+four_pt+average_4pt+

average_16pt+search

134 interp_option=nesdis_greenfrac:four_pt+average_4pt+average_16pt+search

135 interp_option=default:average_gcell (4.0)+four_pt+average_4pt+average_16pt

+search

136 z_dim_name=month

137 masked = water

138 fill_missing = 0.

139 rel_path=modis_fpar:greenfrac_fpar_modis/

140 rel_path=nesdis_greenfrac:greenfrac/

141 rel_path=default:greenfrac_fpar_modis/

142 ===============================

143 name=LAI12M

144 priority =1

145 dest_type=continuous

146 interp_option=modis_lai:average_gcell (4.0)+four_pt+average_4pt+

average_16pt+search

147 interp_option=default:average_gcell (4.0)+four_pt+average_4pt+average_16pt

+search

148 z_dim_name=month

149 masked = water

150 fill_missing = 0.

151 rel_path=modis_lai:lai_modis_30s/

152 rel_path=default:lai_modis_10m/

153 flag_in_output=FLAG_LAI12M

154 ===============================

155 name=SNOALB

156 priority =1

157 dest_type=continuous

158 interp_option=default:four_pt+average_4pt+average_16pt+search

159 masked = water

160 fill_missing = 0.

161 rel_path=default:maxsnowalb/

162 ===============================

163 name=SLOPECAT

164 priority =1

165 dominant_only=SLOPECAT

166 dest_type=categorical

167 z_dim_name=slope_cat

168 masked = water

169 fill_missing = 0.

170 interp_option=default:nearest_neighbor+average_16pt+search

171 rel_path=default:islope/

172 ===============================

173 name = CON

174 priority = 1

175 dest_type = continuous

176 masked=water

177 fill_missing =0.

178 interp_option = default:average_4pt

179 interp_option = 10m:average_4pt

180 interp_option = 20m:average_4pt

181 interp_option = 30m:average_4pt
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182 interp_option = 1deg:average_4pt

183 interp_option = 2deg:average_4pt

184 rel_path = default:orogwd_10m/con/

185 rel_path = 10m:orogwd_10m/con/

186 rel_path = 20m:orogwd_20m/con/

187 rel_path = 30m:orogwd_30m/con/

188 rel_path = 1deg:orogwd_1deg/con/

189 rel_path = 2deg:orogwd_2deg/con/

190 ===============================

191 name = VAR

192 priority = 1

193 dest_type = continuous

194 masked=water

195 fill_missing =0.

196 interp_option = default:average_4pt

197 interp_option = 10m:average_4pt

198 interp_option = 20m:average_4pt

199 interp_option = 30m:average_4pt

200 interp_option = 1deg:average_4pt

201 interp_option = 2deg:average_4pt

202 rel_path = default:orogwd_10m/var/

203 rel_path = 10m:orogwd_10m/var/

204 rel_path = 20m:orogwd_20m/var/

205 rel_path = 30m:orogwd_30m/var/

206 rel_path = 1deg:orogwd_1deg/var/

207 rel_path = 2deg:orogwd_2deg/var/

208 ===============================

209 name = OA1

210 priority = 1

211 dest_type = continuous

212 masked=water

213 fill_missing =0.

214 interp_option = default:average_4pt

215 interp_option = 10m:average_4pt

216 interp_option = 20m:average_4pt

217 interp_option = 30m:average_4pt

218 interp_option = 1deg:average_4pt

219 interp_option = 2deg:average_4pt

220 rel_path = default:orogwd_10m/oa1/

221 rel_path = 10m:orogwd_10m/oa1/

222 rel_path = 20m:orogwd_20m/oa1/

223 rel_path = 30m:orogwd_30m/oa1/

224 rel_path = 1deg:orogwd_1deg/oa1/

225 rel_path = 2deg:orogwd_2deg/oa1/

226 ===============================

227 name = OA2

228 priority = 1

229 dest_type = continuous

230 masked=water

231 fill_missing =0.

232 interp_option = default:average_4pt

233 interp_option = 10m:average_4pt

234 interp_option = 20m:average_4pt

235 interp_option = 30m:average_4pt

236 interp_option = 1deg:average_4pt

237 interp_option = 2deg:average_4pt

238 rel_path = default:orogwd_10m/oa2/

239 rel_path = 10m:orogwd_10m/oa2/

240 rel_path = 20m:orogwd_20m/oa2/
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241 rel_path = 30m:orogwd_30m/oa2/

242 rel_path = 1deg:orogwd_1deg/oa2/

243 rel_path = 2deg:orogwd_2deg/oa2/

244 ===============================

245 name = OA3

246 priority = 1

247 dest_type = continuous

248 masked=water

249 fill_missing =0.

250 interp_option = default:average_4pt

251 interp_option = 10m:average_4pt

252 interp_option = 20m:average_4pt

253 interp_option = 30m:average_4pt

254 interp_option = 1deg:average_4pt

255 interp_option = 2deg:average_4pt

256 rel_path = default:orogwd_10m/oa3/

257 rel_path = 10m:orogwd_10m/oa3/

258 rel_path = 20m:orogwd_20m/oa3/

259 rel_path = 30m:orogwd_30m/oa3/

260 rel_path = 1deg:orogwd_1deg/oa3/

261 rel_path = 2deg:orogwd_2deg/oa3/

262 ===============================

263 name = OA4

264 priority = 1

265 dest_type = continuous

266 masked=water

267 fill_missing =0.

268 interp_option = default:average_4pt

269 interp_option = 10m:average_4pt

270 interp_option = 20m:average_4pt

271 interp_option = 30m:average_4pt

272 interp_option = 1deg:average_4pt

273 interp_option = 2deg:average_4pt

274 rel_path = default:orogwd_10m/oa4/

275 rel_path = 10m:orogwd_10m/oa4/

276 rel_path = 20m:orogwd_20m/oa4/

277 rel_path = 30m:orogwd_30m/oa4/

278 rel_path = 1deg:orogwd_1deg/oa4/

279 rel_path = 2deg:orogwd_2deg/oa4/

280 ===============================

281 name = OL1

282 priority = 1

283 dest_type = continuous

284 masked=water

285 fill_missing =0.

286 interp_option = default:average_4pt

287 interp_option = 10m:average_4pt

288 interp_option = 20m:average_4pt

289 interp_option = 30m:average_4pt

290 interp_option = 1deg:average_4pt

291 interp_option = 2deg:average_4pt

292 rel_path = default:orogwd_10m/ol1/

293 rel_path = 10m:orogwd_10m/ol1/

294 rel_path = 20m:orogwd_20m/ol1/

295 rel_path = 30m:orogwd_30m/ol1/

296 rel_path = 1deg:orogwd_1deg/ol1/

297 rel_path = 2deg:orogwd_2deg/ol1/

298 ===============================

299 name = OL2
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300 priority = 1

301 dest_type = continuous

302 masked=water

303 fill_missing =0.

304 interp_option = default:average_4pt

305 interp_option = 10m:average_4pt

306 interp_option = 20m:average_4pt

307 interp_option = 30m:average_4pt

308 interp_option = 1deg:average_4pt

309 interp_option = 2deg:average_4pt

310 rel_path = default:orogwd_10m/ol2/

311 rel_path = 10m:orogwd_10m/ol2/

312 rel_path = 20m:orogwd_20m/ol2/

313 rel_path = 30m:orogwd_30m/ol2/

314 rel_path = 1deg:orogwd_1deg/ol2/

315 rel_path = 2deg:orogwd_2deg/ol2/

316 ===============================

317 name = OL3

318 priority = 1

319 dest_type = continuous

320 masked=water

321 fill_missing =0.

322 interp_option = default:average_4pt

323 interp_option = 10m:average_4pt

324 interp_option = 20m:average_4pt

325 interp_option = 30m:average_4pt

326 interp_option = 1deg:average_4pt

327 interp_option = 2deg:average_4pt

328 rel_path = default:orogwd_10m/ol3/

329 rel_path = 10m:orogwd_10m/ol3/

330 rel_path = 20m:orogwd_20m/ol3/

331 rel_path = 30m:orogwd_30m/ol3/

332 rel_path = 1deg:orogwd_1deg/ol3/

333 rel_path = 2deg:orogwd_2deg/ol3/

334 ===============================

335 name = OL4

336 priority = 1

337 dest_type = continuous

338 masked=water

339 fill_missing =0.

340 interp_option = default:average_4pt

341 interp_option = 10m:average_4pt

342 interp_option = 20m:average_4pt

343 interp_option = 30m:average_4pt

344 interp_option = 1deg:average_4pt

345 interp_option = 2deg:average_4pt

346 rel_path = default:orogwd_10m/ol4/

347 rel_path = 10m:orogwd_10m/ol4/

348 rel_path = 20m:orogwd_20m/ol4/

349 rel_path = 30m:orogwd_30m/ol4/

350 rel_path = 1deg:orogwd_1deg/ol4/

351 rel_path = 2deg:orogwd_2deg/ol4/

352 ===============================

353 name = VAR_SSO

354 priority = 1

355 dest_type = continuous

356 fill_missing =0.

357 interp_option = 30s:average_gcell (4.0)+four_pt+average_4pt

358 interp_option = 2m:average_gcell (4.0)+four_pt+average_4pt
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359 interp_option = 5m:average_gcell (4.0)+four_pt+average_4pt

360 interp_option = 10m:average_gcell (4.0)+four_pt+average_4pt

361 interp_option = default:average_gcell (4.0)+four_pt+average_4pt

362 rel_path = 30s:varsso/

363 rel_path = 2m:varsso_2m/

364 rel_path = 5m:varsso_5m/

365 rel_path = 10m:varsso_10m/

366 rel_path = default:varsso_10m/

367 ===============================

368 name = LAKE_DEPTH

369 priority =1

370 dest_type = continuous

371 fill_missing = 10.

372 masked=land

373 interp_option = default:average_gcell (1.0)+search (5)

374 rel_path = default:lake_depth/

375 flag_in_output=FLAG_LAKE_DEPTH

376 ===============================

377 name=URB_PARAM

378 priority =1

379 optional=yes

380 dest_type=continuous

381 fill_missing = 0.

382 z_dim_name=num_urb_params

383 interp_option=default:nearest_neighbor

384 rel_path=default:NUDAPT44_1km/

385 ===============================

386 name=IMPERV

387 priority =1

388 optional=yes

389 dest_type=continuous

390 interp_option = default:average_gcell (0.0)

391 masked=water

392 fill_missing =0.

393 rel_path = default:nlcd2011_imp_ll_9s/

394 ===============================

395 name=CANFRA

396 priority =1

397 optional=yes

398 dest_type=continuous

399 interp_option = default:average_gcell (0.0)

400 masked=water

401 fill_missing =0.

402 rel_path = default:nlcd2011_can_ll_9s/

403 ===============================

F.1.2 LANDUSE.TBL

Land use table optimised for Corine Land Cover (2012) (Büttner et al., 2014).

1 CORINE

2 44,2, ’ALBD SLMO SFEM SFZ0 THERIN SCFX SFHC ’

3 SUMMER

4 1, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Continuous urban fabric ’

5 2, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Discontinuous urban

fabric ’
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6 3, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Industrial or commercial

units’

7 4, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Road and rail networks

and associated land’

8 5, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Port areas’

9 6, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Airports ’

10 7, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Mineral extraction sites’

11 8, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Dump sites’

12 9, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Construction sites ’

13 10, 17.8, .1, .937, 50., .069, 1.67, 18.9e5,’Green urban areas ’

14 11, 19.4, .35, .95, 20., .053, 3.19, 25.0e5,’Sport and leisure

facilities ’

15 12, 20.7, .3, .958, 15., .056, 2.71, 25.0e5,’Non -irrigated arable land

’

16 13, 20.5, .5, .965, 15., .055, 2.2, 25.0e5 ,’Permanently irrigated

land’

17 14, 17., .5, .975, 15., .095, 2.2, 25.0e5,’Rice fields ’

18 15, 19.9, .35, .956, 20., .055, 3.19, 25.0e5,’Vineyards ’

19 16, 17.1, .35, .959, 20., .068, 3.19, 25.0e5,’Fruit trees and berry

plantations ’

20 17, 17.1, .35, .953, 20., .061, 3.19, 25.0e5,’Olive groves ’

21 18, 17.1, .3, .989, 15., .080, 2.71, 25.0e5,’Pastures ’

22 19, 20.4, .35, .937, 20., .058, 3.19, 25.0e5,’Annual crops associated

with permanent crops ’

23 20, 18.8, .35, .967, 20., .063, 3.19, 25.0e5,’Complex cultivation

patterns ’

24 21, 19.4, .35, .95, 20., .053, 3.19, 25.0e5,’Land principally occupied

by agriculture , with significant areas of natural vegetation ’

25 22, 19.4, .35, .95, 20., .053, 3.19, 25.0e5,’Agro -forestry areas ’

26 23, 16.1, .3, .985, 50., .078, 2.63, 25.0e5,’Broad -leaved forest ’

27 24, 14.3, .3, .974, 50., .071, 3.33, 29.2e5,’Coniferous forest ’

28 25, 14.8, .3, .984, 50., .078, 2.11, 41.8e5,’Mixed forest ’

29 26, 17.2, .15, .98, 12., .069, 2.37, 20.8e5,’Natural grasslands ’

30 27, 16.4, .15, .984, 11., .077, 2.14, 20.8e5,’Moors and heathland ’

31 28, 15.8, .15, .96, 11., .062, 2.14, 20.8e5,’Sclerophyllous vegetation

’

32 29, 15.6, .15, .965, 11., .063, 2.14, 20.8e5,’Transitional woodland -

shrub’

33 30, 17.1, .02, .969, 10., .066, .81, 12.0e5,’Beaches , dunes , sands ’

34 31, 16.9, .02, .965, 10., .070, .81, 12.0e5,’Bare rocks’

35 32, 21.1, .02, .943, 10., .048, .81, 12.0e5,’Sparsely vegetated areas’

36 33, 13.8, .02, .964, 10., .062, .81, 12.0e5,’Burnt areas’

37 34, 41.5, .95, .961, 5., .010, 0., 9.0e25 ,’Glaciers and perpetual

snow’

38 35, 15.5, .6, .958, 20., .080, 1.5, 29.2e5 ,’Inland marshes ’

39 36, 15.5, .6, .958, 20., .080, 1.5, 29.2e5 ,’Peat bogs’

40 37, 15.5, .6, .958, 20., .080, 1.5, 29.2e5 ,’Salt marshes ’

41 38, 15.5, .6, .958, 20., .080, 1.5, 29.2e5 ,’Salines ’

42 39, 15.8, .8, .956, 20., .093, 1.5, 29.2e5 ,’Intertidal flats’

43 40, 7.7, 1.0, .978, .01, .170, 0., 9.0e25 ,’Water courses ’

44 41, 7.7, 1.0, .978, .01, .170, 0., 9.0e25 ,’Water bodies ’

45 42, 7.7, 1.0, .978, .01, .170, 0., 9.0e25 ,’Coastal lagoons ’

46 43, 7.7, 1.0, .978, .01, .170, 0., 9.0e25 ,’Estuaries ’

47 44, 7.7, 1.0, .978, .01, .187, 0., 9.0e25 ,’Sea and ocean’

48 WINTER

49 1, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Continuous urban fabric ’

50 2, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Discontinuous urban

fabric ’

51 3, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Industrial or commercial
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units’

52 4, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Road and rail networks

and associated land’

53 5, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Port areas’

54 6, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Airports ’

55 7, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Mineral extraction sites ’

56 8, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Dump sites’

57 9, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Construction sites’

58 10, 16.8, .1, 0.935 , 50., 0.055, 1.67, 18.9e5 ,’Green urban areas’

59 11, 17.8, .6, 0.957 , 20., 0.040, 2., 25.0e5,’Sport and leisure

facilities ’

60 12, 18.4, .6, 0.96, 5., 0.049 , 2., 25.0e5,’Non -irrigated arable land

’

61 13, 19.7, .5, 0.954 , 5., 0.038, 1.76, 25.0e5,’Permanently irrigated

land’

62 14, 15.7, .5, 0.928 , 5., 0.063, 1.76, 25.0e5,’Rice fields ’

63 15, 18.5, .6, 0.952 , 20., 0.046, 2., 25.0e5,’Vineyards ’

64 16, 16.5, .6, 0.964 , 20., 0.050, 2., 25.0e5,’Fruit trees and berry

plantations ’

65 17, 15.8, .6, 0.964 , 20., 0.048, 2., 25.0e5,’Olive groves ’

66 18, 16., .6, 0.976, 5., 0.063 , 2., 25.0e5,’Pastures ’

67 19, 18.5, .6, 0.971 , 20., 0.050, 2., 25.0e5,’Annual crops associated

with permanent crops ’

68 20, 17.4, .6, 0.965 , 20., 0.053, 2., 25.0e5,’Complex cultivation

patterns ’

69 21, 17.8, .6, 0.957 , 20., 0.040, 2., 25.0e5,’Land principally occupied

by agriculture with significant areas of natural vegetation ’

70 22, 17.8, .6, 0.957 , 20., 0.040, 2., 25.0e5,’Agro -forestry areas ’

71 23, 14.4, .6, 0.971 , 50., 0.066, 2.4, 25.0e5,’Broad -leaved forest ’

72 24, 14.1, .6, 0.973 , 50., 0.057, 3., 29.2e5,’Coniferous forest ’

73 25, 14.1, .6, 0.974 , 50., 0.064, 1.12, 41.8e5 ,’Mixed forest ’

74 26, 17.7, .3, 0.961 , 10., 0.060, 2., 20.8e5,’Natural grasslands ’

75 27, 16., .25, 0.974 , 10., 0.060, 1.24, 20.8e5 ,’Moors and heathland ’

76 28, 15.6, .25, 0.964 , 10., 0.051 , 1.24, 20.8e5,’Sclerophyllous vegetation

’

77 29, 15.4, .25, 0.967 , 10., 0.050 , 1.24, 20.8e5,’Transitional woodland -

shrub’

78 30, 16.8, .05, 0.945 , 10., 0.066 , 0.81, 12.0e5,’Beaches , dunes sands’

79 31, 17.3, .05, 0.962 , 10., 0.063 , 0.81, 12.0e5,’Bare rocks’

80 32, 19.6, .05, 0.951 , 10., 0.039 , 0.81, 12.0e5,’Sparsely vegetated areas’

81 33, 13.3, .05, 0.97, 10., 0.047, 0.81, 12.0e5 ,’Burnt areas ’

82 34, 51.3, .95, 0.997 , 5., 0.009, 0., 9.0e25 ,’Glaciers and perpetual

snow’

83 35, 14.7, .75, 0.946 , 20., 0.062 , 1.5, 29.2e5 ,’Inland marshes ’

84 36, 14.7, .75, 0.946 , 20., 0.062 , 1.5, 29.2e5 ,’Peat bogs’

85 37, 14.7, .75, 0.946 , 20., 0.062 , 1.5, 29.2e5 ,’Salt marshes ’

86 38, 14.7, .75, 0.946 , 20., 0.062 , 1.5, 29.2e5 ,’Salines ’

87 39, 15.1, .75, 0.937 , 20., 0.067 , 1.5, 29.2e5 ,’Intertidal flats ’

88 40, 7.8, 1., 0.978, 0.01, 0.141, 0., 9.0e25 ,’Water courses ’

89 41, 7.8, 1., 0.978, 0.01, 0.141, 0., 9.0e25 ,’Water bodies ’

90 42, 7.8, 1., 0.978, 0.01, 0.141, 0., 9.0e25 ,’Coastal lagoons ’

91 43, 7.8, 1., 0.978, 0.01, 0.141, 0., 9.0e25 ,’Estuaries ’

92 44, 7.8, 1., 0.978, 0.01, 0.169, 0., 9.0e25 ,’Sea and ocean ’
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F.1.3 VEGPARM.TBL

Vegetation parameters table optimised for Corine Land Cover with 44 classes
(reclassification of USGS with Pineda et al. (2004)).

1 CORINE

2 44,1, ’SHDFAC NROOT RS RGL HS SNUP MAXALB LAIMIN LAIMAX

EMISSMIN EMISSMAX ALBEDOMIN ALBEDOMAX Z0MIN Z0MAX ZTOPV ZBOTV ’

3 1, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

4 2, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

5 3, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

6 4, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

7 5, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

8 6, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

9 7, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

10 8, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

11 9, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

12 10, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

13 11, .10, 1, 200., 999., 999.0, 0.04, 46., 1.00, 1.00,

.880, .880, .15, .18, .50, .50, 0.00, 0.00, ’

Urban and Built -Up Land’

14 12, .80, 3, 40., 100., 36.25, 0.04, 66., 1.56, 5.68,

.920, .985, .17, .23, .05, .15, 0.50, 0.01, ’

Non -irrigated arable land’

15 13, .80, 3, 40., 100., 36.25, 0.04, 66., 1.56, 5.68,

.930, .985, .20, .25, .02, .10, 0.50, 0.01, ’

Irrigated Cropland and Pasture ’

16 14, .80, 3, 40., 100., 36.25, 0.04, 66., 1.56, 5.68,

.930, .985, .20, .25, .02, .10, 0.50, 0.01, ’

Irrigated Cropland and Pasture ’

17 15, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’

Cropland/Woodland Mosaic ’

18 16, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’

Cropland/Woodland Mosaic ’

19 17, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’
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Cropland/Woodland Mosaic ’

20 18, .80, 3, 40., 100., 36.25, 0.04, 66., 1.56, 5.68,

.920, .985, .17, .23, .05, .15, 0.50, 0.01, ’

Non -irrigated arable land’

21 19, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’

Cropland/Woodland Mosaic ’

22 20, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’

Cropland/Woodland Mosaic ’

23 21, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’

Cropland/Woodland Mosaic ’

24 22, .80, 3, 70., 65., 44.14 , 0.04, 60., 2.00, 4.00,

.930, .985, .16, .20, .20, .20, 0.50, 0.01, ’

Cropland/Woodland Mosaic ’

25 23, .80, 4, 100., 30., 54.53, 0.08, 58., 1.85, 3.31,

.930, .930, .16, .17, .50, .50, 20.0, 11.5, ’

Deciduous Broadleaf Forest ’

26 24, .70, 4, 125., 30., 47.35, 0.08, 52., 5.00, 6.40,

.950, .950, .12, .12, .50, .50, 17.0, 8.5, ’

Evergreen Needleleaf Forest ’

27 25, .80, 4, 125., 30., 51.93, 0.08, 53., 2.80, 5.50,

.930, .970, .17, .25, .20, .50, 18.0, 10.0, ’

Mixed Forest ’

28 26, .80, 3, 40., 100., 36.35, 0.04, 70., 0.52, 2.90,

.920, .960, .19, .23, .10, .12, 0.50, 0.01, ’

Grassland ’

29 27, .70, 3, 170., 100., 39.18, 0.035, 65., 0.60, 2.60,

.930, .950, .22, .30, .01, .06, 0.50, 0.10, ’

Mixed Shrubland/Grassland ’

30 28, .70, 3, 170., 100., 39.18, 0.035, 65., 0.60, 2.60,

.930, .950, .22, .30, .01, .06, 0.50, 0.10, ’

Mixed Shrubland/Grassland ’

31 29, .70, 3, 170., 100., 39.18, 0.035, 65., 0.60, 2.60,

.930, .950, .22, .30, .01, .06, 0.50, 0.10, ’

Mixed Shrubland/Grassland ’

32 30, .01, 1, 999., 999., 999.0, 0.02, 75., 0.10, 0.75,

.900, .900, .38, .38, .01, .01, 0.02, 0.01, ’

Barren or Sparsely Vegetated ’

33 31, .01, 1, 999., 999., 999.0, 0.02, 75., 0.10, 0.75,

.900, .900, .38, .38, .01, .01, 0.02, 0.01, ’

Barren or Sparsely Vegetated ’

34 32, .01, 1, 999., 999., 999.0, 0.02, 75., 0.10, 0.75,

.900, .900, .38, .38, .01, .01, 0.02, 0.01, ’

Barren or Sparsely Vegetated ’

35 33, .01, 1, 999., 999., 999.0, 0.02, 75., 0.10, 0.75,

.900, .900, .38, .38, .01, .01, 0.02, 0.01, ’

Barren or Sparsely Vegetated ’

36 34, .00, 1, 999., 999., 999.0, 0.02, 82., 0.01, 0.01,

.950, .950, .55, .70, 0.001, 0.001, 0.00, 0.00, ’

Snow or Ice’

37 35, .60, 2, 40., 100., 60.00, 0.01, 68., 1.50, 5.65,

.950, .950, .14, .14, .20, .20, 0.50, 0.01, ’

Herbaceous Wetland ’

38 36, .60, 2, 40., 100., 60.00, 0.01, 68., 1.50, 5.65,

.950, .950, .14, .14, .20, .20, 0.50, 0.01, ’

Herbaceous Wetland ’

39 37, .60, 2, 40., 100., 60.00, 0.01, 68., 1.50, 5.65,
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.950, .950, .14, .14, .20, .20, 0.50, 0.01, ’

Herbaceous Wetland ’

40 38, .60, 2, 40., 100., 60.00, 0.01, 68., 1.50, 5.65,

.950, .950, .14, .14, .20, .20, 0.50, 0.01, ’

Herbaceous Wetland ’

41 39, .60, 2, 40., 100., 60.00, 0.01, 68., 1.50, 5.65,

.950, .950, .14, .14, .20, .20, 0.50, 0.01, ’

Herbaceous Wetland ’

42 40, .00, 0, 100., 30., 51.75, 0.01, 70., 0.01, 0.01,

.980, .980, .08, .08, 0.0001 , 0.0001 , 0.00, 0.00, ’

Water Bodies ’

43 41, .00, 0, 100., 30., 51.75, 0.01, 70., 0.01, 0.01,

.980, .980, .08, .08, 0.0001 , 0.0001 , 0.00, 0.00, ’

Water Bodies ’

44 42, .00, 0, 100., 30., 51.75, 0.01, 70., 0.01, 0.01,

.980, .980, .08, .08, 0.0001 , 0.0001 , 0.00, 0.00, ’

Water Bodies ’

45 43, .00, 0, 100., 30., 51.75, 0.01, 70., 0.01, 0.01,

.980, .980, .08, .08, 0.0001 , 0.0001 , 0.00, 0.00, ’

Water Bodies ’

46 44, .00, 0, 100., 30., 51.75, 0.01, 70., 0.01, 0.01,

.980, .980, .08, .08, 0.0001 , 0.0001 , 0.00, 0.00, ’

Water Bodies ’

47 TOPT_DATA

48 298.0

49 CMCMAX_DATA

50 0.5E-3

51 CFACTR_DATA

52 0.5

53 RSMAX_DATA

54 5000.0

55 BARE

56 30

57 NATURAL

58 26

59 CROP

60 13

61 LOW_DENSITY_RESIDENTIAL

62 2

63 HIGH_DENSITY_RESIDENTIAL

64 1

65 HIGH_INTENSITY_INDUSTRIAL

66 3

F.1.4 Tiling raster files for static data

1 # Programma di conversione dei tiles da Qgis a WPS.

2 # Utile per CORINE e per la topografia (SRTM o ASTER)

3

4 library(stringr)

5 library(gdalUtils)

6 dir <- "/home/alessio/Build_WRF/geografia_extra/NASA_SRTM/Europa_centrale_Alpi/

tiles/"

7 out <- "/home/alessio/Build_WRF/geografia_extra/NASA_SRTM/Europa_centrale_Alpi/

tiles/binari /"

8 nomi <- list.files(dir)
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9

10 # i nomi prodotti da qgis per i tile sono #col_#row.tif da sud a nord e da ovest

a est

11 # i nomi di WPS sono #col_i -#col_f .#row_i -#row_f

12

13 col <- 15

14 row <- 11

15 tiles <- col*row

16 punti <- 2400

17

18 new <- array(data=NA,dim=tiles)

19 i <-1

20 for(c in 0:(col -1)){

21 for (r in 0:(row -1)){

22 new[i] <- paste(str_pad(punti*c+1,5,pad ="0") ,"-",str_pad(punti*(c+1) ,5,pad

="0") ,".", str_pad(punti*r+1,5,pad ="0") ,"-",str_pad(punti*(r+1) ,5,pad ="0"),sep

="")

23 i <- i+1

24 }

25 }

26

27 nomi2 <- array(data=NA,dim=tiles)

28 i <- 1

29 for(c in 0:(col -1)){

30 for(r in 0:(row -1)){

31 nomi2[i] <- paste(str_pad(c,4,pad ="0") ,"_",str_pad(r,4,pad ="0") ,".tif",sep

="")

32 i <- i+1

33 }

34 }

35

36 # rinomino i file

37 file.rename(paste(dir ,nomi2 [1: tiles],sep =""),paste(out ,new ,". tif",sep =""))

38

39 # converto da GeoTIFF a BINARIO (ENVI)

40 for(i in 1: tiles) {

41 gdal_translate(paste(out ,new[i],".tif",sep =""),paste(out ,new[i],sep =""),of="

ENVI")

42 cat(" Converto il file ",i," di ",tiles ,": ",new[i],"\n")

43 }
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