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Foreword

Mountain regions are fragile spots in many aspects, and they have always
represented a key environment for the well being of the human communities.
Mountains provide a substantial range of ecosystem services, like protection,
biodiversity, water storage and supply, food, and recreation. At the same time,
various natural and anthropogenic threats have increasingly endangered the sus-
tainable development of such areas, while conservation and management strategies
have been reinforced consequently. As a result of natural factors and anthropogenic
bias, the climate shapes actively the mountain landscape, both at large and finer
scales, with considerable consequences on any activity.

The Carpathian Mountains or Carpathians stretch over seven European coun-
tries. Along the history, different political, social and economical changes have
modified the natural background, but common features have been also preserved.
There is a real need for high quality, homogeneous and consistent data bases to
address environmental issues, with applications in many fields.

About one third of the Carpathians lie over the territory of Romania, and the
geographical location and morphological characteristics lead to important climatic
differences between various sub-units. Conducted by a dynamic and competent
group of Romanian climatologists, this study is a thorough and attractive investi-
gation into the climate of the Romanian Carpathians, focusing mainly on the
observed characteristics and variability along 1961-2010, by means of weather
station records from Meteo Romania (National Meteorological Administration),
which were quality controlled and homogenized within the project Carpatclim
(Climate of the Carpathian Region). The authors have adjusted and analyzed the
input data according to the objectives expressed in the introductory chapter, and the
outputs and results are outstanding. The Climate of the Romanian Carpathians.
Variability and Trends is the first comprehensive climatological study covering the
entire Romanian Carpathians. Such a complex synthesis addresses both fundamen-
tal science and applications, becoming a precious tool for students, large public,



vi Foreword

stakeholders and policy makers. It brings up-to-date science for climatologists and
for all mountain practitioners exploiting climatic information and I am strongly
confident in its short and long term value.

Bucharest, Romania Norel Rimbu
March 26, 2014
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Chapter 1
Introduction

Mountain regions are a key issue at global scale, their importance having been
recognized at the United Nations Conference on Environment and Development
(Rio de Janeiro, 1992) and further underlined by designating the year 2002 as
International Year of Mountains (IYM). The global warming put critical challenges
to mountain environment and related ecosystem services as mountain regions
proved to be particularly vulnerable to climatic fluctuations. From many perspec-
tives, the Carpathian Mountains have a decisive role for the Central and South
Eastern Europe, shaping the landscape, or influencing the culture and human
development. This book tackles mainly the climate characteristics and the observed
trends in the Romanian Carpathians (1961-2010), but it also presents estimations
regarding the climate projections through the next decades (2021-2050). It is
designed to address the needs constantly expressed by a large variety of users,
from students and mass media to policy makers, land planning actors, water
managers, and economic operators.

After this introductory overview, the reader may spot the theoretical framework,
which supported the structure and the development of the book, emphasizing
the key position of mountain areas in environmental research, and reviewing the
existent literature. It has to be mentioned that this book is the first comprehensive
synthesis on the climate of the Romanian Carpathians.

Based on a rigorous selection of outputs from previous publications, the
main characteristics of the studied area are thoroughly approached in Chap. 3.
The Romanian Carpathians and their geographical divisions are placed within the
European context, concise geomorphologic and geologic settings are described, and
the most significant hydrology, vegetation, and soil features are presented.

Both the meteorological and ancillary data, and the methods used in this book
are in fully concordance with the international practice and standards, and the
spatial and temporal resolutions were used in a flexible way for responding in
the best manner to the purposes of this work. Chapters 4 and 5 are dedicated to the
ample description of the datasets, ground meteorological network and methods
specific to various applications, such as homogenization, statistics, spatialisation,
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2 1 Introduction

and climate change analysis. The use of homogeneous data, the significant number
of variables, and the gridding procedures contain a high level of originality, at least
for the studied area.

The main factors shaping the climate of the Romanian Carpathians are treated
in Chap. 6. The influence of the geographical location, topography, and regional
atmospheric circulation are approached quantitatively, and carefully described for
each variable.

The regional and temporal climatic patterns of the Romanian Carpathians during
the present climate (observations and measurements), and for the future decades are
consistently tackled in Chaps. 7, 8, 9 and 10. The analysis uses homogeneous
datasets, satellite products, and outputs of Regional Climate Models, addressing
mainly the average state of the climatic elements, but carefully exploring the
extremes as well. The result is a comprehensive, thorough, and synthetic document
on the climatic background and perspective of the area. The characteristics of the
solar radiation, air temperature, precipitation, wind and snow are analyzed statisti-
cally, emphasizing the mean state, and the extreme situations, specific to each
geographic division of the studied area.

The future projections of the temperature and precipitation are treated in the
Chap. 10, based on the results of several European projects. It is revealed that a drier
climate may be expected to set up over in the Romanian Carpathians, as a result of
higher temperature during all the seasons and relatively stable precipitation
amounts.

The book Climate of the Romanian Carpathians. Variability and trends comes
to cover with high quality, relevant climatic information a territory of multiple
scientific, economic, and natural interests. It has been based on sing the experience
and the results of previous work developed by the authors themselves, but also
the outputs of other scholars. Despite their national coverage, the outputs contain a
definite regional, transnational and trans-disciplinary dimension, due to the direct
impact of the Romanian Carpathian Chain on other environmental or societal
factors like hydrology, atmospheric dynamics, and economy.

The significant technological and scientific progress in data acquisition, homog-
enization, and sharing was an essential support for our task, and we would like to
express our gratitude to all those who believe they deserve it. We hope the reader
will find this book useful, and a good starting point for future approaches.
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Chapter 2
Theoretical Background

Abstract The chapter is organized in two sections. The first section overviews the
main impulses, initiatives and achievements in global and European environmental
research targeting mountain regions since the early 1970s until 2012 (the Rio +20
Conference). This section also highlights how the growing significance of the
climate change issue in global environmental research agendas and of the potential
climate change impacts in mountain environments, has promoted mountain regions
to a next stage of importance, as they are currently widely recognized as “early
indicators of climate change”. The main achievements of the Mountain Research
Initiative in promoting the research in the Carpathian region and building opportu-
nities for future collaborations targeting this region are also emphasized. The
second section outlines the main contributions to the knowledge of the climate
and weather of the Romanian Carpathians. The survey of the Romanian specialist
literature shows a general lack of comprehensive studies carried out on the Roma-
nian Carpathians as a whole, only a few aiming at revealing the regional patterns of
a distinct climatic feature, usually derived from short period of observations of less
than 10 years.

2.1 Mountain Regions: Key Issues in Environmental
Research

Joint scientific-political initiatives on mountain environmental research date back
to the early 1970s. One of the first initiatives of global environmental research in
mountain regions was the Project 6 of the United Nations Educational, Scientific
and Cultural Organization (UNESCO) on Man and the Biosphere (MAB), focusing
on the “Impact of Human activities on Mountain Ecosystems”. This project proved
to bridge the natural and social sciences by addressing four key-impacts on moun-
tain environments (land use alternatives, large-scale technology, human settle-
ments, tourism and recreation activities) and also, to contribute to the
development of methods, transdisciplinary approaches and collaborations
(UNESCO 1973). The final declaration of the UN Conference on Human Environ-
ments (June 1972, Stockholm) provided also a great stimulus for subsequent
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4 2 Theoretical Background

mountain research initiatives, even if mountain issues have been addresses
indirectly. These early global impulses strengthened the opportunities during the
1980s, the 1990s and at the beginning of the twenty-first century, for setting up
organizations, cooperation initiatives and conventions targeting different mountain
regions, most of them still operational today e.g. the International Centre for
Integrated Mountain Development (1983), the African (1986) and Andean (1991)
Mountain Associations, Consortium for Sustainable Development of the Andean
EcoRegion (1992), the Alpine (1991) and Carpathian (2001) Conventions.

Mountain research got a decisive impulse in 1992 at Rio de Janeiro, during the
UN Conference on Environment and Development (“the Rio Earth Summit”), as a
follow up of the 1972 UN Conference in Stockholm. The world’s mountain regions
gained significance as they were considered a priority altogether with other global
change issues (e.g. climate change, desertification, deforestation). The awareness
on the growing impact of human activities on mountain environments has increased
significantly, further encouraging the interactions between science and politics.
Recognising and emphasizing the global importance of mountain ecosystem ser-
vices and goods, the Agenda 21 addressed the overall sensitivity of mountain
ecosystems within its 13th Chapter, entitled: “Managing Fragile Ecosystems:
Sustainable Mountain Development” (UN 1992). It is worth mentioning that the
UNESCO recognized the importance of mountain regions several years before the
1992 Rio Summit, by promoting the contribution of these regions in several global
programmes (MAB, United Nations University, World Climate Research
Programme, International Geosphere-Biosphere Programme and DIVERSITAS:
International Programme on Biodiversity Science) or specific programmes devoted
to mountains (e.g. World Glacier Monitoring Service).

A wide range of efforts have been undertaken to promote mountain regions for
creating opportunities for regional and global cooperation. On November 10th,
1998, the UN General Assembly declared the year 2002 the “International Year of
Mountains” (IYM), as a living proof of the importance of mountain regions for the
mankind. The IYM concept emphasized the activities related to the conservation
and sustainable development of mountain regions. Its objectives aimed at promot-
ing the interdisciplinary and integrated research on mountain ecosystems, the
cultural heritage of mountain communities and peace initiatives in such areas,
under international cooperation of neighbouring countries. The IYM proclaimed
the day of 11th of December as the “International Mountain Day” (IMD), which has
been celebrated since 2003. Proposing different themes yearly, the IMD aims to
increase awareness on mountain regions issues and to develop partnerships for the
sustainable development of these regions.

Later, during the World Summit on Sustainable Development held in Johannes-
burg (South Africa) in 2002, the concepts of IYM have been strengthened. In
response, the Food and Agriculture Organisation (FAO) established in 2002 the
International Partnership for a Sustainable Mountain Development. This partner-
ship was designed to promote and support the national and international research
initiatives on mountain regions, to strengthen building capacity and to implement
strategies for the sustainable development of mountain ecosystems. These
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objectives were targeting particularly developing countries and those with a
growing economy.

After 1992, mountain regions have received growing attention from three
international global environmental change organisations — the International
Geosphere-Biosphere Programme (IGBP), the International Human Dimensions
Programme on Global Environmental Change (IHDP) and the Global Terrestrial
Observing System (GTOS). The joint forces of the IHDP, IGBP and GTOS
programmes created the basis of a new research programme — the Mountain
Research Initiative (MRI), funded by the Swiss National Science Foundation
(SNSF). The objectives, approaches and research activities of the MRI were
altogether defined in 2001, recognising that ‘mountain regions may experience
the impacts of the rapidly changing global environment more strongly than others’
(Becker and Bugmann 2001; Dexler 2008). This initiative aimed at promoting and
coordinating global change research in the mountain regions worldwide, focusing
on the monitoring of environmental change in mountain environments, investiga-
tion of the consequences of these changes for both mountain and lowland regions,
as well as on the sustainable management of land-use and natural mountain
resources at local-to-regional scales. The MRI along with other specific global
programmes targeting mountain regions worldwide such as the Global Observation
research Initiative in Alpine Environments (GLORIA) and the Global Mountain
Biodiversity Assessment (GMBA), stand as evidence of the continuation of efforts
for further promotion of research initiatives.

MRI has produced in 2005 a valuable science-oriented compendium entitled
“Global change in mountain regions — An overview of current knowledge”, which
provided an overview of research contributions focusing on the detection, under-
standing and prediction of global change impacts in worldwide mountain regions
(Huber et al. 2005). This publication created the basis for a FP6 cooperation within
the GLOCHAMORE (GLObal CHAnge in MOuntain REgions) Project, with a
further support of the UNESCO MAB programme, which aimed at elaborating an
integrated and implemental research strategy to improve the understanding of
causes and effects of global change in mountain regions worldwide. The MRI
core activities are currently oriented to promote and implement the
GLOCHAMORE strategy, through the initiation and support of regional networks
of global change researchers.

Networking on mountain issues advanced significantly after the Rio Earth
Summit in 1992, providing a solid base for the future European research activities
(Dax 2002): Mountain Forum (1996), Euromontana (1996), European Mountain
Forum (1998), the Alpine Convention (Convention on the Protection of the Alps)
(2003), Charter for the Protection of the Pyrenees (1995), the Carpathian Ecoregion
Initiative (1998), the Carpathian Convention (2003), Forum Carpathicum (2010).

With the strong support of the scientific community, the Conference on “Global
Change and the World’s Mountains”, held on October 2005, at Perth (UK),
promoted the necessity for further investigations of global change effects on
mountain ecosystems, recognising that “global change, and in particular global
warming, has and will have serious impacts on policies, the biophysical
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environment, and the socio-economic conditions and livelihoods of people,
particularly in fragile mountain environments, but also in the adjacent lowland
areas” (Perth Declaration 2005).

The Millennium Ecosystem Assessment is another major global research effort
initiated in the framework of I'YM. Its synthesis report entitled “Ecosystems and
Human Well-being” (Millennium Ecosystem Assessment 2005) was focused on the
consequences of ecosystem change for human well-being. Mountain ecosystems
are among the ten systems being evaluated within this assessment (chapter
24 “Mountain systems”).

2.1.1 Mountain Regions and Climate Change

Documenting the main steps in the history of global mountain research, Messerli
(2012) outlined that the growing significance of “climate change” for mountain
water resources and of “biodiversity” and “ecosystem services” for both mountain
and lowland populations. Schréter et al. (2005) emphasized the role of the scientific
community in improving the awareness on the impacts of global environmental
changes and climate change in particular, on the natural mountain ecosystems and
their capacity to provide goods and services to the living in these regions and to the
population of lowlands. Recent statistics have showed that 12 % of the World’s
population depends directly on mountain resources, while an even higher percent-
age uses precious mountain resources like water (FAO 2011).

Under the 2007 UN General Assembly Resolution 62/196 “the role of the
scientific community, national governments and inter-governmental organisation
is to collaborate with mountain communities in joint studies and address the
negative effects of global climate change on mountain environments”. Attempting
to outline the need for coordinated adaptation strategies towards the expected
climate change in the highly sensitive mountain environments of the world, the
UNEP organised in 2008 at Padua (Italy) a Conference on “Mountains as Early
Indicators for Climate Change”. The conference goal was to provide support and to
promote the exchange of up-to-date scientific research results concerning the
changing climate signals and their effects in mountain regions worldwide. It was
widely recognized that mountain regions are placed among the primary areas
vulnerable to changing climate conditions.

Mountain ecosystems are emerging as vulnerable to climate changes (Beniston
1994; Sonesson and Messerli 2002). These regions were exposed to above-average
warming during the twentieth century (IPCC 2007) and they are expected to be
further exposed to climate warming and associated extremes over the twenty-first
century. Nogues-Bravo et al. (2007) indicate that the average warming projected in
mountain areas across the globe by 2055 is expected to range between 2.1 and
3.2 °C. Furthermore, Korner (2009) outlined that mountain regions are valuable
early indicators of change in biodiversity.
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Recognising the importance of mountain areas for the environment, society and
economy of the European continent, where 36 % of its surface is mountainous, the
European Environment Agency (EEA) outlined the vulnerability of mountain
ecosystems to threats related to the land abandonment, intensifying agriculture,
impacts of infrastructure development, unsustainable exploitation and last but not
least, climate change and the related extremes (EEA 2010). EEA elaborated several
reports (e.g. EEA 2008, 2009, 2010) addressing the environmental and climate
change issues in various European mountain regions, including the Carpathians,
which are considered a unique bio-geographic region (EEA 2008) of the continent.
The overall findings of these reports suggested that the European mountain regions
experienced severe climate change effects over the last decades, mostly expressed
by glacier retreat, notable temperature increases, changes in precipitation regime
and distribution.

The AR4 TPCC report (Trenberth et al. 2007) gave emphasis to mountain
regions, reporting that these regions are particularly vulnerable to climate changes.
IPCC outlined the importance of mountain glaciers which proved to be highly
sensitive to temperature and precipitation oscillations, by considering them as the
best terrestrial indicators of climate change.

The recognition of mountain regions among the highly vulnerable regions of the
globe to climate change effects is also depicted in a distinct paragraph (94) within
the Rio 420 Draft Agenda (“The future we want”, January 10, 2012), which states:
“We recognise that mountains are highly vulnerable to global changes such as
climate change, and are often home to some communities including indigenous
peoples, who although have developed sustainable uses of their resources, yet are
often marginalised, sometimes with high poverty rates, exposure to natural risks
and food insecurity. We recognise the benefits derived from mountains and their
associated ecosystems. We also recognise the need to explore global, regional,
national, and local mechanisms to compensate and reward mountain communities
for the services they provide through ecosystem protection”.

2.1.2 Mountain Research in the Carpathian Region

In response to the research priorities defined within the GLOCHAMORE research
strategy, a MRI Europe network was established in 2007, for supporting, promoting
and coordinating the research activities in European mountain regions. The MRI
Europe endorsed in 2008 the SC4 network (Science for the Carpathians), with the
purpose of connecting scientists and their research from the Carpathian countries,
identifying key issues for the Carpathian mountain research and also, building
opportunities for future collaborations with partners from outside the Carpathians.
The launch of the S4C initiative created the base for the development of a compre-
hensive “Carpathians Research Agenda (2010-2015): Integrating nature and soci-
ety towards sustainability” (Ostapowicz and Sitko 2009; Kozak et al. 2011). The
departure point of this agenda resulted from the GLOCHAMORE strategy
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(Bjornsen Gurung 2006). The Carpathians gained substantial visibility after the
launch of the Forum Carpathicum (2010, Krakéw), an interdisciplinary conference
devoted to the Carpathian region, with the purpose of identifying the status and
emerging issues in the current and future research, which bring together scientists,
practitioners and stakeholders.

In April 2009, during the International Conference on “Identifying the Research
Basis for Sustainable Development of the Mountain Regions in Southeastern
Europe”, held in Borovets (Bulgaria), it was launched the South Eastern
European Mountain Research Network (SEEmore). The SEEmore goal was to
provide support for scientific networking, research coordination and collaboration
in mountain regions of the South-Eastern Europe. Since commissioned, the
SEEmore confronts challenges associated to the rapid transformation in land use,
biodiversity and bio-productivity and tourism due to the global changes and
particularly due to the local impacts of climate change.

European mountain regions were generally under the focus of large research
projects, funded mainly within the European framework (FP) and Interreg
programmes. The climate change impacts on European mountain regions proved
to be a target topic of several completed or ongoing research projects: e.g. FP4
PACE (Permafrost and climate in Europe: climate change, mountain permafrost
degradation and geotechnical hazard), 1997-2001; GLORIA (Global Observation
Research Initiative in Alpine Environments), 2004—2011; FP6 CLAVIER (Climate
Change and Variability: Impact on Central and Eastern Europe), 2006-2009;
Interreg III CLIMCHALP (Climate Change, Impacts and Adaptation Strategies in
the Alpine Space), 2006-2008; FP6 CIRCLE (Climate Impact Research
Co-ordination for a Larger Europe), 2005-2009; FP7 ACQWA (Assessment of
climatic change and impacts on the quantity and quality of water), 2008-2013; FP7
CIRCLE-2 (Climate Impact Research & Response Coordination for a Larger
Europe — 2nd Generation ERA-Net — Science meets Policy) with CIRCLE-2
MOUNTAIN, 2010-2014 etc. It is worth mentioning that, the Carpathians have
been rarely the target region in projects focusing on environmental or climate
change issues. Other relevant EU projects tackling the climate variability and
climate change impacts in the Carpathian Mountains region were: the TATREX
Polish-Czechoslovakian Programme (1981-1982), Climate Changes and Variabil-
ity in the Western Carpathians project, CARPIVIA (2010-2013) and CarpathCC
(2010-2013).

The importance of the Carpathian region at European scale has been widely
recognized since 2003, with the launch of the Carpathian Convention. Later, in
2007, the outputs of a bottom-up collaborative and consultative project were
officially released, with the support of the UNEP’s Division of Early Warning
and Assessment (DEWA)/GRID-Geneva and the Regional Office for Europe
(ROE), under the form of a comprehensive environmental assessment and future
outlook addressing the entire Carpathian Mountains region (Carpathians Environ-
mental 2007). This synthesis put together the results obtained throughout national
climate research projects from seven European countries (the Czech Republic,
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Hungary, Poland, Romania, Serbia and Montenegro, the Slovak Republic and
Ukraine).

Reviewing the status of global change research in the Carpathians, Bjornsen
Gurung et al. (2009) identified the main gaps in the main research fields such as
climatology, hydrology, land use and land cover change, forestry, biodiversity and
conservation, tourism and ecosystem services. The authors emphasized the need of
collaboration actions targeting the Carpathian Region as a whole. The recommen-
dations to overcome the gaps identified in the field of climatological research were
to “establish of a joint international climatological database of long-term data, to set
up additional meteorological stations in high-elevation areas and to make data
freely available for scientists”.

In response to the need of a pan-Carpathian research initiative, the JRC
Carpatclim project (2010-2013) is an example of effort meant to compile and
share climate data on a joint platform, overcame the lack of a high-quality and
unitary database for the entire Carpathian Mountains region, aiming also at provid-
ing comprehensive scientific information for future climatological studies in the
region. The project produced and released on June 2013 an open-access digital
climate atlas of the Carpathian Mountains region, available with a 0.1 x 0.1°
horizontal resolution. The project outputs were based on homogenized meteoro-
logical datasets from ten European countries (including Romania), covering the
1961-2010 period, using a standard methodology.

2.2 Weather and Climate of the Romanian Carpathians:
A Literature Review

Scientific climatology has emerged once visual and instrumental observations were
being used in line with the international methodology. The first Romanian clima-
tologist considered to have made significant contributions to this science is Stefan
C. Hepites. The data yielded by instrumental measurements at weather stations,
processed and published later were used to elaborate several climate works of
localities, regions or of the whole Romanian territory.

The first climatological works signed Stefan C. Hepites was published in the
Annals of the Romanian Academy (Analele Academiei Romane in Rom.) between
1895 and 1902, and republished under the title Materials devoted to Romania’s
climatology (Materiale pentru climatologia Romaniei, in Rom.), for example,
The climate of Sinaia Town (Hepites 1896) (Clima Sinaiei, in Rom.), one of the
first mountain climatology studies in this country. The author makes a series of
considerations on the characteristics of the main climatic variables (i.e. air temper-
ature, relative atmospheric humidity, atmospheric precipitation, atmospheric pres-
sure, wind and nebulosity), briefly outlining the days when various meteorological
phenomena were recorded (e.g. thunderstorms associated with hail or snow hail,
fog, snowfalls, snow days) and included in the Miscellanea chapter. The study is
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based on the results of measurements performed at Sinaia Monastery station (879 m
a.s.l.), between 1886 (when the station was set up) and 1895.

Other studies on the climate features of the mountain region, published between
the 1921 and 1930 interval are due to Enric Otetelisanu. The author discusses
the influence of pressure centers in various parts of Europe and their effect on the
climate of all of Romania’s regions, illustrating his considerations with tempe-
rature and precipitation data, and analyzing the effects of geographical factors on
the country’s climate, including the Carpathian Mountains. Having in view that the
mountain relief covers one-third of Romania’s territory, the meteorological obser-
vations conducted at different elevations did contribute, yet much later (since
1925), to emphasizing the influence of the Carpathian Chain on the climate of the
whole country. In 1929, Constantin A. Dissescu elaborated two studies with focus
on air frost phenomena in the alpine areas of the Carpathians Dissescu (1929a) and
on temperature variation with elevation in the Bucegi Massif Dissescu (1929b),
both published in the Monthly Meteorological Bulletins of the Central Meteoro-
logical Institute.

The first and most comprehensive Romanian mountain climate monograph was
elaborated in 1951 by Stefan M. Stoenescu, focusing on the Bucegi Mountains (the
Southern Carpathians).

The implementation of the new measurement scheduled in 1960 explains the
progresses made later in the area of scientific climate research.

Some synthesis works published during the 1960s and highlighting the general
features of Romania’s climate included referees to the Romanian Carpathian
region: e.g. The climate of Romania, 1961-1962 (Clima Romaniei, 1961-1962, in
Rom.), the first synthesis of the country’s climate; Topor (1963); The climatological
atlas of the Romanian People’s Republic, 1966 (Atlasul climatologic al R.S.R.,
1966, in Rom.).

The scientific works published in the periodicals of the Meteorological Institute
(later Institute of Meteorology and Hydrology and currently the National Meteoro-
logical Administration) after 1960 stand proof to a fruitful scientific activity. Other
researchers were dealing with some aspects, still topical today, such as the long-term
variations of key climatic variables subject to change (air temperature and precipita-
tion). Some of the remarkable works elaborated by Stefan M. Stoenescu focused on
climate oscillations and climate change in Romania (Stoenescu 1959, 1964), were
actually the first approaches to these issues in this country. The endeavours of that
period also had in view extreme phenomena, such as snowstorms (the severest
twentieth-century event occurring in February, 1954), heavy rainfalls, snow ava-
lanches, rime, sleet and glaze.

Climate research has been progressing in line with practical interests. The
climatologists started to give more emphasis to the major influence of the underly-
ing terrain on the characteristics of physical processes and boundary layer condi-
tions (Topoglimatologia Romaniei. Bibliografie selectiva adnotatd 1987). Interests
in this area succeeded in advancing a new research direction in applied climatology
both worldwide and in Romania, namely, topoclimatology. The first works on this
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topic were devoted to establishing the terminology specific to this new research
direction in Romania. Vintila Mihailescu was the first in Romania to propose the
term topoclimate, in a paper published in Russian (Mihdilescu 1957), defining it as
“the climate of the contact zone of planetary covers considered over small areas,
thus making it possible to analyze at local level the relationships between the
physical phenomena in the atmosphere and the other components of the geograph-
ical complex or environment (firstly, landform and secondly, water, vegetation,
etc.)”. Later, together with Stefan C. Stoenescu, elaborated the second edition of
the map of climate and topoclimate of Romania (Mihailescu and Stoenescu 1960),
bringing concise data and quantitative indexes to sustain each individualized
topoclimate. This map on the scale of 1:3,000,000 depicts the climatic potential
of several topoclimatic units, among which the mountainous topoclimatic belt with
its sub-belts: alpine, subalpine and the mountain proper.

Several contributions to this new research direction emphasized some aspects
related to the topoclimatic features of some cities, spas and tourist resorts
(e.g. Bogdan and Mihai 1977; Teodoreanu 1981, 1997; Bogdan and Niculescu
1996a) and the role of the subjacent topographic surface as a topoclimate generator
(e.g. Niculescu 1993; Bogdan and Niculescu 1996b).

The Romanian Carpathians as a whole, or their three component units, have
fairly seldom made the object of complex mountain climatology studies (synthe-
ses). Regional climate studies, targeting smaller geographical areas within the
Romanian Carpathians, were started mainly after 1960 and focused preferentially
on certain climatic elements, or on the natural factors influencing them:

e Air temperature regime — e.g. Dissescu (1929a, b) and Sorodoc (1960),
temperature distribution with altitude in the Bucegi Mountains; Stoenescu and
Dumitrescu (1965), the frequency and daily average temperature in the Barsa
Depression; Dumitrescu et al. (1971), the frequency of positive minimum winter
temperature in the Giurgeu, Ciuc, Barsa, Fagdras and Sibiu depressions; Bogdan
and Mihai (1972), thermal amplitude in the Romanian Carpathians; Neacsa
et al. (1972), the variation of thermal parameters in relation to topographic
mountain features; Dobrea (1972), air temperature characteristics in the moun-
tain sector of the Prahova Valley; Oprescu and Bogorita (1976), air temperature
distribution in the Lotru-Parang Mountains (Southern Carpathians); Mahara and
Linc (1993), thermal anomalies in the Codru-Moma Mountains (Western
Carpathians); Dragota and Gaceu (2005), extreme temperatures in the Bihor
and Vladeasa Mountains (Western Carpathians); Gaceu (2004), air temperature
distribution in the Bihor and Vladeasa Mountains; Popa and Cheval (2007), early
winter temperature recontruction of Sinaia area (Southern Carpathians) derived
from tree-rings of silver fir; Cheval et al. (2011), July surface temperature
gradient in the Romanian Carpathians, Croitoru et al. (2011), change-point
analysis if temperature variability at high elevation sites etc.;

* Precipitation regime — e.g. Marcu (1967), the precipitation regime in the
Postavaru Massif and Barsa Depression; Teodoreanu (1972), the frequency of
1-day maximum precipitation in the Southern Carpathians; Neamu and
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Teodoreanu (1972), altitudinal distribution of precipitation amounts in the
Romanian Carpathians; Teodoreanu (1973), the annual precipitation regime in
the Rucar-Bran Corridor (Southern Carpathians); Patachie et al. (1976), distri-
bution of precipitation in the Parang Massif (Southern Carpathians); Popa and
Dragota (1978), the precipitation regime in the Romanian Carpathians;
Stancescu et al. (1986), the particularities of precipitation distribution induced
by frontal process in the Romanian Carpathians and its surrounding areas;
Moldovan and Bretan (1989), precipitation regime at high altitude stations
(Vladeasa 1,400 m and Vladeasa 1,800 m) in the Vladeasa Mountains (Western
Carpathians); Zavoianu et al. (1995), altitudinal distribution of precipitation in
the Southern Carpathians; Mahara and Gaceu (2005a), a study of heavy rainfalls
in the western part of the Apuseni Mountains (Western Carpathians); Gaceu and
Linc (2005), the precipitation regime in the Bihor and Vladeasa Mountains; Mic
et al. (2008), the scale and shape variables of the precipitation regime in the
Bucegi Mountains and the Prahova Corridor (Southern Carpathians), etc.;

* Wind regime — e.g. Constantin and Cristescu (1967), wind regime in the Tarcu
Massif (Southern Carpathians); Serbu (1968), local air flows in the Semenic
Mountains (Western Carpathians); Dobrea and Patrichi (1969), wind regime in
the Bucegi Mountains and surroundings; Belozerov et al. (1984), aeolian poten-
tial in the North-Western sector of the Vladeasa Mountains; Pitea et al. (1986),
atmospheric pressure oscillations during strong winds at Vladeasa 1,800 m
weather station; Bogdan (1985), the characteristics of atmospheric calm in
depression areas and mountain valleys; Mahara and Gaceu (2005b), strong
winds and wind gusts on the western side of the Apuseni Mountains; Dragota
et al. (2005), wind regime in the Bihor and Vladeasa Mountains, etc.;

* Snowfalls and snow cover —e.g. Topor (1951), snow onset in Romania; Tastea
(1959), snowpack stability; Marcu (1970), snow regime in the Postavaru Massif
(Eastern Carpathians); Gugiuman and Stoian (1972), snowfall and snow cover
regime of the Romanian Carpathians (1961-1969); Rat (1973), on the
snowmelting season in Romania; Voiculescu (1995), snowfall and snow cover
regime at Balea Lake weather station (Southern Carpathians); Bogdan and
Hliescu (1999), comparative climatic and topoclimatic features of snow cover
in the Apuseni and Bucegi Mountains; Geicu et al. (1992), snow stability in
Romania; Dragne et al. (2004), snow cover and the factors influencing it in the
Romanian Carpathians; Flueraru et al. (2004) and Flueraru et al. (2005), the
characterisation of snowpack key parameters derived from remote sensing; Micu
and Mic (2006), snowfall regime in the Romanian Carpathians; Iosub (2007),
spatio-temporal distribution of snow cover areas in the Bucegi Mountains; Micu
(2009a), snowpack in the Romanian Carpathians under changing climatic con-
ditions; Micu and Marasoiu (2009), heavy snowfalls in the Southern
Carpathians; Micu (2009b), the frequency of rapid snowmelt episodes in the
Romanian Carpathians, etc.

After 1990, climate variability and change and weather extreme events, became
topics of a major concern for many researchers in Romania. Several climatological
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syntheses (at national or regional scales) made references to the Carpathian region
and are worth mentioning:

« Climate variability and change: e.g. Balteanu et al. (1987), climate change
impact on the mountain regions of Central Europe; Voiculescu (2002), climate
warming effects on the subalpine areas of the Southern Carpathians; Micu and
Micu (2006), winter temperature variability in the Romanian Carpathians; Micu
(2007), variability of air freeze regime in the Romanian Carpathians; Bojariu
and Dinu (2007), snow cover variability and trends in the Romanian
Carpathians; Micu (2008), precipitation variability in the Southern Carpathians;
Micu and Dinca (2008), winter climate change and its effects on winter tourism
in the Prahova Valley-Poiana Brasov mountain area; Micu (2009a), snowpack
changes under changing climatic conditions; Micu and Mic (2009), variability
and trends in the snow regime parameters of the Romanian Carpathians; Busuioc
et al. (2010), climate variability and change in Romania; Croitoru et al. (2011),
change-point years; Cheval et al. (2014) and Spinoni et al. (2014), climate
variability in the Carpathian Region.

¢ The link between climate change and atmospheric circulation: e.g. Busuioc
and von Storch (1996), winter precipitation change and its link to large-scale
circulation; Tomozeiu et al. (2002), seasonal change of maximum temperature in
Romania and the influence of large-scale circulation;

* Weather extreme events: e.g. Hauer et al. (2003), trends in temperature and
precipitation extremes in the north-western part of Romania (including two
mountain weather stations located above 1,700-1,800 m); Bogdan (1998),
absolute temperature records in Romania; Croitoru et al. (2002), effects of
extreme temperatures and the 1-day maximum precipitation in the north-western
part of Romania; Busuioc et al. (2003), variability of precipitation extremes in
Romania; Cheval et al. (2004), variability of climate extremes in the Romanian
Carpathians; Bogdan et al. (2007), warm winters in Romania (with focus on the
2006/2007 warm winter); Birsan et al. (2014a), changes in the temperature
extremes in the Carpathians;

Snow avalanches and their triggering factors in the Carpathian region are topics
addressed both by old (e.g. Stoenescu 1956; Dramba 1957) and especially by
several recent studies, elaborated after 2004, when the National Nivo-Meteorology
Programme of the National Meteorology Administration became operational.
Most of these studies focused on the highest and steepest massif of the Romanian
Carpathians, with well-developed glacial landforms, namely the Fagarag Mountains
(the Southern Carpathians): e.g. Motoiu et al. (2004, 2005), Voiculescu
et al. (2004a, b, 2007, 2009, 2010, 2012), Motoiu (2008), Campean and
Campean (2010), Voiculescu (2014), Voiculescu and Onaca (2014).

Several remote sensing and hydrologic studies targeted different areas of the
Romanian Carpathians, made contributions to the snowpack research, by consid-
ering it a valuable water resource, but also a predictor of the run-off variation:
e.g. (Moissiu 1980, 1983; Grumazescu et al. 1986; Mita and Dragan 1986;
Grumazescu and Stancalie 1988; Copaciu and Tibacu 1993; Diaconu and Serban
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1994; Mita and Stancalie 1996; Mita et al. 2003; Zavoianu et al. 1999; Stancilie
et al. 2004; Birsan et al. 2012, 2014b).

Relevant contributions to the Romanian mountain research have been made
under the framework of several projects, generally addressing topics related to
climate change and high-mountain natural risks:

— Post-glacial dynamics of alpine environments in the Romanian Carpathians.
Morphoclimatic correlations, geotopes preservation and sustainable landscape
management (MEDALP project, 2006-2009);

— GIS-related elaboration of database and thematic maps of ski areas in the
Southern Carpathians. Analysis, assessment and prognosis in the light of global
climate change (2009-2011);

— Natural risk phenomena in the Southern Carpathian alpine realm. GIS-based risk
mapping (2004-2007).
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Chapter 3
Study Area

Abstract Developed as the most extended and contorted sector of the European
Alpine System, the Carpathians represent a complex natural environment whose
present-day morphology is marked by active human intervention. Their limits and
subdivisions were subjected to numerous geomorphic classifications, meant to
separate heterogeneous units characterized by common lithological, structural or
geomorphic traits. The longest sector of this European mountain range is in
Romania, containing up to 40.9 % of the total Carpathian surface and 27.8 % of
the country’s territory. In response to a complex process of orogeny, outlined by
polycyclic uplift-denudation sequences, the Romanian Carpathians Chain reflects
in its morphology, morphometry and morphodynamic patterns, the litho-structural
conditioning. The general physiographic disposition of the chain and the local
morphometry, imposed by the folded and faulted igneous, metamorphic or sedi-
mentary deposits, are conditioning the hydrological, climatic and biologic charac-
teristics in terms of horizontal and vertical zonation, as well as in the temporal
distribution of composing agents, processes and forms.

3.1 Geographical Location of the Romanian Carpathians
Within the Carpathian Chain

The Carpathians are the largest, longest, most twisted and fragmented segment of
the Alpine system, stretching between latitudes 50°N and 44°N, and longitudes
17°E and 27°E (Fig. 3.1). They form the eastern sector of the orographic chain that
starts in the Pyrenees and continues with the Alps, and goes on across the Timok
Valley towards the Black Sea, continued by the Stara Planina Mountains. Their
total length is of 1,500 km and they cover a surface area of about 170,000 km? of
Central-Eastern Europe, much larger than the European Alps (1,000 km and
140,000 km?, respectively) (Carpathians Environment Outlook 2007).

The Romanian Carpathians is the longest sector of the Carpathians, extending
along 910 km (54 % of the total length of the Carpathians) and covering an area of
66,303 km?” (40.9 % of the total surface of the Carpathians and 27.8 % of Romania’s
territory).

© Springer International Publishing Switzerland 2015 23
D.M. Micu et al., Climate of the Romanian Carpathians,
Springer Atmospheric Sciences, DOI 10.1007/978-3-319-02886-6_3



24 3 Study Area

18°0'0"E 20°0'0"E 22°0'0"E 24°0'0"E 26°0'0"E 28°0'0"E

\/_)

50°0'0"N
50°0'0"N

C'zech R.aph

U kraine

48°0'0"N

=
o
© Jrustaa
w
-

Moldova
Hun gvai| ¥

ilf gnia =

R o m asnslE

untains

46°0'0"N
46°0'0"N

Cr o-a‘tli a
; | o
5
Slerbia 7
Bosnta and Herz

44°0'0"N
44°0'0"N

0 4080 160 240 320 |
o) e Rilometers B uslsgralr.i-a
o -— \ Mopgemegro CosiTghE € 2013 Esih Sourees (5 UG0S NOAA

18°00°E  20°00°E  22°00°E  24°00°E  26°00°E  28°0'0"E

Fig. 3.1 The location of the Romanian Carpathians within the European Carpathian chain

There are several delimitations of the Carpathian Mountains found in the specialist
literature, which delineate the Romanian Carpathians using different and complex
criteria: e.g. geomorphological, geological, ecological, population aspects. However,
they reveal significant differentiations regarding the delimitation of the Carpathian
sub-units assigned to the Romanian sector (Table 3.1). The delineations of the
Romanian Carpathians existing in the national geographic literature (e.g. Posea
1972; Posea and Badea 1984; Geografia Romaniei, III, Carpatii Romanesti si
Depresiunea Transilvaniei 1987; Badea et al. 2001, 2006, 2012) are based mostly
on geomorphological (morphology and morphometric traits) and geological criteria
(structure, lithology).

This work uses delineations published in the geographical synthesis work
Geografia Romaniei, III, Carpatii Romanesti si Depresiunea Transilvaniei (1987).
Accordingly, the Romanian Carpathians are subdivided into three main units, each
of them displaying distinct physical geographical settings (Fig. 3.2, Table 3.2): the
Eastern Carpathians (33,584 kmz), the Southern Carpathians (15,000 kmz), the
Western Carpathians (17,714 kmz).
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Table 3.1 Delimitations of the European Carpathian chain (Based on the survey published by the
Carpathians Environmental Outlook 2007 with additions)

Carpathian divisions Criteria Contributions

The Occidental Carpathians, the Oriental n/a Levasseur (1886)
Carpathians and the Transylvanian Alps

The Tatra, the Maramures and the Transylva- | Geomorphological, George and Tricart

nian Alps

human activities

(1954)

The North-Western Carpathians, the
Median Carpathians and the South-Eastern
Carpathians, which include the Eastern
Carpathians, the Southern Carpathians

and the Western Carpathians

Geomorphological,
population aspects

Mihailescu (1963)

The North-Western Carpathians, Geomorphological, Székely (1968)
the North-Eastern Carpathians, the Eastern geological

Carpathians and the Southern Carpathians

The Western Carpathians (Outer and Inner), Geomorphological, Kodracki (1978)
Eastern Carpathians (Outer and Inner), geological

Southern Carpathians and the Western

Romanian Carpathians. The Carpathian area

includes the surrounding hilly regions

and intra-mountainous depressions

The North-Western Carpathians, the North- Geomorphological, Carpathians
Eastern Carpathians, the Eastern Carpathians, | geological, population | Environment
the Southern Carpathians and the aspects Outlook (2007)

South-Western Carpathians

The Western Carpathians, the Eastern
Carpathians and the Southern Carpathians
(between the Prahova and Timok Valleys)

Geological settings and
geodynamical evolution

Haass (2012)

L Woster Carpamians |

Fig. 3.2 Main morphometric characteristics of the Romanian Carpathians: (a) hypsometry (m);

(b) slope (°); (c) relative relief (m)
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Table 3.2 The main physical geographical settings of the Romanian Carpathians (Geografia
Romaniei, ITI, Carpatii Romanesti si Depresiunea Transilvaniei 1987; Urdea 2004; Balteanu 2012)

Carpathian branches Distinct elements
The Eastern Carpathians Altitudes: 908 m (average), 2,303 (maximum — Pietrosu
(Rom. Carpatii Orientali) Rodnei Peak, the Rodna Mountains)

Densely fragmented (25 % share of depression areas)
Support extensive coniferous forest (25 %)

(CLC 2006)

Isolated remnants of Wiirm glaciation in the north,
at over 2,000 m (the Rodna Mountains)

Structured in three longitudinal units: crystalline

in the central part, sedimentary in the outer eastern
part and a Neogene volcanic in the western part

Includes the longest extinct volcanic chain in Europe

The Southern Carpathians Altitudes: 1,071 m (average), 2,544 m (maximum —
(Rom. Carpatii Meridionali) Moldoveanu Peak, the Fagaras Mountains),

10 % share of areas higher than 2,000 m

Most massive, with high relative relief values

(over 80 % above 500 m)

Frequent remnants of Wiirm and Riss glaciation

at over 2,000-2,200 m

Extended levelled surfaces (denudation levels)

Asymmetric North-South profile (steep northern slope,
gentle southern slope)

The Apuseni and Banat Mountains Altitudes: 652 m (average), 1,849 m (maximum —
(Rom. Carpatii Occidentali) Curcubata Mare Peak, the Vladeasa Mountains)

Densely fragmented by depressions and valleys

Asymmetric West-East profile (steep eastern slope,
gentle western slope)

Forest area (65 %) (CLC 2006)

3.2 General Morphological Settings

The Romanian Carpathians have an average elevation of 877 m (as computed from
the SRTM90 m), which is well below that of the European Alps (1,350 m). Their
maximum height is of 2,544 m in the Moldoveanu Peak (the Southern Carpathians),
which is well below the elevation of the highest Carpathian peak — the Gerlachov-
sky Peak, 2,655 m (the North-Western Carpathians). About 80 % of their surface is
below 1,200 m and only isolated the altitudes exceed 2,500 m (Fig. 3.2).

The mountain sector is roughly delineated from the lowlands by the 800 m
elevation (Geografi a Romaniei, I, Geografie Fizica 1983). The complex morphol-
ogy of the Romanian Carpathians is generally outlined by high values of fragmen-
tation density (0.5-5.0 km/km?), average relative relief of 500-600 m (exceeding
750 m, especially in the Southern Carpathians) and average slope values of 10-30°
(70 % of the slopes) (Fig. 3.2).
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The characteristics of the relief are an important issue when discussing climate
and weather, especially through their morphometric characteristics. Altitude, slope
angle, exposition (aspect) and relative height are features outlining the relief’s
evolution tendencies and the intensity of present-day modelling processes. More-
over, the same parameters may imprint the local character of different processes
and phenomena, individualizing different morphoclimatic zones (belts). Adapting
the scheme of geoecological belts defined by Kotarba (1987) in the Polish Tatras,
Urdea and Sirbovan (1995) recognized four morphoclimatic belts within the Roma-
nian Carpathians, which are reflected in the vertical climatic and vegetation zona-
tion: the seminival belt (above 2,250-2,300 m), widely corresponding to the nival
belt in the Alps, the alpine belt (between 2,000 and 2,250 m), the subalpine belt
(between 1,750-1,800 m and 2,000 m) and the forest belt (below 1,750—1,800 m).
Investigating the Holocene morphogenetic altitudinal zones in the Carpathians,
Kotarba and Starkel (1972), assigned the first three belts to the cryonival
morphoclimatic system and the latter, to the temperate forest system. Each belt
exhibit distinct prevailing geomorphic processes defining the characteristics of
the actual morphodynamics in the Romanian Carpathians e.g. frost weathering,
gravitational and cryogenic processes, wind erosion, and nivation are the most
common processes within the subnival and alpine belts; nivation, cryogenic pro-
cess, runoff and fluvial processes, creep and debris flows prevail within the subal-
pine belt, whereas debris flow, runoff, avalanche activity in the forest one.

The structural relief, represented by folded (in all Carpathian branches) and
faulted (only in the Southern and Western Carpathians) strata may imprint a
preferential development of the river network, which alongside fragmentation
depth and density and overlapping regional and local circulation of the air masses
may lead to local changes within important climatic parameters (temperature,
precipitation and relative humidity). The petrographic relief is involved in deter-
mining local climatic features through some characteristics such as: increased
heights, numerous ridges and crests, deeply-incised valleys (Southern Carpathians);
endokarst and exokarst (the Apuseni Mountains); enlarged valleys and extended
depressions (the extended and well-defined flysch sector of the Eastern or the less
extended one of the Banat Mountains) (Fig. 3.3).

Fig. 3.3 Structural and sculptural relief: the Siriu Mountains, Eastern Carpathians (/eft); Cindrel
Mountains, Southern Carpathians (right) (Photo: Dana Micu)
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Fig. 3.4 Glacial and fluvial relief: the Retezat Mountains, Southern Carpathians (/ef); the
Danube’s Iron Gate gorges, Western Carpathians (right) (Photo: Dana Micu)

The climate-controlling role of the volcanic relief is very well outlined by the
presence and impact of the low-altitude volcanic chain of the inner Eastern
Carpathians, which through their reduced heights allow humid oceanic airflows to
supply large precipitation amounts to the windward slopes compared to leeward
ones. The sculptural relief (Fig. 3.4) exerts its role through the extended three level
complexes, developed between 800-1,200 m, 1,300-1,600 m and 1,800-2,400 m,
which are distinctive by some particular topoclimatic conditions (e.g. increased
incoming solar radiation fluxes, strong airflow dynamics, enabling frequent snow
transport processes in winter), which are timing the frequency and intensity of
cryo-nivation processes.

Although not that widespread, the glacial relief (especially in the Southern
Carpathians), through its elements (steep slopes, round-bottom long valleys and
minor concavities) may favour (or just the opposite) large snow accumulations and
their potential transformation into névé deposits. Despite their massive profile, the
Romanian Carpathians are often transversally crossed by a dense river network.

3.3 The Paleogeographic Evolution
and Geological Constitution

The Romanian Carpathians, part of the great Alpine-Himalayan orogeny, represent
one of its most complex segment, generated by and still under the direct influence of
numerous tectonic micro-plates (Pannonian, Transylvanian and Moesic). The com-
plexity of this chain resides especially in the heterogeneous lithology marked by
crystalline schists, flysch, volcanic and neo-volcanic folded and faulted structures
separated by Quaternary-sediments filled intra-montane depressions. Its complex
morphogenesis, outlined by the studies of Mutihac and Ionesi (1974), Mutihac
(1982), Sandulescu (1984) extends over two main epochs, a pre-Carpathian one
(Precambrian, Caledonian and Hercynian orogeny phases) and a Carpathian one
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(Kimmerian, Old-Carpathian and Neo-Carpathian orogeny phases), which defines
the actual units from a morphological, structural and lithological points of view.
The last phases of evolution are outlined by the Quaternary glacial sculpting, which
shapes the surfaces above 1,700-1,800 m forming a typical glacial relief, presently
marked by the lack of active glaciers due to their lower altitudes. The Holocene
shaping of both slopes and channels imprints the actual character of the relief,
individualizing also the mountainous topoclimates.

Due to the long interval of outlining, structuring and defining its individuality,
resulting from the complexity of environment and evolution processes, the Roma-
nian Carpathians now show much structural and lithological heterogeneity. The
Eastern branch features an alignment of three parallel strips formed of Cretaceous,
Palacocene and Neogene magmatites in the interior, followed by median crystalline
schists (same age) and bordered towards the exterior by an extended area built on
Cretaceous and Palacogene flysch. The Southern Carpathians are characterized by
N-S and E-W faulted nappe structures, consisting of crystalline core formations
covered by sedimentary rocks. The western sector is the most heterogeneous one,
showing an alternation of crystalline, magmatic (including Neogene magmatic
rocks) and sedimentary formations, resulting in rich ferrous, non-ferrous or coal
deposits.

3.4 Hydrology and Hydrogeology

The hydrology of the Romanian Carpathians reflects the morphogenetic, struc-
tural and petrographic complexity of this range. The large majority of Romania’s
rivers spring from the Carpathian Mountains and drain into the Danube.
The rivers cross the Carpathians transversally, and their drainage patterns pay
tribute to the position of the mountain chain in front of the prevailing humid air
circulation. Gastescu (2014) emphasized the influence of the moist (oceanic) air
masses on the flow across the Romanian Carpathians. The western-facing slopes
of the Apuseni Mountains (the Western Carpathians) and of the Calimani-
Gurghiu-Harghita volcanic chain (the Eastern Carpathians) exhibit maximum
discharge and variations of altitudinal gradients of 5-6 1/s m?*/100 m, while on
the eastern slopes of the Eastern Carpathians, the flow is two to three times lower,
due to their exposure to the prevailing continental air flows and foehn effects.
The mean annual discharge at the high elevations of the Apuseni Mountains
(the Western Carpathians), Retezat and Fagaras Mountains (the Southern
Carpathians), may reach 20—40 1/s km? (Geografia Romaniei, I, Geografie Fizici
1983). The Romanian Carpathians have a total water resource volume of 26.48
billion m?, counting 65.3 % of the river-resources volume in Romania (Gastescu
2014). Having a general snow-fed and pluvial regime, the rivers have a maximum
discharge induced by torrential rains (during the warm season) and during spring
showers which overlap the snowmelt period. Taking into account the hydropower
potential, reservoirs were built on numerous mountain river courses, leading to
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small scale (yet locally important) microclimate changes. The distribution of
ground waters (both shallow and confined aquifers) depends on differently-
inclined slopes or less-to-more fissured rock formations: shallow aquifers are
richer in the Intra-Carpathian depressions, while confined aquifers present very
obvious lithologically-conditioned discontinuities.

3.5 Zonation of Vegetation and Soils

The density and floristic composition of the vegetation cover are essential to
generating distinctive topoclimatic and microclimatic features in the mountainous
area. Both vegetation and climate are strongly linked, so that if one is changing, the
other develops variability in this causality relation. Barry (2008) stated that even
“small topographic irregularities and differences of slope angle and aspect produce
marked contrasts in vegetation due to the combined effects of radiation, evapora-
tion, wind speed and snow accumulation”. Climate features strongly influence the
vegetation types’ spatial distribution yet not exclusively. Mountain topography,
edaphic conditions, latitude, etc. are also factors particularly involved in the vertical
zonation of vegetation across the Carpathians. In particular, the vegetation distri-
bution in mountain regions is so closely linked to the climatic variables that
vegetation belt typology has been widely used to delineate climatic influences
(e.g. Troll 1968, 1973; Lauer 1979; Monasterio 1980; Quezel and Schevok 1981;
Klotzli 1984, 1991, 1994).

The Romanian Carpathians have the same characteristics common to all the
other mountains belonging to the Alpine chain. Their position marks the presence
of Eurasian, European, Continental, Arctic-Alpine and Alpine elements (Geografia
Romaniei, I, Geografie Fizica 1983). Taking a comparative look at the bioclimatic
zonation of the Alps, Tatra Mountains (the highest mountain ranges of Central
Europe) and the Carpathians, several differences arise (Kotarba 1987; Ozenda
1985, 1988; Voiculescu 2002). The forest belt in the Carpathians (up to 1,600—
1,800 m) largely corresponds to that of the Tatra Mountains (900-1,500 m) and to
the lower and median belts of the Alps (1,000-2,200 m); the Carpathian subalpine
belt (1,700-1,800 m up to 2,000 m) can be generally assigned to the Tatra (1,650—
2,150 m) and to the upper mountain belt of the Alps; the alpine belt of the Romanian
Carpathians (above 2,000-2,200 m) corresponds in part to the seminival belt of
Tatra (2,250-2,300 m) and to the lower subnival belt of the Alps (from 2,250 up to
2,400-3,000 m).

The major types of vegetation formations in the Romanian Carpathians are
distributed within four main units, among which mixed associations may appear.
The nemoral belt extends between 800 and 1,200 m (sparsely 1,400 m and even
1,600 m especially along some south-facing slopes) being dominated by beech
(Fagus sylvatica). Above it, up to 1,700-1,800 m the coniferous belt develops,
formed mainly of spruce (Picea abies) and fir (Abies alba) and incidentally pine
(Pinus rubra). The sub-alpine belt borders the upper altitudes, in the form of sparse
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patches, the coniferous belt (up to about 2,000 m) consists mainly of associations of
dwarf spruce and pine (Pinus mugo), juniper (Juniperus communis) and Ericaceae
species. Vertical zonation ends up with the alpine belt (above 2,000-2,200 m) that
consists of short-grass meadow associated with dwarf shrubs.

Strongly correlated with vegetation distribution and climatic conditions, the
soils follow a similar altitudinal distribution pattern. Generally, the Carpathians
are characterized by soils of small-to-medium depth, poor in nutrients, with a rough
texture due to intense weathering. The largest surfaces are covered with cambisols
(brown eu-mesobasic, acid brown and red soils), poorly-developed soils having a
very good drainage. Across the high mountain areas spodisols (podzolized brown
and ferri-illuvial soils, haplic podzols and cryptopodzols) and umbrisols are devel-
oping, both intensely drained and showing a coarse texture and highly skeletal.
The large depressions and floodplains are covered with luvisols (varied texture and
moderate-to-good natural drainage) and hydrisols (poorly drained medium
textures).

References

Badea L, Niculescu G, Roatd S, Buza M, Sandu M (2001) Unititile de relief Romaniei, I, Carpatii
Meridionali si Muntii Banatului (Relief units of Romania, VI, the Southern Carpathians and the
Banat Mountains). Edit. Ars Docendi. Bucuresti. p 151 (in Romanian)

Badea L, Niculescu G, Sandu M, Schreiber W, Serban M, Kadar A (2006) Unitatile de relief
Romaniei, IT, Muntii Apuseni si Podisul Transilvaniei (Relief units of Romania, II, the Apuseni
and Transylvania Tableland). Edit. Ars Docendi, Bucuresti. p 192 (in Romanian)

Badea L, Niculescu G, Calin D (2012) Unitatile de relief Romaniei, VI, Carpatii Orientali —
Carpatii Maramuresului si Bucovinei (Relief units of Romania, VI, the Eastern Carpathians —
the Maramures and Bucovina Carpathians). Edit. Ars Docendi. Bucuresti. p 106 (in Romanian)

Balteanu D (2012) Major geomorphological units. In: Léczy D, Stankoviansky M, Kotarba A (eds)
Recent landform evolution. The Carpatho-Balkan-Dinaric Region. Springer Geography,
Springer Dordrecht Heidelberg London New York, pp 250-252

Barry RG (2008) Mountain weather and climate, 3rd edn. Cambridge University Press,
Cambridge, p 506

Carpathians Environmental Outlook (2007), United Nations Environment Programme/Division of
Early Warning and Assessment, 232 p

CLC (2006) CORINE land cover 2006 raster data. Available at eea.europa.eu/data-and-maps/data/
corine-land-cover-2006-raster-2. Accessed Sept 2013

Gastescu P (2014) Water resources in the Romanian Carpathians-genesis, territorial distribution,
management Riscuri si Catastrofe XIII, 13(1):137-149

Geografia Romaniei, III, Carpatii Romanesti si Depresiunea Transilvaniei (1987) (Geography of
Romania, III, the Romanian Carpathians and Transylvanian Depression). Edit. Academiei.
Bucuresti (in Romanian)

Geografia Romaniei, I, Geografie Fizica (1983) (Geography of Romania, I, Physical Geography).
Edit. Academiei, Bucuresti (in Romanian)

George P, Tricart J (1954) L’Europe Centrale, I, Tome Premier Géographie physique et humaine,
ORBIS. Presses Universitaires de France, Paris

Haass J (2012) Geological and tectonic setting. In: Loczy D, Stankoviansky M, Kotarba A (eds)
Recent landform evolution. The Carpatho-Balkan-Dinaric Region, Springer geography.
Springer, Dordrecht/Heidelberg/London/New York


http://eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster-2
http://eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster-2

32 3 Study Area

Klo6tzli F (1984) Neuere Erkenntnisse zur Buchengrenze in Mitteleuropa, Fukarek, Akad. Nauka
um jetn. bosne Herc., rad. 72, Odj. Prir. Mat. Nauka 21 [Festschr P (ed)]. Sarajevo. pp 381-395

Klotzli F (1991) Altitudinal controls on Alpine vegetation. In: Esser G, Overdiek D (eds)
Longevity and stress, modern ecology: basic and applied aspects. Elsevier, Amsterdam,
pp 97-110

Klotzli F (1994) Vegetation als spielball naturgegebener bauherren. Phytocoenologia 24:667-675

Kondracki J (1978) Karpaty. Wydawnictwo Szkolne i Pedagogiczne, Warsaw

Kotarba A (1987) Geoecological belts. In: Kotarba A (ed) High mountain denudational system of
the polish tatra mountains. Geographical studies, Special issue (3):38-44

Kotarba A, Starkel A (1972) Holocene morfogenetic altitudinal zones in the Carpathians. Stud
Geomorphol Carpatho-Balc 6:21-35

Lauer W (1979) La posicion de los paramos en la estructura del paisaje en los Andes tropicales. In:
Salgado-Laboriau ML (ed) El medio ambiente paramo, actas del seminario de Mérida,
Venezuela. Centro de Estudios Avanzados, Caracas, pp 2943

Levasseur E (1886) Tracés Oro-Hydrographiques (Apennins, Karpates, Pyrénées et Plateau De
Castille), in Petit Atlas de L’Europe (Moins la France) [Levasseur E, Perigot Ch (eds)]. Paris

Mihdilescu V (1963) Carpatii sud-estici de pe teritoriul Romaniei. Studiu de geografie fizica cu
privire speciala la relief (The Southeastern Carpathians. A physical geography study focused
on relief). Edit. Stiintifica Bucuresti. p 373

Monasterio M (1980) Los paramos andinos como region natural: caracteristicas biogeograficas
generales y afinidades con otras regiones andinas. In: Monasterio M (ed) Estudios ecologicos
en los paramos andinos. Ediciones de la Universidad de Los Andes, Mérida, pp 15-27

Mutihac V (1982) Unitatile geologice structurale si distributia substantelor minerale utile din
Romania (Structural geological units and the distribution of useful minerals in Romania), Edit.
Did.Pedag., Bucuresti, p 199 (in Romanian)

Mutihac V and Ionesi L (1974) Geologia Romaniei (Geology of Romania). Edit. Tehnica,
Bucuresti, p 648 (in Romanian)

Ozenda P (1985) La végétation de la chaine alpine dans I’Espace montagnard Européen. Masson,
Paris, p 344

Ozenda P (1988) Die Vegetation der Alpen. Gustav Fischer, Stuttgart

Posea G (1972) Regionarea carpatilor romanesti (regionalization of the Romanian carpathians).
Terra. IV(XXIV). 3 (in Romanian)

Posea G, Badea L (1984) Romania, unitatile de relief — regionarea geomorfologica (Romania,
relief units — geomorphic regionalization). Map 1: 850 000, Edit. Stiintifica si Enciclopedica,
Bucuresti (in Romanian)

Quezel P, Schevok J (1981) Essai de mise en place de la zonation altitudinale des structures
forestieres. Ecologia Medit 8:389-410

Sandulescu M (1984) Geotectonica Romaniei (Geotectonics of Romania). Edit. Tehnica,
Bucuresti, p 336 (in Romanian)

Székely A (1968) Eurdpa koszortja: a Karpatok; Eurdpa kozponti katlanja: a Karpat-
medencevilag. In: Marosi S, Sarfalvi B (eds) Eurdpa 1. kotet. Gondolat, Budapest

Troll C (1968) The cordilleras of the tropical Americas. Aspects of climatic, phytogeographical
and agrarian ecology. In: Troll C (ed) Geoecology of the mountainous regions of the tropical
Americas. Ferd. Diimmlers Verlag, Bonn, pp 15-56

Troll C (1973) High mountain belts between the polar caps and the equator: their definition and
lower limit. Arct Alp Res 5(3):19-28

Urdea P (2004) The pleistocene glaciation of the Romanian Carpathians. In: Ehlers J, Gibbard PL
(eds) Quaternary glaciations — extent and chronology. Part 1: Europe. Elsevier, Amsterdam,
pp 301-308

Urdea P, Sirbovan C (1995) Some considerations concerning morphoclimatic conditions of the
Romanian Carpathians. Acta Climatol Univ Szeged 28-29:23-40

Voiculescu M (2002) Fenomene geografice de risc In Masivul Fagaras (Geographical risk
phenomena in the Fagaras Massif) Edit. Brumar. Timisoara. p 231 (in Romanian)



Chapter 4
Data

Abstract This chapter gives information about the meteorological and ancillary
datasets used in this work, including the description of the meteorological variables,
their temporal coverage, the spatial distribution of the weather stations with
homogenized datasets and the gridded data sources accessed (e.g. geographical,
meteorological). The main steps in the development of the mountain meteorolog-
ical network since the late 1920s to date and its general characteristics (e.g. number
of stations, density, spatial representativity) are also summarized in a section of the
chapter.

4.1 Datasets

The regional climatic patterns across the Romanian Carpathians were investigated
based on daily time series of five key meteorological variables (Table 4.1). The
original daily climatic data resulted from in situ measurements at weather stations
with appropriate spatial and temporal homogeneity, which are included in the
National Meteorological Administration (NMA) network. The reliability of
climatic data was ensured by quality control, completion of missing data where
necessary and homogenization of daily time series using the Multiple Analysis of
Series for Homogenization software (MASH). The MASH homogenization pro-
cedure is further described in Chap. 5 (Sect. 5.1).

A total number of 35 weather stations, regularly distributed within the entire
area of the Romanian Carpathians (15 located above 800 m and 20 below this
elevation), were used to analyze the regional climatic patterns and interpret the
present-day climate variability signals (Fig. 4.1). The selected sites have less than
10 % missing values over a 50-year period of observations (1961-2010) and they
reflect different altitude zones and physiographic characteristics of the study
region. The mountain weather stations with shorter time series were not consid-
ered in the study.
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Table 4.1 Meteorological variables used in this work
Temporal
Variables Acronym | Description resolution | Units Source
Solar SID Direct irradiance at Daily Wm~2 | EUMETSAT’s
radiation surface Satellite
SIS Surface incoming Daily Wm~2 | Application
shortwave radiation Facility on
Climate
Monitoring
(CM SAF)
Air Tavg 2 m mean daily air Daily °C CARPATCLIM
temperature temperature
Tmin Minimum air Daily °C CARPATCLIM
temperature between and in situ
6 p.m. and 6 a.m. measurements (for
absolute records)
Tmax Maximum air Daily °C CARPATCLIM
temperature between and in situ
6 a.m. and 6 p.m observations (for
absolute records)
Precipitation | P Accumulated precipi- | Daily mm CARPATCLIM
tation amount from 6 a. and in situ
m. and 6 p.m measurements (for
absolute records)
SF Snowfalls, deduced Daily Days In situ
from visual observations
observations in the
meteorological
platform, between 7.00
p-m in the current day
and 7.00 a.m of the
next day
SS Snow showers, Monthly Days In situ
depicted by snowfalls observations

usually heavy, which
can produce
measurable snowpack,
being characterized by
a sudden beginning and
ending, as well as by a
highly variable
intensity over short
time-spans

(continued)
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Table 4.1 (continued)
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Temporal
Variables Acronym | Description resolution | Units Source
Wind WD 10 m wind at eight Daily % In situ
cardinal directions measurements
WS 10 m wind speed Daily m/s CARPATCLIM
and in situ
measurements (for
absolute records)
n/a Strong winds deduced | Monthly Days In situ
from readings when observations
wind speed exceeds
16 m/s
n/a Atmospheric calm, Monthly %o CARPATCLIM
when wind speed is
below 1 m/s
Snowpack HS Snow depth resulting Daily cm In situ
from the average read- measurements
ing of three fixed mea-
suring stakes, at 6 a.m.
SWE The water amount 5 days l/m2 In situ
resulting from the measurements

melting of a snowpack
measuring at least 5 cm
and covering at least

1 m?, which is
determined according
to the formula:
SWE=snow density
[g/cm’]*snow depth
[em]*10.

Large-scale circulation patterns over Europe (70°N—40°N and 20°W-40°E)
were studied using charts depicting the 500 hPa geopotential height and upper air
pressure, 850 hPa air temperature, front analysis, severe weather indices
(e.g. Lifting Index, CAPE) and surface weather elements (e.g. 2 m air temperature,
precipitation form, 10 m wind speed) retrieved from the Wetterzentrale [http://
wetterzentrale.de/topkarten/] and Wetter3 websites [http://wetter3.de]. The histor-
ical Global Forecast System charts have been used to estimate the typical flow
patterns and the synoptic background corresponding to certain climate extreme
episodes across the Romanian Carpathians e.g. extreme cooling, warming, heavy

rainfalls, gusty wind.
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Intra-Carpathian depressions
and mountain corridors
90 120
km

Fig. 4.1 Spatial distribution of the weather stations used in this work

Ancillary gridded datasets have been used in this work to describe the main
topographic and vegetation cover features of the Romanian Carpathians:

— Elevation data above mean sea level: the Digital Terrain Model SRTM-90
[http:\\srtm.usgs.gov\], available at a medium resolution of 1 arc-s in latitude
and longitude for the entire Romanian Carpathian territory; a number of topo-
graphic parameters have been extracted from the DTM (i.e. altitude, slope,
aspect) and used to investigate the vertical zonation and the local and regional
climatic patterns across the study region.

— Land cover data: CORINE (Coordination of Information on the Environment)
Land Cover (CLC) 2006 database derived from SPOT-4 and IRS LISS III
satellite images obtained from 2006, available at 100 m horizontal resolution
(EEA 2011; http://sia.eionet.europa.eu/CLC2006).
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4.2 Mountain Meteorological Network

The beginning of mountain climatology research is widely related to the
establishment of the first weather stations in the Romanian mountain region.
The first mountain meteorological observations in Romania date back to the
1925-1927 interval, when several weather stations were set up at above 800 m,
particularly in the Southern Carpathians: Casa Omul (2,510 m), Casa Pestera
(1,615 m), Susaiu (1,329 m), Retivoiu (1,150 m), Predeal (1,090 m), Sinaia
Monastery (879 m), Gheorgheni (815 m) and Paltinis-Sibiu (1,403 m). The
highest altitude weather station in Romania and also, one of the highest in Europe,
has been commissioned in 1927, in a nearby location of Casa Omu establishment
(the Southern Carpathians) — Vf. Omu (2,504 m). Some of these stations still
operate today, without major changes in their local environmental conditions
(e.g. Predeal, Paltinis, Vf. Omu).

The strained international political context and the war explain the reduced
climatological activity in Romania over the 1934-1945 period. Consequently,
observations at several weather stations, especially at those in the north of the
country, were discontinued, particularly in the years 1944 and 1945.

Between 1951 and 1960 efforts were made to re-open the old weather stations
and set up new ones: Parang (1,548 m) and Fundata (1,348 m) in the Southern
Carpathians; and Rarau (1,536 m) in the Eastern Carpathians. In 1952, a Decision
of the Council of Ministers stipulated the conditions under which weather
platforms could be located so as to ensure spatial representativity and relevance
of measurements and meteorological observations. That Decision paved the way
for the future implementation of the state-based meteorological network devised
by the Climatology Department of the Meteorological Institute. The theoretical
principles underlying it helped improving database quality.

From 1960, a task plan for the reorganization of the state-based meteorological
network was being implemented,' recommending the selection of the most appro-
priate conditions for setting up weather stations and rain gauge stations throughout
the country in representative spatial locations, and aligning them to the interna-
tional programme of meteorological measurements. After 1960, the mountain
meteorological network became progressively denser (Fig. 4.2), providing more
homogeneous datasets, recorded under various local geographical conditions and
elevations. The majority of the existing weather stations located above 800 m
(52 %) began functioning after 1961, when the national network was reorganised
(Fig. 4.3). There are only five mountain sites which have data records of more than

! The changes in the reading time of meteorological observations in Romania are listed below:

— Before 1961: the observers measured the meteorological variables three times a day (08:00,
14:00 and 20:00).

— Since 1961: The observers measured the meteorological variables four times a day (01:00,
07:00, 13:00 and 19:00 in winter and 02:00, 08:00, 14:00 and 20:00 in summer — local time).
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Number of weather stations in the NMA
network

Fig. 4.2 Development of the mountain meteorological network in Romania
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Fig. 4.3 Commissioning years of weather stations located above 800 m

70 years: Paltinis (89 years), Vf. Omu and Predeal (87 years), Parang (74 years) and
Baisoara (73 years).

Currently, the NMA coordinates the activity of 159 weather stations regularly
distributed across Romania, among which 24 are located above 800 m altitude. Two
high-elevation sites are included in the international meteorological data flow
(Ceahlau-Toaca and Vf. Omu). The need to improve data quality and to provide
the users with more accurate information fostered some changes in the configura-
tion of the national network, by including automatic weather stations (as from



4.2 Mountain Meteorological Network 39

1995). In 2012, the NMA had a total number of 86 automatic stations operating in
its network, of which 10 are located in the Romanian Carpathians.

The general features of the network spatial representativity in the Romanian
Carpathian region play a key role in the analysis of regional climatic patterns. The
meteorological/climatological practice defines the spatial representativity of in situ
measurements as “the capacity of weather stations to supply data comparable
between different regions, even though no WMO-issued standardised definition to
this effect exists” (Ralita 2006, p. 153).

Ralitd (2006) made an analysis of the degree of shelter using 149 weather
stations operating in the NMA network (21 located above 800 m), with the aim
of identifying potential data series error sources at observation time or in the
future, derived from the local station surroundings. The extent to which the local
horizon of the station is sheltered is assessed by taking into account all obstacles
(natural or anthropic) found within a 300 m-distance corresponding to all 16 car-
dinal directions, as stipulated by WMO. The NMA assessment methodology in
this respect (proposed by Ralita 2006) is based on the distance between the centre
of the platform and each obstacle found within the station’s surroundings, as well
as on obstacle length and height. These elements allow for determining the
average vertical angle between obstacle heights by relation:

(5
a = arctg 3

a = average angle by 16 cardinal directions;
h = obstacle height;
d = distance from meteorological platform centre to obstacle.

Where,

The results obtained for 21 mountain weather stations (Fig. 4.4) indicate that
the mountain network consists dominantly of ‘open’ and ‘moderately sheltered’
stations, as follows:

— 38.1 % of the stations have ‘open’ platforms and they are located at above
1,600 m (e.g. Semenic, Lacauti, Obarsia Lotrului); some of the high-elevation
sites (V. Omu, Vf. Tarcu, Célimani) are considered representative for the free
troposphere conditions;

— 33.3 % of the stations have ‘moderately sheltered’ platforms, due to local
obstacles that are not very tall and often even isolated (e.g. Predeal, Ceahlau-
Toaca, Fundata, Baisoara);

— 28.6 % of the stations have ‘sheltered’ platforms (e.g. Penteleu, Piltinis, Iezer).

The 35 weather stations, having less than 10 % missing values over the
1961-2010 period, are unevenly distributed across the three Romanian
Carpathians branches (Table 4.2). These sites cover a wide elevation range,
between 82 m (Moldova Veche, in the Western Carpathians) and 2,504 m
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Fig. 4.4 Platform shelter grade () of weather stations in the Romanian Carpathians located above
800 m: open platforms (x < 4°); moderately sheltered platforms (a is 4-9°); sheltered platforms (a
is 9-24°)

Table 4.2 General features of meteorological network of sites with less than 10 % missing values
in the Romanian Carpathians

# of NMA weather stations with
Romanian Carpathian | Surface |less than 10 % missing values Overall network density
units (km?) |Below 800 m | Above 800 m | (stations/50 km?)
Eastern Carpathians 34,549 |10 4 0.020
Southern Carpathians | 14,040 4 8 0.042
Western Carpathians | 17,714 6 3 0.025
Total 66,303 |20 15 0.026

(V£. Omu, in the Southern Carpathians). Their spatial distribution across the study
region shows a general underrepresentation of high-elevation areas, above 1,700-
1,800 m.

Table 4.3 summarizes the metadata, the data completeness and climatic
variables availability for weather stations selected for conducting the current work.
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Chapter 5
Methods

Abstract This chapter is organized in four sections, which refer to the homogeni-
zation algorithm applied to the meteorological data, the statistical methods, the
spatialisation methods used to derive the climatological maps and the regional
climate models used to derive the future changes in the climate of the Romanian
Carpathians. The homogenization was done using the Multiple Analysis of Series
for Homogenization (MASH v3.03) method and software and the gridding was
based on the Meteorological Interpolation based on the Surface Homogenized Data
Basis (MISH v1.03) software, whose results were successfully applied within the
CARPATCLIM project. The main statistical methods applied in the climatic
analyzes are the Mann-Kendall trend test, the Kendal-Theil slope estimation and
the Spearman rank correlation coefficient. Interpolation surfaces of climate vari-
ables have been constructed using the Regression Kriging method, which combines
a multivariate regression model with kriging of the regression residuals. The
climate change signals until 2050 were derived from the outputs of three Regional
Climate Models (RegCM3, ALADIN-Climate, and PROMES) at 25 km spatial
resolution, under A1B IPCC scenario.

5.1 Homogenization

One of the major benefits of this work is the use of homogenous datasets for all
variables, and this is the merit of the CARPATCLIM project, which provided a
consistent, quality controlled, harmonized and homogenous gridded data set over
the entire Carpathian Mountainous Region. Within CARPATCLIM, the meteoro-
logical data from all the Carpathian countries were quality controlled, harmonized
at the national borders, homogenized, and interpolated unitarily, so that a high
reliability of the resulted dataset may be claimed. Besides, the daily temporal
resolution and the 0.1° (=10 km) spatial resolution are excellent arguments for
climatologic applications. The homogenization used the Multiple Analysis of Series
for Homogenization (MASH v3.03) method and software (Szentimrey 1999, 2011;
Lakatos et al. 2013), mainly due to its demonstrated performance (Venema
et al. 2012). In a study comparing several widely used homogenization methods,
Costa and Soares 2009 found the MASH method to be one of the most

© Springer International Publishing Switzerland 2015 45
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comprehensive procedures for homogenization. It is a relative homogenization
method which makes no a priori assumption regarding the data homogeneity, and
it uses an exhaustive searching scheme to detect the most probable break and shift
points in the data series from each weather station. Within MASH, data completion
and quality control are performed automatically. The distribution of the examined
meteorological element is taken into account for using a multiplicative (e.g. for
precipitation), or additive (e.g. for temperature) model, while corrections are
applied to the inhomogeneous series until no break is found. The homogenization
of daily data uses the parameterisation results obtained from monthly data
homogenization (Szentimrey and Bihari 2007; Szentimrey 2008). The quality of
the homogenized data series is evaluated by the joint comparative mathematical
examination of the original and the homogenized series systems (Costa and Soares
2009). Each country homogenized the meteorological data within its national
borders (p <0.05), jointly with the data from 50 km-width buffers from the
neighbouring countries. The gridding was based on the Meteorological Interpolation
based on the Surface Homogenized Data Basis software (MISH v1.03; Szentimrey and
Bihari 2007). More details regarding the creation of the data sets, including the
harmonization, homogenization, and interpolation, as well as the quality of the results
may be found at http://www.carpatclim-eu.org/pages/deliverables/.

5.2 Statistical Methods

5.2.1 Mann-Kendall Trend Test

The local significance of trends has been analyzed with the nonparametric
Mann-Kendall (MK) test on a seasonal basis. The MK test (Mann 1945; Kendall
1975) is a rank-based procedure, especially suitable for non-normally distributed
data, data containing outliers and non-linear trends (Salas 1993). Generally, it is a
test which investigates whether the values of a given variable tend to increase or
decrease with time.

The null and the alternative hypothesis of the MK test for trend in the random
variable x are:

Ho:Pr(x; >x) =05 j>i (5.1)
Hy :Pr(x; > x;) #0.5, (two-sidedtest) '
The MK statistic S is:
n—1 n
S= sgn (x; — x;) (5.2)
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where x; and x; are the data values in years j and k, respectively, with j > k, n is the
total number of years and sgn() is the sign function:

I, if x; —x >0
sgn(x; — x;) = 0, if x; —x =0 (5.3)
=1, ifx; —x <0

The distribution of S can be well approximated by a normal distribution for large n,
with mean zero and standard deviation given by:

n(n—1)2n+5) = 6(i)(i —1)(2i +5)

i=1
4
T (5:4)

o5 —

Equation 5.4 gives the standard deviation of S with the correction for ties (i.e., equal
values) in data, with #; denoting the number of ties of extent i. The standard normal
variate Zg is then used for hypothesis testing.

S—1

if$>0
os
Zg=4¢ 0 ifS=0 (5.5)
1
S+ if §<0
os

For a two-tailed test, the null hypothesis is rejected at significance level «, if 1Z] >
Zyp, Where Z,; is the value of the standard normal distribution with an exceedance
probability o/2. In this book we chose a 10 % significance level (two-tail test).

5.2.2 Kendall-Theil Slope Estimate

The slope estimate b is conducted with the nonparametric Kendall-Theil method
(also known as Theil-Sen slope estimate) which is suitable for a nearly linear trend
in the variable x and is less affected by non-normal data and outliers (e.g. Helsel and
Hirsch 1992). The slope is computed between all pairs i of the variable x:

ﬂi:x{_;"  withj>k:j=2,...n;k=1,...,n—1 (5.6)
ji—

where i =1...N. For n values in the time series x this will result in N =n(n — 1)/2
values of f. The slope estimate b is the median of § ;, i=1...N.
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5.2.3 Spearman’s Rank Correlation Coefficient

Spearman’s rho is a nonparametric rank-based correlation coefficient used to
estimate the monotonic association between two random variables. It is computed
from the difference d between the ranks of independently sorted variables x and
y (Kottegoda and Rosso 1997):

6i a?
_ i=1

n(n? —1) (57)

p=1

Under the null hypothesis of no correlation between x and y, the distribution of

p can be approximated by a normal distribution with mean pp and variance 62

Hy =0
{0/2, =1/(n—1) 5:8)

given by

The random variables x and y are considered correlated at the significance level a if
lp| > Za/p/v/n — 1 for a two-tailed test.

5.3 Spatialization of Climatic Information

Several works focused on the climate data spatialization in Romania (e.g. Patriche
2003, 2007, 2010; Patriche et al. 2008; Cheval et al. 2011; Dumitrescu 2012). The
Geographic Information System (GIS) became a valuable tool in this matter after
2000. The COST Action 719 (2001-2008) has been dedicated to the use of GIS in
climatology and meteorology studies, proposing to provide an overview of the most
reliable interpolation methods with applicability in climatology. Regionalization
results of climatic variable like temperature, precipitation, solar radiation, sunshine
duration, wind potential, snow cover, climate indices etc. from different European
countries with more or less complex orography (e.g. Spain, Norway, Portugal,
Slovenia, Switzerland, France) are presented in detail in the final report of the
Cost Action. Numerous experiences on meteorological information spatialization
come mostly from regions of high-mountain complex topography, which also have
a good spatial coverage of meteorological network (e.g. Swiss Alps, French Alps).
The residual interpolation approach is shown to be more appropriate than other
geostatistical interpolation methods, and therefore it was applied in the current
work. The linear and multivariate regression models also provided accurate results
in the European countries with complex orography.
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The density of the national meteorological network in the Romanian Carpathians
at above 800 m altitude is insufficient to estimate accurately the spatial distribution
of meteorological information through interpolation. The regional climate patterns
across the region have been retrieved by using interpolation techniques, based on
the meteorological records provided by more than 120 (the number of stations is
different for each climatic variable) weather stations which are currently operating
in the NMA network.

A Regression Kriging (RK) approach has been used in this study to spatialize the
current climate patterns across the Romanian Carpathians. RK is a multivariate
interpolation method, that takes into account one or more explanatory variables
with a continuous spatial distribution (DEM, satellite images, etc.). This spatial
interpolation method combines the multiple regression model with the kriging of
the regression errors.

In a preliminary stage of this model, the statistical relationship between pre-
dictors and predictands was validated. Using the stepwise regression method, based
on Akaike criteria, the best combination of predictors was chosen, only variables
that were statistically significant for the spatialisation model were further used in
interpolation.

In the Regression Kriging method, the modeled spatial trend by regression is the
large-scale variability of the target variable and the regression residual are the local
features estimated with the help of a semi-variogram model (Hengl et al. 2007):

p N
Z (s0) = Zﬁk - qk(so) + Zﬁi ~e(si)

where, /3’k are estimated deterministic model coefficients, gk. a the values of the
auxiliary variables in location s, A; are kriging weights determined by the spatial
dependence structure of the residual and e(s;) is the residual.

The regression coefficients are estimated using a generalized least squares
model:

Brx=(a"-C"'-q) -q"-C'z

where, /3 pi is the vector of estimated regression coefficients, C is the covariance
matrix of the residuals, q is a matrix of predictors at the sampling locations and z is
the vector of measured values of the target variable. After the deterministic part has
been estimated (regression-part), the residuals can be interpolated with kriging and
added to the estimated trend.

The general framework for obtaining the spatial distribution of climate patterns
in the Romanian Carpathians is illustrated in Fig. 5.1. Mean monthly, seasonal and
annual values of several climatic variables of the main variables of interest (air
temperature, precipitation, wind, snow parameters) have been spatialized in this
work (1961-2010).
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1. Input data @ Climate variables b Explanatory variables

(point stations data)
; - elevation

- latitude

- longitude

- distance to the Black Sea

- distance to the Adriatic Sea weighted

with altitude
- topographic wetness index

2. Selection of The best combination of predictors was selected using
independent stepwise regression procedure
variables
3. Building the Variogram modelling of the residuals and spatial prediction
regression kriging | of the climate variables
model
4. Validation The performance of the predictive models was evaluated
using cross-validation (leave-one-out)
- mean absolute errors
- root mean squared errors

5. Map of spatial distribution of the climate patterns

Fig. 5.1 Framework of climatic spatialization in the Romanian Carpathians
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Fig. 5.2 Spatial distribution of predictor values in Romania

Six predictors derived from a digital elevation model (DEM SRTM, 1,000 m)
have been considered suitable to explain part of the spatial variability of the
dependent variables (meteorological variables): altitude, location components (lat-
itude, longitude), topographic wetness index (TWI), distance to the Black Sea and
distance to the Adriatic Sea weighted with altitude (Fig. 5.2). Qin et al. (2011)
emphasized the importance of TWI for quantifying the topographic control on
geographical processes at hillslope or catchment scale.
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The explanatory analysis of the data revealed a positively skewed distribution of
the precipitation amounts, snow parameters and wind speed data. Since the spatial
interpolation methods work best if the data are approximately normally distributed,
all these variables were transformed using natural logarithm function. Special
interest in this study has shown towards the evaluation of the relationships between
the most important mountain topographic features and the main climatic attributes
of these mountains (e.g. air temperature, precipitation amount, wind speed, snow
cover parameters). These investigations have been carried out by using the stepwise
multiple regression techniques. The findings of these analyses suggest that eleva-
tion is the most explanatory factor, as this predictor has been selected by the
regression model in all cases. The model performances were slightly improved by
adding the other independent variables. A summary of modelling results form some
climate variables is presented in Table 5.1.

5.4 Regional Climate Models

While the present climate of the Romanian Carpathians is the main focus, this book
also tackles the climatic projections for the next decades as such information may
be essential for many stakeholders and policy makers. The investigations are based
on the outputs derived from Regional Climate Models (RCMs) and available
through two projects implemented within the South East Europe Transnational
Cooperation Programme (SEE programme), namely CC-WaterS (http://www.
ccwaters.eu), and CC-WARE (http://www.ccware.eu/). The future climate projec-
tions used in this book consider the A1B SRES IPCC scenario, and they refer to the
seasonal temperature and precipitation aggregated from three RCMs (RegCM3,
ALADIN-Climate, and PROMES), at 25-km spatial resolution. The analysis has
been developed by comparing the average values for 1961-1990 (WMO reference
period), 1991-2020 (present climate), and 2021-2050 (future climate).

The A1B SRES IPCC scenario presumes balanced energy sources within a
consistent economic growth, into the context of increasing population until the
mid-twenty first century, and the rapid introduction of more efficient technologies
(IPCC TAR WGI 2001).

RegCM3 is the third generation of the RCM originally developed at the National
Center for Atmospheric Research during the late 1980s and early 1990s. The model
uses a dynamical downscaling, and it is nowadays supported by the Abdus Salam
International Centre for Theoretical Physics (ICTP) in Trieste, Italy (http://regclim.
coas.oregonstate.edu/statistical-downscaling/cig/index.html).

ALADIN-Climate was developed at Centre National de Recherche
Meteorologique (CNRM), and it is derived from the ARPEGE-Climate as a driver
for the IPCC climate scenarios over the European domain (Spiridonov et al. 2005).
PROMES is a mesoscale atmospheric model developed by MOMAC (MOdelizacion
para el Medio Ambiente y elo Clima) research group at the Complutense University of
Madrid (UCM) and the University of Castilla-La Mancha (UCLM) (Castro et al. 1993;
Gaertner et al. 2010).


http://www.ccwaters.eu/
http://www.ccwaters.eu/
http://www.ccware.eu/
http://regclim.coas.oregonstate.edu/statistical-downscaling/cig/index.html
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The monthly outputs of the three models provided by the project CC-WaterS
were aggregated at seasonal scale within the project CC-WARE for the whole
South-Eastern Europe territory, and for this book we selected the Carpathian area.

The original 25-km spatial resolution aggregated RCM data were downscaled to
1-km in order to better emphasize the influence of the complex mountain terrain over
the local climate. The centroids of the ensemble climate models were interpolated
using the Regression Kriging method, based on the DEM-derived predictors
described in the Sect. 5.2.
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Chapter 6
Geographical and Synoptic Controls
on the Climate

Abstract This chapter outlines the importance of three major factors and the
effects of their joint action in defining local and regional climatic features of the
Romanian Carpathians: latitude and longitude, topography and the regional atmo-
spheric circulation. The chapter summarizes the role of latitude and longitude
in shaping the distribution of the direct and global solar radiation across the
Romanian Carpathians and highlights the main influences of regional atmospheric
circulation in defining local weather aspects and the regional climatic patterns in
this mountain range. The complexities introduced by the main topographic charac-
teristics of the underlying mountain terrain (e.g. altitude, slope aspect and angle,
landforms) on climate state variables, are addressed here based on the key findings
of several previously published works, focusing on local climate contrasts and
climate zonation aspects within the Romanian Carpathians. A major focus is on
the altitude effect, imposing the overall climatic zonation, as revealed by on the key
findings of several previously published works.

6.1 Latitude

Latitude is a fundamental control on every climate. While there are other factors
that affect general climate in a given area, latitude represents one of the most
important factors in determining the type of climate of a given region. The
latitudinal variation of the angle to the Sun implies a latitudinal variation of the
solar radiation. Therefore, latitude affects temperature by influencing the seasonal
range in solar intensity.

Even if the Romanian Carpathians extend only over 4° of latitude, this depen-
dence can be noticed in the mean values of the direct radiation. However, this
latitudinal dependence is noticeably altered by the orography. The latitudinal
variation is more obvious during winter (when the height angles of the Sun are
smaller) and less noticeable in summer.

Two solar radiation products derived from Meteosat First Generation Satellites
(Meteosat 2-7) — surface incoming solar radiation (SIS) and direct irradiance
(SID) — , covering the period 1983-2005, were used here to determine the
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statistical influence of latitude on the spatial distribution of solar radiation
across the Romanian Carpathians. The latitude influence on the seasonal variation
of the surface incoming solar radiation (SIS) and the direct irradiance (SID) was
found statistically significant in the Eastern and Western Carpathians, particularly
in winter. Latitude was found to explain more of the SIS distribution across the
two Carpathian branches, than the SID one. The statistical analyses for winter
showed that latitude could explain up to 57 % of SIS variation in the Western
Carpathians and up to 80 % in the Eastern Carpathians. Comparatively, the
latitude influence on winter SIS distribution in regions is up to 58 % in the
Western Carpathians and up to 31 % in the Eastern Carpathians. In summer,
this influence is weaker, latitude explaining statistically less than 15 % of
SIS distribution in the Eastern Carpathians and up to 44 % in the Western
Carpathians.

6.2 Topography

6.2.1 Altitude

Altitude is a primary controlling factor of mountain climate, as well as the most
distinguishing factor of mountain climate features, imposing the vertical zonation
of all climatic elements and meteorological phenomena. The altitudinal effect is
outlined hereafter, in relation to the vertical zonation of some key climatic variables
(e.g. solar radiation, air temperature, precipitation, wind).

There are no exhaustive studies in the specialist literature dealing with the
vertical distribution of solar radiation in the Romanian Carpathians. Most studies
focused on regional and local scales (e.g. Teodoreanu 1980, 1997; Andritoiu and
Ciocoiu 1971), but they are not comprehensive in terms of solar radiation charac-
terization by its total value, temporal repartition, spectral distribution and nature
(e.g. direct, diffuse, reflected).

The national radiometric network consists in a relative small number of
stations (9), including only one mountain site (Poiana Brasov, 1,026 m a.s.l),
which have provided records for a very short period of time (1989-1995). The
solar radiation datasets at this particular site are considered not fully representa-
tive to reflect accurately the features of solar radiation regime for a mountain
location or for the Romanian Carpathians in general. Using the measurements
made in the national radiometric network, Oprea (2005) made a comprehensive
study on solar radiation regime in Romania. This study includes some references
to the features of the radiative regime in mountain regions, based on radiation
records of the Poiana Brasov site and investigates the seasonal vertical variation
of solar radiation relative to the radiometric sites located in lowlands. The main
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Table 6.1 Vertical gradients of the direct solar radiation in winter and summer (According to
Oprea 2005, with permission)

Winter gradients Summer gradients

[Wm 2 per 100 m] [Wm ™~ per 100 m]
Reference stations 9 am. 12 p.m. 15 p.m. 9 am. 12 p.m. 15 p.m.
Bucharest-Poiana Bragov 12 11 15 6 6 6
Bucharest-Fundata 12 11 14 9 9 7
Fundata-Poiana Brasov 11 10 13 15 12 11

findings of the study with respect to the altitude effect on solar radiation
distribution indicate:

— The dependence of the vertical variation of the direct solar radiation on the
Sun height angle and weather type; this relationship appear to be stronger in
winter, due to the low Sun elevation angle and the increased air masses stability
(colder and with depleted water vapor content) and weaker in summer, when the
elevation effect is significantly blurred by the intense thermal convection and
evapotranspiration processes; Table 6.1 summarizes these effects;

— A general decrease with height of the diffuse radiation under clear sky condi-
tions; the scattering weight displays a notable increase in mountain areas, due to
the higher water vapor air content and cloud cover frequency with altitude; the
diffuse flux at about 1,200 m was found to be 15-20 % higher than in the
lowlands.

Global radiation shows a general increase with altitude, in response to a roughly
proportional increase of the direct incoming solar beam. This altitudinal effect is
particularly obvious up to 1,500 m (Clima Romaniei 2008).

The cumulative effect of altitude and solar radiation is well reflected by thermal
zonation. Several studies investigated the temperature distribution with altitude in
different areas of the Romanian Carpathians. Most of these studies have been
conducted mainly in climatically homogeneous small mountain areas, aiming
to describe near-surface temperature variations from local up to massif scales.
Relevant examples are studies of Tastea and Neacsa (1974), in the Balea-Capra
area (the Fagaras Mountains, Southern Carpathians), Voiculescu (2002), in the
Fagdras Mountains, Gaceu (2005), in the Bihor and Vlideasa mountains (the
Apuseni Mountains), Bogdan (2008), in the Southern Carpathians, which
briefly discussed the annual TRL patterns, based on weather stations with different
length of time-series. These studies provided fairly comparable values of the tem-
perature lapse rates: e.g. 0.5-0.7 °C/100 m (Gaceu 2005); 0.63 °C/100 m (Voiculescu
2002). Analyzing the influence of the features of underlying terrain on mountain
climate and topoclimate, Niculescu (1993) indicated that under intense direct solar
irradiance and summer thermal convection, the temperature lapse rate may go up to
0.8 °C/100 m. In winter, when the terrestrial radiation becomes more intense and
thermal convection weakens, temperature lapse rates drop to 0.3-0.5 °C/100 m.
For the first time in the specialist literature, Cheval et al. (2011) provided a full
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image of temperature distribution with height in July, for the whole Romanian
Carpathian territory, using the land surface temperature derived from MODIS
imagery. The study region still lacks detailed and systematic analysis of the air
temperature distribution in relation to its controlling topographic factors, including
the altitude effect.

The atmospheric relative humidity, cloudiness and precipitation amount are
highly altitude-dependent, in relation to atmospheric circulation bringing air masses
with increased moisture content (Clima Romaniei, 2008). The relative humidity and
the degree of nebulosity are generally increasing with height at rates of 1.0-1.5 %/
100 m and 0.1 tenths/100 m, respectively (Geografia Romaniei, I, Geografie Fizica,
1983). Precipitation amounts are also typically increasing with elevation. This
relationship has been investigated in several works conducted mainly on local
and regional scales (e.g. Apavaloae 1972; Niculescu 1993; Voiculescu 2002;
Gaceu 2005; Bogdan 2008). One of the most extensive studies on the altitudinal
effects on precipitation distribution within the Romanian Carpathians was
conducted by Neamu and Teodoreanu (1972), providing the first regional and
local insights into the variation of precipitation gradients for this mountain range,
as a whole. The study used a 60-year data coverage period (1896-1965), provided
by the existing mountain weather stations and rain gauges located between 300 and
2,500 m altitude. The results indicate a considerable spatial variation in the
estimated precipitation gradients across the Romanian Carpathians and also a
strong differentiation of the sub-regional gradients, dependent on local mountain
station density and altitudinal ranges. Accordingly, the smallest regional precipita-
tion gradients were estimated for the Eastern Carpathians (25 mm/100 m) and
the steepest in the Western Carpathians (250-300 mm/100 m). At sub-regional
scale the authors found strong differentiations. Referring to the Eastern
Carpathians, they estimated a proportional increase of precipitation amounts with
height in the northwestern part of the Eastern Carpathians in areas up to 1,800 m
(150-200 mm/100 m) and an opposite relationship in those above 1,800 m
(60-80 mm/100 m). A similar vertical distribution of precipitation has been deter-
mined for the eastern half of the Southern Carpathians, suggesting a greater
increase with height in areas up to 1,300 m (100-120 mm/100 m) and a less evident
one in those above 1,500 m (15-20 mm/100 m). Steeper sub-regional gradients
were determined for the western half of the Southern Carpathians, ranging
from 120 to 150 mm/100 m in the areas up to 1,400 m to 30 mm/100 mm in
those above 1,600 m.

The altitude effect on wind speed variation in the Romanian Carpathians
becomes particularly evident above timberline (generally at over 1,700—1,800 m),
in response to the decreasing role of the local surface roughness. Wind speeds are
greater at high-elevation sites, in conditions close to the free tropospheric flow
(the westerly winds). Analyzing the characteristics and trends of wind regime in
Romania and the NAO influence, Vespremeanu et al. (2012) found that altitude
could explain statistically about 85 % of the vertical wind speed variation, using ten
wind-exposed weather stations, located at above 1,200 m in the Carpathian region.
Likewise, the lowest frequency of atmospheric calm is characteristic of the high-
elevation areas above 2,300 m of the Southern Carpathians (Clima Romaniei 2008).
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The Romanian Carpathians are located well-below the perennial snowline,
due to their medium height and middle latitude position. Voiculescu (2000) esti-
mated the height of the theoretical perennial snowline at about 2,655 m in the
Fagiras Mountains, where the highest elevation of the Romanian Carpathian
Mountains is reached (the Moldoveanu Peak, 2,544 m a.s.l.). Snow cover in the
Romanian Carpathians could persist at latest until late July, but is generally rather
patchy and exceptionally longer (until the next winter), only in high-elevation
concave landforms (e.g. glacial cirques).

6.2.2 Slope Aspect

Apart from the altitude effect, the exposure to prevailing winds is a key topographic
feature, substantially involved in the generation of local climatic features
(topoclimates). Its role is particularly visible when investigating the distribution
of precipitation amounts on the windward and leeward slopes in relation to the
westerly influence. Typical examples in this respect are offered by the Apuseni
Mountains and the Eastern Carpathians, where the windward slopes are signifi-
cantly wetter than the leeward ones, frequently subject to foehn effects (Gaceu
2005; Dragota 2006; Clima Romaniei 2008). The joint effect of exposure to the
dominant westerly airflows and local altitude significantly influences the height of
the condensation level (CL) and consequently, the local distribution of precipitation
amounts. Gaceu (2005) found that the height of the mean condensation level on the
windward side of the Apuseni Mountains is particularly low, being estimated to be
located at about 1,000—1,1000 m. The height of this CL was previously confirmed
by Neamu and Teodoreanu (1972) and later by Croitoru et al. (2007, 2009). For
comparison, Stoenescu (1951) found a higher local CL in the Bucegi Mountains,
located at about 1,600-1,800 m altitude, while Dragota (2006), highlighted the
existence of a high-elevation CL on the westward side of the Rodna Mountains
(at about 1,700-1,800 m). Noteworthy, is the fact that Neamu and Teodoreanu
(1972) identified also two secondary CLs: one at about 1,445 m in the western part
of the Southern Carpathians (in the Valcan Mountains) and another one, at some
1,100-1,300 m, on the northwestern flank of the Eastern Carpathians (in the Rodna
Mountains).

Niculescu (1993) emphasized the importance of mountain topography in
defining local climatic contrasts, asserting that windward slopes (western and
north-western) have a 2-4 % higher relative humidity, 0.4—1.0 tenth more nebu-
losity than the leeward slopes (generally the eastern and southeastern ones) and are
up to 100 m wetter compared with leeward areas of similar elevation. This work
highlighted also the role of slope exposure in determining thermal differences
between sunlit and lee slopes, as well as between shaded and windward ones. The
findings suggest that the contrasts between windward and leeward slopes may
exceed 1-2 °C, highest values being registered within the 500—1,500 m elevation
range. In winter (January), these contrasts were estimated to be higher than 3 °C.
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Neacsa et al. (1972) documented the relationship between slope exposure and air
temperature in the Romanian Carpathians, determining differences of 1-2 °C
(reaching up to 3 °C in winter) between the shaded and sunlit slopes.

Investigating the snow regime in the Romanian Carpathians, Gugiuman and
Stoian (1972), showed that snow cover could persist 30 % longer on the eastern and
northern slopes compared to the southern and western ones. The most favorable
conditions for long-lasting snow cover were associated to the eastern slopes of
the Eastern Carpathians, more frequently exposed to arctic and polar moist air
advection.

The northern slopes and the deep valley corridors, colder and more shaded,
exhibit good conditions for a long-lasting snowpack. In these areas, the successive
snow layers may evolve into a typically denser snowpack close to the firn-like
structure, due to compaction and metamorphism processes. Such snow deposits
never reach the melting point and could be maintained from one winter to the next
(e.g. in the alpine areas of the Fagaras Mountains). The snowmelt on northern
slopes is considerably delayed relative to other slopes of similar altitudes.
Voiculescu and Popescu (2011) showed that the slopes of northern orientation are
in general the most favorable for skiing activities.

The areas located beyond timberline (1,700-1,800 m) of the Romanian
Carpathians are dominated by the influence of the atmospheric boundary layer
flow. These areas are prone to frequent snow-transport processes, the snow depo-
sition being highly dependent on the local mountain topographic features.
The interaction between wind flow patterns with the local topography during
snowfalls could explain the loading of the leeward slopes (generally eastern and
south-eastern), caused by fresh snow accumulations or snow drifting (Voiculescu
2002). The frequency of cornice failures and slab snow avalanches on these
particular slopes of the Southern Carpathians is the highest (Motoiu 2008). At the
opposite end are the southeastern and southern (sunlit) slopes, which are subject to
early snowmelts under the influence of solar radiation controlling the snow surface
temperature more than air temperature, entailing frequent wet loose avalanches,
most common during the late winter and early-to-mid spring (Voiculescu
et al. 2011; Voiculescu and Ardelean 2012).

The lee slopes subject to foehn effects (e.g. the leeside of the Apuseni Moun-
tains, the eastern and northeastern slopes of the Banat Mountains, the northern slope
of the Fagaras Mountains, the southern and southeastern slopes of the Curvature
Carpathians) are also recognized by earlier onsets of snowmelt (Bogdan 1993).

6.2.3 Slope Angle

Slope angle notably influences the distribution of the incoming solar beam, shaping
the local thermal contrasts. The influence of slope angle on the distribution of direct
solar radiation in the Romanian Carpathians has been previously investigated
by Stan (1950). The author reported comparative solar radiation amounts accumu-
lated over 1 year for mountain surfaces of different slope angle and aspect.
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The findings of this study indicate that for mountain slopes of about 30°, the
south-facing surfaces receive the highest solar flux compared to other slopes or
horizontal surfaces: southern slopes (100,440 calem ™2 min), south-eastern and
southwestern slopes (89,380 calcm ™2 min), eastern slopes (72,500 calem ™2 min)
and horizontal surfaces (89,720 calem ™2 min). Neacsa et al. (1972) asserted that the
moderately steep southern slopes (15-30°) benefit in general from highest solar
insolation. Later, Oprea (2005) showed that over the year, the steep north-facing
slopes receive the lowest direct solar flux. The temperature contrasts driven by
differences in solar radiation distribution have a key role in the development of
local wind dynamics with a diurnal cycle (Whiteman 2000; Barry 2008).

There is a good correlation between the slope angle and the frequency of snow
avalanche events. According to nivo-meteorological bulletins published by the
National Meteorological Administration during the 2004-2010 interval, snow
avalanche failures in the monitored mountain areas of the Southern Carpathians
were most frequently recorded on slopes of 30-50°.

6.2.4 Landforms

The complexity of topographic structure of the Romanian Carpathians is also
highlighted by the alternation of convex, concave and horizontal areas, reflecting
the overall fragmentation and massivity degree of these mountains, which generates
distinctive regional and local climatic regimes. The convex forms (peaks), tangen-
tial to the dynamic free tropospheric airstreams, are typically the coldest, wettest
and windiest mountain areas, where the cold season could last 6—7 months (Micu
2007). Concave forms (e.g. glacial valleys and cirques) have a great contribution in
defining distinctive topoclimatic features. Their influence usually operates rather on
a local scale (from ten-to-hundreds of meters), indicating frequent channeling of
colder and wetter airflows deflected from the dominant atmospheric circulation,
local thermal inversions due to cold air stagnation, persistent fog and cloud cover,
long-lasting air freezing and snow cover intervals (very likely to become perennial)
(Bogdan and Costea 2012). The deep and narrow mountain valleys, shaded most of
the day, affected by frequent cold air drainage flows and thermal inversions, favor
the development of “cold pools”, whose persistence is highly dependent on the
synoptic weather patterns and radiative heating.

The intra-Carpathian depressions appear as vast, low-elevation areas generally
below 700-800 m, formed by a mosaic of multiple horizontal surfaces, which
display distinct climatic (topoclimatic) features. Bogdan and Niculescu (2004)
outlined the typical climate features of mountain depressions: high frequency of
negative temperatures over the year (e.g. up to 11 months in the Giurgeu-Ciuc
Depression, in the Eastern Carpathians), frequent downdraughts, cold air pooling
and thermal inversions (strong vertical temperature stratification up to several
hundred meters), persistent air frosts (more than 150 days per year) and snow
cover intervals (up to 140-150 day per year) and a high frequency of atmospheric
calm (above 50 %).
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6.3 Regional Atmospheric Circulation

The interaction between the mountain topography and the atmospheric flow is
particularly complex, mountains regions playing a significant perturbation role
for the large-scale processes in relation to the overall dimension and orientation
of the ranges to the prevailing airflows. Beniston et al. (1997) distinguished
mountain regions as “important elements of the climate system”. Barry (2008)
outlined that the effects of mountain topography on the atmospheric flow is obvious
at different scales: e.g. the planetary scale (particularly in the case of extensive
mountain ranges), the synoptic scale and the regional/local scale.

By their geographical position within the continent, the Romanian Carpathians
lie in an area of interference between five major pressure centers operating over
Europe e.g. Azores Anticyclone, East-European Anticyclone, Mediterranean
Cyclones, Icelandic Cyclone and Scandinavian Anticyclone. Their influence is
exerted more visible on synoptic and regional/local scales. Most visible effects
induced by the Romanian Carpathians Chain on atmospheric flows consist of
blocking of prevailing flows and perturbing the frontal structures crossing them.

The mesoscale interactions between the Carpathian topography (orography) and
regional climate circulation exert a key role in defining regional climate patterns
across Romania, as well as in creating contrasting climatic features within this
mountain range. Many previous studies have focused on the effects of these
interactions, resulting in different weather types across this mountain range and
in its surrounding lowlands (e.g. Stancescu 1972, 1983; Stancescu and Damian
1979; Strutu and Militaru 1974; Bazac 1983; Bordei-Ion 1983; Moldovan 1986;
Bogdan 1999, 2001). The Romanian Carpathians could explain the outstanding
climatic differentiations at national scale: a cooler and wetter climate, corre-
sponding to the western Extracarpathian region (e.g. Banato-Crisana Plain, Banat
and Crisana Hills) and the Transylvanian Depression and a warmer and drier
climate, corresponding to the southern and eastern Extracarpathian regions
(e.g. the Romanian Plain, Moldavian Plateau, Moldavian Subcarpathians, Getic
Tableland). Noteworthy, the Southern Carpathians, stretching from west to east and
displaying the great elevation range and low relief fragmentation, appear to play a
major role in blocking the influence of the northerly airflows of polar or arctic
origins in winter, as well as of the southerly (tropical) ones. By their geographical
position and the main morphological features, they divide the country into two
major regions of different climatic characteristics: wetter and colder northward and
drier and warmer southward. It is worth mentioning also the role of the Eastern
Carpathians in blocking the action of the northeasterly and easterly air masses
during winter, when the cold and stable air masses could persist over long periods
on the east side of these mountains, as well as over the eastern extra-Carpathian
regions. Cold air damming and thermal stable stratification under favorable atmo-
spheric processes (prevailing anticyclonic regime) are commonly resulting in
persistent low (freezing) temperatures and foggy weather conditions, compared to
the sunny and warmer high-elevation areas.
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The Romanian Carpathians have two curved sectors — the Carpathian Curvature
sector (as part of the Eastern Carpathians) and Carpatho-Balkan Internal Curvature,
which highlight their orographic barrier role in respect to the influence of the
easterly, northeasterly and westerly airflows. Cordoneanu and Banciu (1991)
emphasized the importance of the Eastern Carpathians and its Curvature sector,
standing as a border between the prevailing oceanic and continental climate regions
across Romania and inducing visible climatic differentiation between the wetter
intra-Carpathian region (Transylvania) and the visibly drier eastern extra-
Carpathian regions. Bogdan and Mihai (1986), asserted the role of the Carpatho-
Balkan Internal Curvature, which stands as a major obstacle in the way of the
eastern and north-eastern airflows, favoring the pooling of the cold continental air
(usually of polar origins), for many consecutive days over the southern extra-
Carpathian regions of Romania. As a result, severe negative anomalies occur,
under persistent and intense inversions, frequently associated with persistent
foggy weather.

The type of the prevailing air masses, generally originating from the Euro-
Atlantic region, is important in determining particularities in the regional mountain
climates. The westerly (oceanic) airflows traveling from the North Atlantic towards
Europe are characterized by high moisture content and exert a dominant influence
on the windward slopes of the Romanian Carpathians. The Apuseni Mountains,
lying perpendicular to the westerly flow direction, are the first natural orographic
barrier on the Romanian territory and the second one on continental scale, after
the European Alps and the Jura Mountains. The influence of westerly airflows
on weather types and mountain climatic patterns is particularly obvious on the
western slopes of these mountains and of the Eastern Carpathians, and to a lesser
extent, on the northern slopes of the Southern Carpathians. These mountain areas
exhibit changeable weather and are typically wetter most of the year, with frequent
precipitation falls, mostly liquid, usually associated with a high atmospheric insta-
bility during summer. The southwesterly and southerly air masses, originating from
the western and central parts of the Mediterranean Basin (warm and highly humid),
are responsible for causing warmer weather, high atmospheric instability resulting
in frequent rain showers and shorter cold seasons. These influences are highly
visible in the Banat Mountains, as well as on the southern flank of the Southern
Carpathians. The winter continental airflows, usually dry and cold, originating from
higher latitudes, from the Arctic Ocean, beyond 70°N latitude (cold with a lower
moisture content), are particularly important for producing cold weather on the
eastward slopes of the Eastern Carpathians. During the warm season, the transport
of dry continental air from the steppes of Russia and Ukraine, favor de development
of prolonged dry spells on the windward (eastern) slopes of the Eastern
Carpathians. Continental advection coming from North Africa and Southwest
Asia, typically very warm and dry, exerts a great contribution to hot and dry
weather situations within the Carpathians, particularly in the Banat Mountains
and on the southern flank of the Southern Carpathians and to a lesser extent, on
the southern slopes of the Curvature Carpathian sector (Eastern Carpathians).
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Typical weather types and mountain climate patterns, associated with the
Carpathians’ orographic effect, modulating the influence of the main large-scale
atmospheric circulation, are summarized below:

— westerly (zonal) circulation (from west to east), dominant all year round, brings
visibly milder weather in winter and unstable weather in summer; this flow
pattern has a great influence on the temperature and precipitation regime as
follows: mild winters and cool summers, more frequent rainfalls rather than sleet
and snowfalls in winter, prolonged intervals of consecutive rainy days in
summer resulting in significant precipitation amounts, persistent cloud cover
and fog, particularly in high-elevation areas; foehn effects on the leeward slopes;

— polar (meridional) circulation (from north-west, north and north-east) exerts a
notable influence mainly during October-March; under the influence of this
atmospheric flow pattern, mountain areas are subject to cold air invasions
(mostly in the Eastern Carpathians), favoring foggy and overcast weather,
frequent and intense temperature contrast between windward and leeward
slopes, intense temperature inversions in the intra-Carpathian depressions, cold
winters and persistent snow cover.

— tropical circulation (south-westerly and southerly) ensures the excessive heat
transfer between tropical and polar latitudes; the influence of continental tropical
flow is highly relevant in explaining the occurrence of positive extremes and
warm weather in the Southern Carpathians and Banat Mountains; the climate of
the mountain areas subject to this circulation type is characterized by mild
winters with frequent rainfall, rapid snowmelts, prolonged dry and warm spells,
with rather rare rain showers in summer, mostly associated to thermal-
convection; on the contrary, the tropical circulation bringing maritime airflows
is significantly involved in the distribution of peak precipitation amounts over
the year (typically in June and December), as well as in the occurrence of
precipitation extremes, frequently associated to retrograde cyclonic activity;

— Atmospheric blocking situations (the least frequent) lead to fine weather, mostly
clear skies and no significant precipitation amounts in summer, but overcast
weather with light rains in winter.

Figures 6.1, 6.2, 6.3, 6.4 illustrates examples of atmospheric circulation
patterns explaining the occurrence of some episodes of extreme cooling,
warming, heavy rainfalls and gusty wind across the Romanian Carpathians, as
derived from in situ mountain observations at above 800 m:

— Extreme cooling, generating the minimum absolute temperature record of
—38.0 °C/February 10, 1928 at Vf. Omu (2,504 m a.s.l, the Southern
Carpathians) (Fig. 6.1).

— Extreme summer warming, giving the maximum temperature records in the
areas below 1,500 m of the Banat Mountains and Southern Carpathians;
this advective situation resulted in the occurrence of the absolute maximum
temperature record at Predeal station (1,090 m a.s.l), in the Southern
Carpathians, of 33.2 °C/July 5, 2000 (Fig. 6.2).
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Fig. 6.1 Continental airflows on an easterly circulation component, inducing extreme cooling in
the Eastern and Central Europe
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Fig. 6.2 Tropical air advection on a south-westerly trajectory causing intense summer warming in
the Banat Mountains and Southern Carpathians

— Heavy rainfalls inducing the greatest 1-day summer precipitation record at
Cuntu station (1,456 m a.s.l.), in the Southern Carpathians, of 204.2 mm/July
19, 1970 (Fig. 6.3).

— Gusty winter wind episode, reaching 84 m/s (above the Beaufort 10 scale) during
the night of November 27-28, 1932, in the ridge area of the Bucegi Mountains,
Southern Carpathians (as reported by Stoenescu 1951) (Fig. 6.4). This extreme
wind gust episode destroyed the anemometer of the V. Omu station.

Higher temperatures coupled with rainfall events during the snow season proved
to trigger rapid snowmelts in the Carpathian region, resulting in severe floods in the
lowlands. Pop and Vasenciuc (1999) investigated synoptic causes and meteorolog-
ical conditions favouring the occurrence of winter floods in Romania, investigating
13 events registered over the 1989-1999 period, which affected also different areas
of the Carpathian region. Accordingly, the blocking situations and westerly
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Fig. 6.3 Retrograde cyclonic activity (towards north-west) triggering unstable weather associated
with heavy rainfalls in the central and northern regions of Romania

November 27, 1932
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Fig. 6.4 High geopotential gradient (about 8 hPa) along with strong temperature differences at
850 hPa level over Romania, causing gusty winds at high-elevations of the Southern Carpathians
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circulations were found to count up to 40 and 46 % respectively in the generation of
winter floods, while the southerly circulations only up to 12 % of the total number
of cases. Several works asserted also, the contribution of warmer winter and spring
weather to snow avalanche failure likelihood (e.g. Voiculescu 1996, 2002, 2004,
2009; Motoiu et al. 2004, 2008).

By their location and arc-shape, the Romanian Carpathians play an important
role in producing lee cyclogenesis on a regional scale, which usually result in rapid
and notable weather changes. Bordei-lon and Bordei-Ion (1970) demonstrated
that the frequency of the Carpathian orographic cyclogenesis is particularly high
during the cold-half of the year (about six cases/month in December and nine cases/
month in March). The authors showed that in winter this process is due to the
influence of the Scandinavian Anticyclone, or to one of its ridges, the extension of
the East-European Anticyclone towards Central Europe and the presence of a
low-pressure system in the Mediterranean Basin.

Bordei-Ion (1983) gives a description of the mechanism and types of the
Carpathian orographic cyclogenesis. According to him the massivity and shape of
the Carpathian barrier compels the cold air mass in motion towards the north-east to
skirt it and be modified (in its lower layers) by the terrestrial relief. The anticyclone
forms two peri-Carpathian lobes: one over the Moldavian Plateau and the other over
the Eastern Beskids, the Lower Carpathians and the Tisa Plain. In the south of
Romania, or in Transylvania even, these cold advection events meet the warm air
mass of a semi-stationary front (consisting in a segregation zone between the vast
high-pressure area from the centre or north of the continent and the baric low in the
eastern Black Sea Basin, positioned south of the Southern Carpathians, over the
Getic Subcarpathians or the Getic Piedmont). Shifting southwards, the two
Pericarpathian lobes decrease the temperature, triggering showers in their forefront,
sleet and snowfall associated with gusty winds. The eastern lobe is the most active
one, causing severe, rapidly evolving weather, while the western one is more
belated and weaker in terms of temperature and dynamics”. The author identified
two major patterns of Carpathian orographic cyclogenesis: complete cyclogenesis,
showing that its formation is favored by a predominantly southward trajectory of
the Scandinavian Anticyclone towards the Carpathians (entailing severe cold
weather in winter), and incomplete cyclogenesis, developed within an unevolved
cyclonic structure or under an intense occlusion.
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Chapter 7
Regional Climatic Patterns

Abstract This chapter provides a description of the main climatic conditions of the
Romanian Carpathians region based on the analysis of the regime of the most
important climatic parameters such as air temperature, precipitation, wind and
snow. The regional climatic patterns are discussed in terms of elevation effect,
influence of the prevailing atmospheric circulation and seasonality, aiming at
distinguishing between the climate variation particularities emerging between
three main units. The analysis highlights the climatic differentiations between
the areas above 800 m and those below 800 m, generally including most of the
intra-Carpathian depressions. The absolute climatic records derived from in situ
measurements are presented in tabular form.

7.1 Solar Radiation

Variations in the intensity of incident solar radiation reaching the Earth may
produce changes in global and regional climate, which are both different and
additional to those from anthropogenically-induced climate change. At the present
period of time, solar variation impacts on regional climate seem rather significant
regionally, but on a global scale are acknowledged to be considerably smaller than
those due to increasing greenhouse gases.

Solar radiation is considered one of the main climatological factors, shaping
the thermal regime, determining the vegetation type and its spatial distribution,
determining the growing season duration, etc. By its geographical position within
Europe, Romania has a moderate solar potential. Yet, the radiation regime shows
visible regional differences across the country. The annual variation of radiation
incidence angle in Romania induces an increase of day length between December
22 (the winter solstice) and June 22 (the summer solstice) of 6 h and 30 min in the
southern part of the country and of 7 h and 40 min in the northern part (Geografia
Romaniei, I, Geografie Fizica 1983).

A number of radiation studies or synthesis works carried out on a national scale,
focusing on the spatial distribution of some solar radiation variables (particularly on
global solar radiation and direct solar radiation), had considered the solar radiation
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as an important climatological factor. It is worth mentioning the works of Stan
(1950), Stoenescu (1951), Tastea (1961), Andritoiu (1962), Andritoiu and Ciocoiu
(1971), Diaconescu (1966), Farcas (1981), Bazac (1983), Buiuc (1984), Badescu
(1999), Oprea (2005) and Clima Romaniei (2008). Most of these studies have
considered the mountain regions as of special interest. Still, there is a general
lack of solar radiation and energy budget studies for the entire territory of the
Romanian Carpathians.

The data processing from Meteosat First Generation Satellites (Meteosat 2—7)
provided climate datasets of surface incoming solar radiation (SIS) and direct
irradiance (SID) for the present study, covering the period 1983-2005. The datasets
were validated by comparison with high-quality ground based measurements from
12 stations of the Baseline Surface Radiation Network (Ohmura et al. 1998),
located in the main climatic regions. According to the SIS and SID products’
developer (CM-SAF), high bias values were found in the Alpine and other moun-
tainous regions, e.g. due to uncertainties in area to point comparison and errors
introduced by snow coverage.' They may exceed 20 W/m? for daily means of SIS,
and 15 W/m? for SID.

Several studies in the national specialist literature were aimed at investigating
the distribution of sunshine duration, global solar radiation, and their relationship
with height and cloud cover (e.g. Neacsa and Popovici 1969; Bacinschi and Neacsa
1985; Voiculescu 2002; Oprea 2005). However, the findings of most of these
studies are restricted to local or national scales. Analyzing the solar energy
resources of Romania, Ciocoiu (1976), cited by (Oprea 2005) have stressed the
vertical variation of the annual mean global solar radiation, based on the radiation
records of ten meteorological stations, located between 443 and 2,504 m altitude.
The study showed a significant influence of cloud cover on solar radiation data,
particularly in the mountain slope sector where the cloud cover prevails.

The surface incoming solar radiation (SIS), provided by the CM SAF
Surface Radiation MVIRI DataSet 1.0, has been used to analyze the altitudinal
and latitude effect and to characterize the seasonality of the global solar radiation
across the Romanian Carpathians. SIS is defined as the radiation flux (irradiance)
reaching a horizontal plane at the Earth surface in the 0.2—4 pm wavelength region,
and is expressed in W/m?. SIS was retrieved using the Heliosat method, which
is based on the conservation of energy. The Heliosat algorithm uses reflection
measurements given as normalized digital counts to determine the effective cloud
albedo (Cano et al. 1986; Beyer et al. 1996; Hammer et al. 2003). Then, a clear sky
model is used to calculate the solar surface irradiance based on the retrieved
effective cloud albedo (Posselt et al. 2012).

The altitude effect on the surface incoming solar radiation distribution over the
year is strong in most seasons (except winter) all over the Romanian Carpathians.

! http://www.cmsaf.eu/bvbw/generator/CMSAF/Content/Publication/SAF__CM__DWD__PUM__
MVIRI__HEL__1__4,templateld=raw,property=publicationFile.pdf/SAF_CM_DWD_PUM_
MVIRI_HEL_1_4.pdf
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Table 7.1 Seasonal vertical (W/m72/100 m) and latitude gradients (W/mfz/deg) of surface
incoming solar radiation in the Romanian Carpathians

Romanian Carpathians branches | DIF | MAM | JIA | SON
Vertical gradients

Eastern Carpathians 0.11 —1.53 —2.75 —0.87
Southern Carpathians —0.13 —0.90 —1.96 —0.61
Western Carpathians —0.09 —1.89 —3.75 —1.33
Latitudinal gradients

Eastern Carpathians -3.91 —-2.79 —-4.71 —6.32
Western Carpathians —2.43 —4.31 —12.50 —5.91

The elevation explains, statistically significantly, the spatial distribution of SIS,
amounting to 63-77 % in summer, 49—77 % in spring and 20-76 % in autumn.
In winter, its effect is below 10 % in all the Carpathian branches. Generally, the
seasonal surface incoming solar radiation decreases with height in most of the
Romanian Carpathians, except for the Eastern Carpathians in winter (Table 7.1).

The latitude effect on the seasonal SIS variation appears the strongest and more
important than the altitudinal one, in the Western and particularly in the Eastern
Carpathians, which extend some 2-3° latitude (Table 7.1). These regions exhibit
large seasonal and diurnal differences in the weather from north to south. Latitude
explains statistically the seasonal SIS variation in the range of 13—80 % in the
Eastern Carpathians and of 20-66 % in the Western Carpathians. Generally, in
these regions the seasonal surface incoming solar radiation increases with latitude
at a rate of 3-6 W/m ™ ?/deg in the Eastern Carpathians and 2—13 W/m ™ ?/deg in the
Western Carpathians.

The seasonal variation of the surface incoming solar radiation across the
Romanian Carpathians is shown in Fig. 7.1. Peak SIS amounts are characteristic
to summer, due to the high frequency of atmospheric stability (particularly in July
and August) under a prevailing anticyclonic regime, and the high solar zenith angle.
In response, the sunshine duration is the greatest in this season, reaching up to
2,100-2,200 h in the areas below 800 m and 1,800 h in those above 800 m (Clima
2008). Summer SIS exceeds 220-230 W/m 2 in the areas below 800 m of the
Eastern and Southern Carpathians, and exceptional 250 W/m 2 in some depression
areas of the Banat Mountains (Western Carpathians). Comparatively, the areas
above 800 m, summer SIS values are generally below 200-210 W/m 2. In the
high-elevation areas affected by intense local thermal convection processes in the
afternoon, SIS drops well below 200 W/m 2. The peak frequencies of cloud cover
during wintertime (particularly in December) caused by some typical large-scale
circulation patters (the intensification of cyclonic activity over the Mediterranean
Sea, the southward retreat of the Azores High and the mid-latitude expansion of the
Icelandic Low), as well as the low solar zenith angle explain the lowest SIS values
over the year. In this season, in most of the Southern Carpathians and extended
areas of the Western Carpathians, including the Banat Mountains, the southeastern
Apuseni Mountains, as well as the southeastern extremities of the Eastern
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Fig. 7.1 Seasonal surface incoming solar radiation (W/m?) in the Romanian Carpathians, aver-
aged over 1983-2005

Carpathians, winter SIS slightly exceeds 60 W/m ™2, while in the rest of the
Carpathian areas, the values generally range between 50 and 60 W/m 2. In high-
elevation areas, lying well-above the level of stratiform clouds and thermal
inversion layer, winter SIS shows variations between 50 and 60 W/m 2.

The direct irradiance (SID) represents the radiation flux (irradiance) reaching a
horizontal plane at the Earth surface in the 0.2—4 pm wavelength region directly
without scattering. SID is also expressed in W/m?. Ciulache (2002) asserted that the
solar energy flux directly targeting the mountain active surface (unmodified),
represents 21 up to 27 % of the solar constant.

Buiuc (1984) indicated that the Romanian Carpathians have the lowest direct
solar radiation values at the national level (below 575 KWhm 2), due to high cloud
cover and fog frequency, emphasizing that nebulosity is one of the main atmo-
spheric conditions that size the amount of the incoming solar radiation in the
Carpathian region, with a dominant cloudy climate.
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Table 7.2 Seasonal vertical (W/m72/100 m) and latitude gradients (W/mfz/deg) of surface
incoming solar radiation in the Romanian Carpathians

Romanian Carpathians branches | DIF | MAM | JIA | SON
Vertical gradients

Eastern Carpathians 0.16 —1.65 —3.04 —0.77
Southern Carpathians —0.28 —1.36 —2.81 —0.78
Western Carpathians —0.09 —1.96 —4.16 —1.06
Latitudinal gradients

Eastern Carpathians —2.30 —-2091 —6.10 —4.70
Western Carpathians —-1.77 —5.86 —15.36 —4.65

The direct solar radiation in the Romanian Carpathians has a diurnal and annual
variation which is typical for mid-latitudes; the diurnal variation is maintained
throughout the year.

The altitude effect on the distribution of the direct irradiance over the year is
strong particularly in spring and summer, when elevation explains statistically
59-69 % and 46-68 %, respectively, of the variance. This effect is maintained
strongly in the Southern and Western Carpathians throughout the year. The direct
irradiance decreases with height in most areas of the Romanian Carpathians, except
for the Eastern Carpathians in winter (Table 7.2). In autumn and winter, the latitude
influence on the SID spatial variation appears stronger than the altitude one,
particularly in the Eastern and Western Carpathians. In these regions, latitude
could explain statistically up to 31-58 % of winter SID variation and 59-66 %
of autumn SID. Generally, in these regions the seasonal direct irradiance
decreases with latitude at a rate of 2-6 W/m ™ ?/deg in the Eastern Carpathians
and 2—15 W/m2/deg in the Western Carpathians.

The seasonal atmospheric circulation patterns could explain much of the seasonal
SID variation over the Romanian Carpathians. In winter, the synoptic conditions
drive frequent, cold, continental air masses advection and intense cyclonic activity
over the Mediterranean Sea, that are favourable for producing low SID values. In this
season, SID do not exceed 40 W/m 2, ranging between 20 and 30 W/m 2 in most of
the Carpathian areas and dropping below 20 W/m 2 only in the northern parts of the
Eastern Carpathians. The late summer (August) and early autumn (September) are in
general the sunniest intervals of the year across the Romanian Carpathians, due to the
influence of the Azores Anticyclone, which advancing eastward favours a greater air
mass stability all over Eastern Europe. This is also a result of the frequent tropical
(continental) advection from North Africa or South-Eastern Asia. The prevailing
atmospheric stability in summer explains the peak SID values in the Romanian
Carpathians, generally ranging between 80 and 120 W/m 2 in the areas above
800 m and exceeding 120 W/m 2 in those below 800 m. The active thermal
convection processes, forming the cumuliform cloud cover, can reduce SID amounts
only locally. The seasonal variation of the direct irradiance across the Romanian
Carpathians is illustrated in Fig. 7.2.
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Fig. 7.2 Seasonal direct irradiance (W/m?) in the Romanian Carpathians, averaged over
1983-2005

7.2 Air Temperature

7.2.1 Average Air Temperature Lapse Rate

Air temperature is a primary variable describing the climate of the Romanian
Carpathians and an important controlling factor of many environmental processes.
This variable shows large spatial variations and a great dependency upon the
main features of mountain topography (slope, aspect and especially elevation).
The magnitude of these variations is also a function of energy balance regimes,
atmospheric moisture content, wind speed, cloudiness, radiative conditions and
distance from the sea. Temperature lapse rate (TLR) is one of the most important
characteristic of local and regional climate of complex terrain.

Through this study, the vertical zonation of air temperature across the Romanian
Carpathians has been quantified, using a common, homogenized and long-enough
period of air temperature observations, based on a multivariate geostatistic
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Table 7.3 Annual and seasonal T,,, lapse rates (TLRs) in the Romanian Carpathians (°C/100 m)

TLRs Eastern Carpathians Southern Carpathians Western Carpathians
Annual 0.57 0.62 0.60
DJF 0.38 0.47 0.41
MAM 0.68 0.74 0.68
JJA 0.69 0.72 0.72
SON 0.51 0.57 0.56

approach developed in the R programming language. The changing rate of
temperature with height was determined using a 1 km resolution DEM of the
Carpathian region and the gridded annual, monthly and seasonal temperature values
derived from a country-wide interpolation including all the stations included in the
NMA network (124). This analysis was carried out on an annual and seasonal basis
for average, minimum and maximum air temperature.

Regression analyses carried out for the three Romanian Carpathian branches
showed that elevation might accurately estimate the spatial distribution of the air
temperature, by explaining 80 up to 95 % of its spatial variation at all time-scales
considered.

An average regional lapse rate of about 0.60 °C/100 m was determined for the
Romanian Carpathians territory, based on the average air temperature values (Tyy).
Regionally, the variations in the TLRs are determined by the region-wide air
masses characteristics over the year in relation to the elevation range (Table 7.3).
The steepest lapse rate, indicating a greater decrease in temperature with height,
was determined for the Southern Carpathians 0.62 °C/100 m, which cover the
most extended altitude range and the smallest one, in the Eastern Carpathians
—0.57 °C/100 m, which are most frequently exposed to cold continental airflows
(of polar and arctic origins). An average lapse rate of 0.60 °C/100 m was found in
the Western Carpathians, the wettest and warmest Carpathian region, due to the
prevailing westerly and south-westerly airflows.

The annual TLRs determined in the Romanian Carpathians are fairly com-
parable with those reported in other studies focused on regions with complex
terrains of Europe: e.g. 0.64—0.80 °C/100 m in the western Italian Alps (Cortemiglia
et al. 1989); 0.57-0.61 °C/100 m in the southern French Alps (Douguédroit and De
Saintignon 1970, 1981); 0.52-0.64 °C/100 m in the Jura Mountains (De Saintignon
1986); 0.54 °C/100 m in the Tyrol region (Rolland 2003).

The lapse rates estimating temperature surface conditions in the Romanian
Carpathians exhibit a clear seasonal cycle, with amplitudes ranging from 0.27 °C
(in Southern Carpathians) to 0.31 °C (in the Eastern and Western Carpathians).
The magnitude of the TLRs change through the year is the largest in spring and
summer (from 0.68 to 0.74 °C/100 m), with the greatest values in the Southern
Carpathians (Fig. 7.3). In autumn and winter the decrease of air temperature with
height is smaller in all the three Carpathian regions (from 0.38 to 0.57 °C/100 m).
The increased frequency of cold air pooling and temperature inversions during the
cold months, which may last long periods in valley-bottoms and depression areas
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Fig. 7.3 T, lapse rates (°C/100 m) in the Romanian Carpathians during the extreme seasons

(below 800-1,000 m), alters the decrease of air temperature with height, especially
during the night and can result in large and persistent local negative temperature
anomalies. These phenomena explain the low magnitudes of temperature decrease
with height in January, of only 0.34 °C/100 m in the Western Carpathians and
0.36-0.38 °C/100 m in the Eastern and Southern Carpathians.

7.2.2 Vertical Thermal Zonation

Hess (1965, 1971) provided the first vertical climate zonation of the Carpathians.
He identified seven thermal belts, based on the relationship between the annual T,
and altitude and the distribution of vegetation zones. The altitudinal distribution of
these belts within the Romanian Carpathians is shown in Table 7.2. According to
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this delineation, the ‘cold’ thermal belt is present only in the Southern Carpathians
at above 2,100 m, due to their large altitudinal range, favoring discontinuous
permafrost development, active periglacial processes and long-lasting snow
cover. The Western Carpathians are the warmest Romanian Carpathians region,
due to the high frequency of mid-to-low elevations (below 1,500 m) and the
prevailing humid and warm air masses advection. The share of the ‘warm’ belt in
their overall surface area is above 50 % (Fig. 7.4). The ‘moderately cool’ and
‘moderately warm’ belts are best represented in the Eastern and Southern
Carpathians, respectively (Table 7.4).

60 1 mEastern Carpathians 0O Southern Carpathians O Western Carpathians

50 -

40 -

I ﬂh[

Share within the regional surface (%)

Cold  Moderately Very cool Cool Moderately Moderately ~ Warm
cold cool warm
Fig. 7.4 Spatial share of thermal belts in the Romanian Carpathians
Table 7.4 Vertical thermal zonation of the Romanian Carpathians
Romanian Carpathians branches

Thermal Average annual Eastern Southern Western
belts temperature (°C) Carpathians Carpathians Carpathians
Cold <=2 n/a 2,143-2,273 n/a
Moderately -2...0 1,727-1,995 1,707-2,228 n/a
cold
Very cool 0...2 1,340-1,839 1,417-2,002 1,507-1,749
Cool 2...4 949-1,669 1,178-1,736 1,115-1,624
Moderately 4...6 672-1,357 874-1,489 857-1,372
cool
Moderately 6...8 379-1,070 585-1,191 508-1,134
warm
Warm >8 131-751 182-833 64-826
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Fig. 7.5 Annual T,,, (°C) in the Romanian Carpathians

This zonation is reflected by the large differences of annual T,,, between the
foothills and the ridge areas of the Romanian Carpathians (Fig. 7.5.), of:

— 10.3 °C in the Southern Carpathians, between 7.9 °C at Petrosani (607 m) and
—2.4 °C at Vf. Omu (2,504 m);

— 10.6 °C in the Western Carpathians, between 11.8 °C at Moldova Veche (82 m)
and 1.2 °C at Vladeasa 1,800 m (1,836 m);

— 8.0°Cin the Eastern Carpathians, between 8.7 °C at Sighetul Marmatiei (275 m)
and 0.7 °C at Ceahlau-Toaca (1,897 m).

The annual average temperature of the areas depicting the three vegetation belts
covers a 5 °Crange: from —0.9 °C in the alpine to 1.1 °C in the subalpine and 4.1 °C
in the forest belts.

The position of some key isotherms explains the spread of the main vegetation
formations and the typology of periglacial processes across the Romanian
Carpathians, under the influence of altitude and latitude.



7.2 Air Temperature 83

Table 7.5 The elevation range (m) of some key T,y isotherms in the Romanian Carpathians

Isotherms Eastern Carpathians Southern Carpathians Western Carpathians
-2°C n/a 2,143-2,229 n/a

0°C 1,581-1,902 1,645-2,055 n/a

2°C 1,310-1,682 1,371-1,782 1,507-1,637

3°C 1,271-1,620 1,331-1,515 1,137-1,511

10 °C (July) 1,607 1,693 1,567

The height of the 0 °C isotherm (‘freezing level’) marks the areas in which the
periglacial and frost processes prevails (Parish 2002). Investigating the favorability
of ecological and bio-geographical conditions for high-altitude insects, Mani
(1968) has illustrated the freezing level height in the most important mountain
regions of the world. Relative to other mountain ranges (e.g. above 3,000 m in the
Atlas, Caucasus, Tian-Shan and Altai Mountains, above 5,000 m in the Himalaya
and Karakorum Mountains), the elevation of permanent air freezing in the Roma-
nian Carpathians is one of the lowest. Yet, the freezing level height in the Romanian
Carpathians is comparable to that in the European Alps and Pyrenees (at about
2,500 m), located in similar latitudinal conditions (between 42 and 49°N) and well
above that in the Scandinavian Mountains (below 1,000 m), located at high
latitudes. On average, the areas of prevailing periglacial and frost processes in the
Romanian Carpathians are delineated by 1,764 m altitude in the Eastern
Carpathians and 1,885 m in the Southern Carpathians (Table 7.5). The 0 °C
isotherm can be considered a good proxy of the areas prone to long-lasting snow
accumulation.

Hess (1965) found significant connections between the climatic snowline and the
—2 °C annual isotherm across the Carpathians. In the Romanian Carpathians, this
isotherm appears rather patchy, only in the highest massifs of the Southern
Carpathians (the Fagaras Mountains), at above 2,100-2,200 m. The areas delin-
eated by this isotherm are prone to long periods of intense mechanical weathering
(by freezing and freeze-thaw cycles), gravitational processes (creep, solifluction,
falls, topples), moderate-to-low surface erosion and high intensity deflation and
snow-driven processes.

The temperature conditions are the main limiting factors for the upper forest
limit. The height of the +2 °C annual isotherm corresponds roughly to the upper
tree line (timberline), delineating the areas of optimal climatic condition for forest
growth. However, the upper boundary of forest vegetation is more clearly delin-
eated in terms of thermal conditions in the areas of weak anthropogenic pressure
and rather diffuses in those of extensive deforestation actions. On average, the
isotherm is located at about 1,500 m in the Eastern Carpathians and 1,600 m in the
Southern and Western Carpathians (Table 7.5). In addition, Urdea (2012) asserted
that the 3 °C mean annual isotherm is an indicator of the lower limit of periglacial
environments, which includes the solifluction zone (between the 3 °C and 0 °C
isotherms), the zone of complex periglacial processes (between 0 °C and —3(—2)°C
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isotherms) and the cryoplanation zone, with intense weathering (below —3(—2)°C
down to the —6 °C isotherm). This limit lowers to 1,300 m in the Southern and
Western Carpathians and 1,450 m in the Eastern Carpathians.

Florescu (1981) indicated that the northern (latitudinal) border of forest vegeta-
tion in Europe delineates areas of daily average temperatures higher than 10 °C over
at least 30 days. The July isotherm of 10 °C roughly corresponds to the upper forest
line and the northern (latitudinal) tree line, as it is considered a proxy of heat
deficiency during the vegetation growing season (EEA 2004). However, Landolt
(1983) has revealed some exceptions for the ‘rule of thumb’ that the July isotherm
of 10 °C has for some forest vegetation species (e.g. Pinus cembra in the Swiss
Alps — 7.5 °C July isotherm). In the Romanian Carpathians, the July 10 °C isotherm
is a reliable indicator of the vertical possible expansion of coniferous forests,
only in the Western Carpathians, where the isotherm runs parallel with the upper
tree line located at about 1,600 m according to CORINE LandCover dataset (2006).
In the Eastern and Southern Carpathians, this isotherm runs below the upper tree
line, which is found up to 1,750-1,800 m.

7.2.3 Annual Variation of Average Temperature

On average, air temperature values become negative from November at above
800 m and December, below 800 m, maintaining this characteristic until March,
at above 800 m and February, below 800 m. The coldest month of the year is
January at most weather stations and February, only at high-elevation sites of the
Eastern and Southern Carpathians, generally located above 1,800 m. During the
annual minimum, T, reaches the lowest values in the Southern Carpathians, at
about 2,500 m (—10.6 °C, Vf. Omu station) and the highest in the Western
Carpathians, at about 1,400 m (—3.9 °C, Baisoara station) (Fig. 7.6). The range
of the annual minimum in the areas higher than 800 m, is well below the freezing
level as follows: —8.2°...—6.6 °C in the Eastern Carpathians, —10.6°...—4.3 °Cin
the Southern Carpathians and —7.2°...—3.9 °C in the Western Carpathians. Below
800 m, air temperature values in January are exclusively negative in the Eastern and
Southern Carpathians (between —7.2 and —2.6 °C), and slightly above 0 °C, only in
some areas of the Western Carpathians (e.g. 0.1 °C at the Moldova Veche station,
in the Banat Mountains).

Air temperature becomes positive starting in April in most areas of the Roma-
nian Carpathians, except high-elevation areas above 1,800 m (from May) and
earlier, from March or even February, generally below 600700 m.

The warmest month of the year is July at most weather stations and August only
at some high-elevation sites located above 1,700-1,800 m in the Eastern and
Western Carpathians (Lacauti and Vladeasa 1,800 m) and above 2,200 m in the
Southern Carpathians (Vf. Omu and Tarcu). Regionally, in the areas above 800 m,
T,ve ranges between 9.8 and 14.6 °C in the Eastern Carpathians, 5.9° and 14.8 °C in
the Southern Carpathians and 9.9° and 14.0 °C in Western Carpathians (Fig. 7.6).
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Fig. 7.6 Monthly distribution of T,y, (°C) across the Romanian Carpathians

The variation of T,,, values at high-elevations (above 1,800 m) is limited to the
6-10 °C range. In depression areas (below 800 m), temperature values in July vary
on average between 16 and 19 °C, exceeding 20-22 °C only at some low-elevation
sites located in the Western Carpathians (the Banat Mountains).

Tayg varies in the negative range from October only in the high alpine areas of
the Southern Carpathians (above 2,500 m), November in most areas above 800 m
of the Eastern Carpathians and December in the rest of the region, including the
areas below 1,600 m in the Southern Carpathians, 1,400 m in the Western
Carpathians and 700 m in the Eastern Carpathians.

The thermal differences between uphill (mountains) and foothill areas (depres-
sions) over the year across the Romanian Carpathians are the largest in July-August,
up to 9-12 °C, when T, has the greatest decreasing rates with height, and smallest
in January, down to 5-10 °C, as a result of frequent and persistent temperature
inversions, which perturb significantly the vertical thermal zonation.

Seasonally, there is a close relationship between regional air temperature and
large-scale flow patterns over these mountains. The temperature distribution shows
similar patterns in all seasons.
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In winter, the temperature regime is controlled by the cold northerly and easterly
airflows (polar and arctic), under a prevailing anticyclonic regime (mainly in
January and February) and weaker cyclonic activity over the October-December
interval. The high frequency of cold-air pooling in this season, as result of both
dynamical and radiative processes, might explain some local and regional patterns
of T, variation. Winters are up to 3 °C colder in the Eastern and Southern
Carpathians than in the Western Carpathians, particularly in some northern massifs
exposed to cold airflows of continental and maritime origins (e.g. the Rodna,
Calimani, Ceahlau Mountains) and in some southern massifs, with a wide elevation
range (e.g. the Fagaras Mountains) (Figs. 7.7 and 7.8). By height, winters across the
Romanian Carpathians are 3—7 °C colder in high-elevation areas above 1,700—
1,800 m than in the depression areas (below 800 m). These differences are the
lowest (about 3 °C) in the Eastern Carpathians, which are the most affected by
temperature inversions during this season. Winters are the mildest in the Western
Carpathians (the Apuseni and Banat Mountains), under the influence of the
prevailing humid westerly and southwesterly airflows, respectively. T,,, at above
800 m during the cold season shows narrow ranges in the Eastern (—7.6°...—5.5°C)

Fig. 7.7 Seasonal distribution of T, (°C) in the Romanian Carpathians
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Fig. 7.8 Regional averages of seasonal T,,, values

and Western Carpathians (—6.7°...—3.4 °C), compared to the broader one in the
Southern Carpathians (—9.8°...—3.5 °C), resulting from their largest vertical
expansion. In this season, the coldest depressions are those located in the Eastern
Carpathians (the Brasov, Ciuc, Intorsura Buziului depressions), which are the most
favorable areas for the formation of persistent cold-air pools and cold air down-
slopes drainage. Mihai (1975) showed that these areas are prone to intense temper-
ature inversions, the inversion layer thickness extending up to 850 m. In these areas
the T,y varies between —5.9 and —1.9 °C. The opposite situation is characteristic
of the depressions located in the Western Carpathians, where T,,, seasonal varia-
tion is only slightly negative, from —2.5 to —0.7 °C. Locally, in some of these areas
(e.g. Caransebes, Moldova Veche), the wintertime T,y stays positive (0.3-1.5 °C).

Summers are slightly cooler in the Eastern Carpathians (up to 1 °C cooler) than
in the other Carpathian branches, only in the areas higher than 800 m (Fig. 7.7).
This is due to their northern position, their great exposure to frequent passages of
cold (polar or arctic) air masses, as well as to their dense forest cover. These
atmospheric circulation patterns also explain the shallower TLRs in summer,
particularly in the northern part of this Carpathian region. In the Eastern
Carpathians, T,,, values range between 9.1 and 13.9 °C at above 800 m and
between 15.4 and 18.4 °C below 800 m. For comparison, the summer temperatures
in the Southern Carpathians do not exceed 17 °C in depressions and fall below 5 °C
in high alpine areas above 2,500 m.
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The warmest summers are characteristic of the Western Carpathians, regardless
of the elevation, under the dominant influence of westerly and south-westerly
airflows (Fig. 7.8). This region is up to 1 °C warmer in the areas higher than
800 m and 2.4 °C, in the depressions, than the other Carpathian regions. In the
Western Carpathians, the summertime T,,, values range between 9.2 and 13.3 °Cin
mountain areas above 800 m and between 16.5 and 21.5 °C in low depression areas
below 800 m.

Advection of warm tropical air from the Sahara (under the activity of the North-
African High), often affects the southern part of Romania, and largely accounts for
the thermal character of summers in the Carpathian region. Such advection partic-
ularly impacts the Banat Mountains (the southern part of the Western Carpathians)
and the southern sides of the Southern and Eastern Carpathians, determining an
increased frequency of summer hot days, when T,,,,, may exceed 30 °C, particularly
in areas below 1,500 m (e.g. 2007, 2012).

Autumn and spring show fairly comparable T,,, variation ranges (Fig. 7.8).
In spring, temperature records are slightly negative at high-elevations (above
1,700 m) and positive in the rest of the region, whereas in autumn, they remain
entirely positive, regardless of the elevation, all over the region (Fig. 7.7).

7.2.4 Lapse Rates of Minimum (TLR,,;,) and Maximum
Temperatures (TLR,,,,)

A differentiation of temperature lapse rates into TLR,,x and TLR,,;, was intro-
duced in the study to highlight the particularities of the distribution of maximum
and minimum temperatures with respect to elevation across the Romanian
Carpathians. The elevation predictor explains about 90 % of the spatial distribution
of extreme temperatures in the region, at both annual and seasonal time-scales.

The average regional lapse rates for extreme temperatures are generally steeper
for maximum temperatures (about 0.74 °C/100 m) and shallower for minimum
temperatures (about 0.46 °C/100 m). Regionally, the variations in the TLR.,, are
explained by the characteristics of the dynamical processes over the year in relation
to the elevation range. The temperature inversions, cold-air pooling and downslope
drainage during winter are likely to explain the reduced gradients of both minimum
and maximum temperatures, especially in the Eastern Carpathians (Table 7.6).
The vertical change rates of the maximum temperature are generally closer to the
dry adiabatic lapse rates as Rolland (2003) emphasized, indicating stronger thermal
contrasts between Western Carpathians (the warmest) and Eastern and Southern
Carpathians (the coldest), particularly in summer, spring and autumn.

The extreme temperature datasets indicate consistent seasonal cycles of the TLR .,
which are common with the TLR,,,, showing similar regional patterns between
the three Carpathian branches. The lapse rates are smallest (0.34-0.46 °C/100 m) in
winter and autumn minimum temperatures and largest (0.79-0.96 °C/100 m)
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Table 7.6 Annual and seasonal lapse rates of the minimum and maximum temperatures in the
Romanian Carpathians (°C/100 m)

TLRs | Eastern Carpathians ‘ Southern Carpathians Western Carpathians
TLR,,;,

Annual 0.41 0.49 0.50
DJF 0.34 0.44 0.43
MAM 0.49 0.57 0.55
JJA 0.46 0.53 0.55
SON 0.37 0.44 0.46
TLR,,.x

Annual 0.73 0.80 0.69
DJF 0.46 0.57 0.47
MAM 0.86 0.92 0.79
JJA 0.91 0.96 0.89
SON 0.70 0.76 0.67

in summer and spring maximum temperatures (Fig. 7.9). Differences in lapse rates
have been found to be more substantial for maximum temperatures, indicating larger
vertical changes with height, which can be attributed to the strong daytime sunshine
warming on mountain slopes. Regionally, these differences are highly visible in the
Southern Carpathians (the highest), relative to the other Carpathian regions.

7.2.5 Spatial Distribution of Minimum and Maximum
Temperatures

The annual T,,,, is positive over the entire Romanian Carpathians, varying from 4.3
to 10.6 °C in the mountain areas above 800 m and from 11.6 to 17.1 °C in
depression areas (Fig. 7.10). Regionally, the differences between the foothills and
ridge areas are substantial in terms of annual averages of T,,y, reaching:

— 13.3 °C in the Southern Carpathians, between 0.7 °C at Vf. Omu (2,504 m) and
14.1 °C at Petrosani (607 m);

— 12.8 °C in the Western Carpathians, between 4.3 °C at Vladeasa 1,800 m
(1,836 m) and 17.1 °C at Moldova Veche (82 m);

— 10.3 °C in the Eastern Carpathians, between 4.3 °C at Ceahlau-Toaca (1,897 m)
and 14.6 °C at Sighetul Marmatiei (275 m).

The T,,;, shows a larger variations across the Carpathian region on an annual
average basis, from negative values of —5.0°...—0.1 °C in the high-elevation areas
above 1,800 m and some depressions of the Eastern Carpathians, to positive values
ranging from 0.6 to 4.0 °C in the depressions of the Eastern and Southern
Carpathians, to 5.0-7.5 °C in some depressions of the Western Carpathians
(generally, below 300 m) (Fig. 7.11). The largest differences between the foothills
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Fig. 7.9 Lapse rates (°C/100 m) of the annual averages of Ty, and Tp.x in the Romanian
Carpathians

and high mountain peaks are met in the Western Carpathians, where they are about
9 °C. The average height of the freezing level derived from T,,,;, values is located at
about 1,150 m in the Eastern Carpathians, 1,400 m in the Southern Carpathians and
1,350 m in the Western Carpathians.

7.2.6 Annual Variation of Minimum and Maximum
Temperatures

Barry (2008) showed that, while T, displays a closer relationship to global
radiation totals, T,;, seems to be much more site-dependent, especially with respect
to cold air drainage and pooling.
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Fig. 7.10 Mean annual Ty,,x (°C) in the Romanian Carpathians

In their monthly variation, the peak values of the T,,;, and T,,.x are recorded
during the July—August interval. During the annual maximum, the peak values
range between 11-16 and 25-28 °C, respectively in the low depression areas and
between 9-14 and 3-7 °C, respectively, in those higher than 1,800 m.

During the annual minimum (January-February), T,,.x values do not fall signif-
icantly below —8.0 °C not even in the high alpine areas, whereas T,,;, may drop
below —10 °C in most areas above 600 m of the Eastern Carpathians and 2,000 m of
the Southern Carpathians. The Western Carpathians maintain the warmest, with
slightly negative T,,x values (—4.5 to —0.1 °C) only in areas higher than 1,400 m
and T,;, of —9.7 to —1.2 °C.

Seasonally, there is a region-wide hierarchization of extreme temperatures from
the coldest to warmest: winter — spring — autumn — summer (Figs. 7.12 and 7.13).
Winters display negative T, at 12 out of the 15 selected mountain sites located
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Fig. 7.11 Mean annual T,;, (°C) in the Romanian Carpathians

above 800 m in the Romanian Carpathians, where values are generally 0.4-6.8 °C
below the freezing level. In terms of T,,;,, winters are visibly colder at above
1,800 m, where averages drop 9—13 °C below the 0 °C threshold, and are generally
cooler below this elevation, with average values of up to 10 °C below 0 °C.
Summers are rather cool for Ty, in the Southern Carpathians and the averages
do not exceed 20 °C in the areas above 800 m and 25 °C in those below this
elevation. The Western Carpathians are prone to warmest summers. In terms of
Thin, summers are rather cool in the Eastern and Southern Carpathians
(2.8-12.6 °C) and may exceed 13 °C on average only in some depression areas of
the Western Carpathians (below 300 m). The regional patterns of extreme temper-
atures in spring and autumn are fairly comparable across the Romanian Carpathians
(Figs. 7.12 and 7.13).
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7.2.7 Extreme Temperature Records

The probability density function (PDF) of daily T,.. values at the selected
mountain stations show a limited heat stress exposure in the region (Fig. 7.14).
Most Ty« values lie between —5 and 425 °C, with a 0.9 probability across the
entire region. The upper and lower bounds of regional T,,,x PDF depict the
threshold beyond which T,,,x enters into the ‘extreme’ domain and they are fairly
similar to the 90th and 10th quantiles. The upper bounds are generally marked by
Thax values of 25 °C and regionally their occurrence probability is one of the lowest
(below 0.1). Yet, on a site scale, this bound might be exceeded with less than 0.05
probability. Such values are specific to mid-elevation areas (below 1,500-1,600 m),
which are often subject to warm and humid airflows from Southern Europe, local
warming in summer due to urbanization or foehn processes (e.g. on the eastern side
of the Apuseni Mountains — Western Carpathians). The lower bounds of T,,,x PDF
across the Romanian Carpathians are usually marked by the —10 °C threshold
(below 0.005 probability).
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Fig. 7.13 Mean seasonal T,,,x (°C) in the Romanian Carpathians

The T,.x absolute maxima registered since the beginning of instrumental
meteorological records in areas higher than 800 m had rarely reached or exceed
the 30 °C threshold, which depicts the occurrence of a tropical day. Such values
were specifically recorded sparsely up to 1,300-1,500 m in the Southern and
Western Carpathians (at Predeal, Sinaia 1,500 m, Paltinis, Predeal and Baisoara
sites) and up to 1,000 m in the Eastern Carpathians (Poiana Stampei). The Ty«
historical records in the areas above 800 m range between 22 and 33 °C. The
absolute maximum measured in such areas reached 33.2 °C on July 5th, 2000, at
Predeal station (1,090 m), in the Southern Carpathians.

The T.x absolute records in the depression areas of the Romanian Carpathians
exceeded 39 °C: 39.4 °C in the Eastern Carpathians (Sighetu Marmatiei, 275 m),
40.0 °C in the Southern Carpathians (Deva, 240 m), reaching the highest value of
44.0 °C in the Western Carpathians, at Moldova Veche station (82 m), on July
24,2007 (Table 7.7). This value was only 0.5 °C below the national record (Ion
Sion 44.5 °C/August 10, 1951 in the Baragan Plain — southern Romania).

The observed temperature rise in the last two decades, particularly in summer,
when heat waves became more frequent and more intense, played a key role in
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Fig. 7.14 A comparison of regional T,,,x PDFs in the Romanian Carpathians

explaining the occurrence of T« absolute records in many Carpathian areas.
The T,,.x absolute records were dominantly recorded after 2000 across the Roma-
nian Carpathians region, accounting for 63 % of the total number of cases,
suggesting a shift towards a warming climate in the region. The summer months
of 2000, 2007 and 2010 hold 64 % of the total T, records at above 800 m and up
to 54 % of those in areas below 800 m. These months were particularly warmer than
normal also on a national scale due to successive and intense heat spells (Bogdan
et al. 2011; Annual Bulletin on the Climate in WMO Region VI — Europe and
Middle East 2000, 2007, 2010).

The PDFs of daily T,,;, values recorded above 1,000 m altitude reveal a moderate
exposure to freezing across the region (Fig. 7.15), as the lower bounds depicting
values below —10 °C have a rather low occurrence probability (below 0.1), from
0.05 % (Western Carpathians) to 0.09 % (Eastern Carpathians). Most T,,,;, values lie
between —5.0 and +10.0 °C as in the case of T, with a 0.63 probability at all
mountain sites.

The T, values in the regional PDF reveal a negatively skewed distribution.
The upper bounds, depicting values higher than 15 °C, have rather low probabilities
across the region, especially in the areas below 1,500 m of the Southern and
Western Carpathians. In a daily variation, T, records of 25° below the freezing
level and 20 °C above it are quite exceptional across the region, underlying the
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Fig. 7.15 A comparison of regional T,,;, PDFs in the Romanian Carpathians

extreme T, domain. The probability of air freezing (T, <0 °C) across the
Romanian Carpathians is lower (15-20 %) than that of the freeze-free period
(Tiin >0 °C). The frequency of freezing days across the Romanian Carpathians
region ranges between 144 and 180 days in the forest areas (up to 1,600—1,700 m),
189-203 days in sub-alpine areas (1,700-1,900 m) and exceeds 200 days in the
alpine ones (above 2,000 m). The intensity of air freezing across the Romanian
Carpathians is moderate-to-severe, as its average intensities range between —15
and —10 °C (Fig. 7.16).

This phenomenon was severe in some outstanding cold winter months
(e.g. January 1963, 1985; February 1929, 1985), when its intensity was more than
30 °C below the freezing level during some episodes of intense cooling. These
months hold about 60 % of the total absolute minima registered across the study
region. The absolute minima in the areas above 800 m reached —38.0 °C/February
10, 1929 at Vf. Omu station (2,504 m), in the Southern Carpathians, a value
fairly comparable to the absolute minima in Romania (—38.5 °C/January
25, 1942 at Bod), which was registered in the Brasov Depression (the Eastern
Carpathians).
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Fig. 7.16 Regional freeze and freeze-free probabilities in the Romanian Carpathians

7.3 Precipitation

The distribution of precipitation amounts in the Romanian Carpathians is highly
variable, strongly dependent on the underlying topography and orographic effect, in
relation to regional flow dynamics. Besleaga (1979) outlined the complexity of the
precipitation genesis process and also the role of some other factors largely
involved in this process (i.e. the upward and downward transfer of the water
vapor flux, the moisture content of air masses advections and the vertical profile
of air temperature, moisture and wind speed in the lower atmosphere). Bazac (1983)
emphasized the importance of the Carpathian orographic effect on the spatial
distribution of precipitation in Romania, which is also a measure of air masses
instability potential and cloud base height, as well as of the direction and speed of
the airstreams crossing the mountain barrier.

Due to their position within the continent, the precipitation regime of the
Romanian Carpathians is subject to the influence of both important high and low
pressure centers (see Chap. 6). Quantitatively, the maritime tropical and polar
advective air streams, associated with cyclonic structures, are the main contributors
to weather instability and shower activity in these mountains, as described below:

— The Icelandic cyclones, coming from the North Atlantic Ocean, are responsible
for the occurrence of the primary (summer) precipitation peak of the year;
the humid air advection at the southern edge of the Icelandic Low visibly
increase weather instability in summer (frequent thunderstorms and heavy
rainfall spells likely to trigger floods under large precipitation amounts) and
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produce wet weather in late autumn and early winter; such weather patterns are
observed in most Carpathian areas, depending on slope exposure (particularly on
the western, north-western and northern slopes);

— The Mediterranean cyclones, originating from the western and central Mediter-
ranean Basin (more often than those with “normal” TransBalkanic trajectoriesz)
determine the secondary precipitation peak of the year (late autumn and early
winter), producing significant amounts and wind intensifications on the south-
western and southern windward slopes of the Southern and Western Carpathians
(the pressure lows describing north-eastern trajectories, which cross the
Pannonian Depression), and exceptionally, on the external side of the Curvature
Carpathians (the low pressures with eastern trajectories); when interacting with
cold continental airflows from the east, they bring severe snowstorms (under
great thermo-baric contrasts), with major snow accumulations (e.g. 40-50 mm in
24 h) and higher wind speed (30—40 m/s) (Bogdan 1978); the cyclonic structures
with a retrograde evolution® play a crucial role in triggering severe weather in
the southern and eastern extra-Carpathian regions, as well as on the southern and
south-eastern windward slopes of the Eastern Carpathians, associated with
heavy rainfalls and snowfalls (during severe snowstorms), hail, thunderstorms
and gustiness.

7.3.1 Vertical Zonation and Spatial Distribution

The effect of altitude on precipitation amount measured at the existing weather
stations has been investigated in several studies focusing on different areas of the
Romanian Carpathians (e.g. (Apaviloaie 1972; Neamu and Teodoreanu 1972;
Niculescu 1993; Voiculescu 2002; Gaceu 2005; Bogdan 2008). These works
emphasize the role of the underlying (local) topography and prevailing atmospheric
flow types in the process of precipitation generation and in explaining the patterns
of spatial distribution of the precipitation amounts. Accordingly, there is a general
linear increase of precipitation with elevation and the western and northern moun-
tain slopes are accumulate the greatest amounts, as they are particularly subject to
moist maritime and oceanic airflows (e.g. Dragota 2006; Clima 2008).
Statistically, the altitude explains up to 58 % of the precipitation distribution in
the Romanian Carpathians. The average precipitation gradient in this mountain
range is 20.5 mm/100 m, less than that determined in the Polish Carpathians
(60 mm/100 m) (Swiechowicz 2012). Regionally, the precipitation gradient values

2 Out of the six typical trajectories of these Mediterranean Cyclones towards Central and South-
Eastern Europe, Sorodoc (1962) and Bordei-lIon (1983) identified four main trajectories with
significant influence on weather types in Romania and in the Romanian Carpathians.

3The Mediterranean cyclones on eastward trajectories, reaching the Black Sea enhance their
moisture content and evolve further on an opposite trajectory (i.e. most commonly westward
and seldom northward).
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are the steepest in the Western Carpathians (24.68 mm/100 m) and the shallowest
one in the Southern Carpathians (15.75 mm/100 m). Seasonal precipitation patterns
over the Romanian Carpathians, induced by the synoptic flow features
(e.g. cyclones tracks and depth) in interaction with the orography, are well-reflected
by the seasonal gradient values. Generally, the steepest gradients are characteristic
of summer in the range of 9—4 mm/100 m and the least in winter, 1.5-2.5 mm/100 m
(Table 7.8).

The vertical increase of precipitation is notably intensified by the upslope flow of
air masses on the windward sides of mountain barriers up to a saturated air level
(the condensation level — CL). Above the CL, precipitation gradient decreases. The
height of the CL has been widely documented in several studies (e.g. Neamu and
Teodoreanu 1972; Stoenescu 1951; Apavaloaie 1972; Zavoianu et al. 1995;
Dragota 2006; Bogdan 2008), but its position exhibits rather local validity, being
strongly dependent on the measurement network density and the length of obser-
vation period. Table 7.9 summarizes the main findings of some representative
contributions to the knowledge of the height of the mean CL in the three regions
of the Romanian Carpathians.

Table 7.8 Seasonal precipitation gradient (mm/100 m) in the Romanian Carpathians

Carpathian branches DJF MAM JJA SON Annual
Eastern Carpathians 2.54 5.08 10.29 3.40 21.01
Southern Carpathians 1.93 3.54 8.73 2.81 15.75
Western Carpathians 1.52 5.81 13.88 3.19 24.68

Table 7.9 The height of mean condensation level in the Romanian Carpathians

Romanian Carpathians
branches Key findings in the specialist literature

Eastern Carpathians 1,300-1,800 m (Apavaloaie 1972); low elevation CL between
1,000-1,300 m and high elevation CL at above 1,700 m,
on the north-western slope (Neamu and Teodoreanu 1972)

Southern Carpathians “The optimum CL” in the Southern Carpathians is at about 1,600—
1,800 m (Martonne 1907); the Bucegi Mountains: 1,600-1,800 m
(Stoenescu 1951), 1,500-1,600 m (Bogdan 2008), 1,300 m in the
area between the Fagdras and the Bucegi Mountains (Neamu and
Teodoreanu 1972); the Rucar-Bran Corridor: 1,700-2,000 m
(Teodoreanu 1980); the Fagpras Mountains: “high-elevation CL” at
about 2,000 m (Zavoianu et al. 1995; Voiculescu 2002; Bogdan 2008);
the Tarcu-Fagaras Mountains area: 1,400 m (Neamu and Teodoreanu
1972)

Western Carpathians “The optimum CL” in the Western Carpathians is at 1,200-1,400 m
(Martonne 1907); the Apuseni Mountains: 1,000-1,100 m (Gaceu
2005); 1,100 m (the lowest CL across the Romanian Carpathians)
(Neamu and Teodoreanu 1972)
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Transversal cross-sections
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Fig. 7.17 The distribution of the mean annual precipitation amounts (mm) in the Romanian
Carpathians

The climate of the Romanian Carpathians is rather moderately humid, as over
more than 70 % of their surface area the annual precipitation is below 900 mm.
Annual precipitation totals increase from 500—800 mm in the foothill areas below
800 m to 900-1,300 mm in the areas above 800 m (Fig. 7.17). The Western and
Southern Carpathians are the wettest, with a mean annual precipitation of about
800900 mm, while the Eastern Carpathians are the driest (below 700 mm per
year). The slopes of the western Apuseni and Banat Mountains (the Western
Carpathians), Rodna and Maramures Mountains (the Eastern Carpathians) and the
southwestern ones of the Retezat Mountains (the Southern Carpathians) are partic-
ularly humid and they receive more than 1,000—1,100 mm of precipitation yearly.
In these areas, the orographic effect accounts the most for the incoming moisture of
maritime origin, enhancing (suppressing) the precipitation amounts on windward
(leeward) slopes. Based on in situ measurements of precipitation amounts the
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Fig. 7.18 Cross-sections of the mean annual precipitation amounts in the Romanian Carpathians

windward side of the Apuseni Mountains is exceptionally wet, accumulating
more than 1,600 mm per year (1,631.5 mm at Stana de Vale station, located at
1,100 m a.s.l.) (Clima 2008). This area is also recognized as the wettest area in
Romania (Gaceu 2005).

Generally, there is an eastward decrease of precipitation amounts across the
Romanian Carpathians, as the moisture content of the westerly (oceanic) and
southwesterly (Mediterranean) airflows gradually diminish (Fig. 7.18).

7.3.2 Wind-Induced Bias

High-elevation areas are particularly affected by wind-induced losses of precipita-
tion amount, caused by the disturbance of the wind field around the gauge,
evaporation and wetting losses of water in the funnel before it is measured, and
splashing of rain drops upon impact (Sevruk 1982; Duchon and Essenberg 2001).
The wind effect in complex orography terrains implies much underestimation of
precipitation records, particularly of those resulting from solid fall accumulations.
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An exhaustive analysis (Cheval et al. 2010) of errors in precipitation records over
1961-2009, found at 159 stations in Romania (including high-elevation stations
located in the Romanian Carpathians), outlines the great perturbing effect of wind
on precipitation measurements. This study shows that the greatest wind-induced
losses are common for mountain areas subject to strong zonal flow. In such areas,
monthly bias may count for more than 100 % of the measured precipitation
amounts: e.g. Tarcu (37.8 % in June), Vf. Omu (107.3 % in April, 60.4 % in May
and 39.4 % in June), Ceahlau-Toaca. The latter site (located at 1,897 m in the
Eastern Carpathians), which displays rather similar alpine climatic features, is of
special interest, since the yearly precipitation total resulting from ground measure-
ments (about 670 mm) is fairly comparable to the annual precipitation amounts
accumulated in typical depression locations, which are generally below 700 mm.
At this particular station, the wind induces deviations exceed 180 % from the real
records mostly during the December-February interval and 100-150 % in
November, March and April, as showed by Cheval et al. (2010). In the warm half
of the year, wind biases the precipitation records particularly in September and
October (54-93 %).

7.3.3 Annual Variation

Studying the precipitation distribution types in Romania, Dragota (2006) assigned
to the Carpathian region ‘the mountain distribution type’. This distribution type is
characterized by a main precipitation summer peak in June (23 sites) or July
(9 sites) and is related to intense frontal activity and thermal convection processes.
During the main pluviometric maximum, precipitation amounts between 105 and
160 mm in the areas above 800 m and between 78 and 110 mm in depressions.
The summer maximum generally accounts for 12—16 % of the total annual precipi-
tation. The second precipitation maximum occurs in most areas in the late autumn-
to-early winter interval (in October, November, but particularly in December) and it
is mainly of cyclonic origin, locally enhanced by the orographic effect. The
accumulated precipitation during this maximum accounts for less than 8 % of the
annual precipitation amount and does not exceed 100 mm.

The pluviometric minimum in the Romanian Carpathians is specific to the cold
season months, when the anticyclonic regime prevails (typically in February and
occasionally, in January, March or even November). This minimum is below
60-70 mm in areas above 800 m and below 40-50 mm in the low depression
areas, representing up to 6 % of the annual precipitation total.

Figure 7.19 shows the regional distribution of monthly total precipitation across
the Romanian Carpathians.

Seasonally, precipitation distribution is largely explained by the patterns of the
synoptic moisture transport in interaction with the underlying topography of these
mountains. This interaction reflects the regional distribution patterns of the annual
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Fig. 7.19 Monthly distribution of precipitation across the Romanian Carpathians

frequency of wet days* across the Romanian Carpathians: higher in the Southern
and Western Carpathians (113—-124 days) and lower in the Eastern ones (about
107 days). In response, the seasonal precipitation show fairly comparable amounts
in the Southern and Western Carpathians, in connection with the influence of the
westerly and southerly moist airflows, and considerably diminished values in the
Eastern Carpathians.

Summer holds the greatest share in the annual totals (29-66 %). Summer
amounts almost double the winter ones (the driest season). On average, the wettest
season accumulates between 290 and 440 mm, at above 800 m and between 190 and
300 mm, in the areas below 800 m (Fig. 7.20). In this season, elevation explains
73 % of the vertical zonation of precipitation across the region. In high-elevation
areas above 1,800 m, the summer totals stay below or around 400 mm, almost
doubling the amounts specific to depression areas. The altitude effect on summer
precipitation distribution is less visible than in winter (20 %), as significant amounts
result frequently from rainfalls associated with deep convective thunderstorms.

*The threshold of 1.0 mm was chosen to define a wet day.
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Fig. 7.20 Seasonal distribution of precipitation across the Romanian Carpathians

Regionally, summer precipitation is the greatest in the Southern Carpathians
(about 360 mm), a high-elevation cross-barrier for the warm and humid airflows
from the Mediterranean Sea. These high-moisture content airflows are particularly
responsible for the occurrence of orographic precipitating clouds and heavy con-
vective rainfalls in this season. In the other Romanian Carpathian regions, summer
precipitation range on average between 270 and 290 mm.

Under a prevailing anticyclonic regime, winter precipitation account only up to
35 % in the annual total. Precipitation falls are generally of frontal origin, peak
accumulations being associated with cyclonic storms.

In the areas up to 1,400-1,500 m precipitation falls are rather shallow under
persistent stratiform cloud cover and temperature inversion layer. Regionally
averaged, winter precipitation amounts reach about 150 mm in the Southern and
Western Carpathians and only 106 mm in the Eastern Carpathians (Fig. 7.20).
In winter, elevation may explain 74—-88 % of the precipitation spatial distribution
across the Carpathians. Winter precipitation changes with elevation from about
63—150 mm, in depression areas to 95-235 mm, in areas above 800 m.

In spring the cyclonic activity gradually intensifies, particularly since March,
being associated with frequent invasions of maritime air masses of polar (from west
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and north-west) or tropical origins (from south or south-west). The change in
atmospheric flow patterns during this season results in a visible increase of spring
precipitation (relative to winter ones) up to 160-320 mm, in areas above 800 m and
130-200 mm, in those below 800 m. Regionally, spring precipitation accumulates
on average more than 200 mm only in the Southern and Western Carpathians, while
in the Eastern ones, does not exceeding 170 mm.

Autumn is the second dry season of the year, due to the increased frequency
of anticyclonic conditions and the weakening of thermal convection. This season
accumulates on average about 180-190 mm in all the Southern and Western
Carpathian and only 140 mm in the Eastern Carpathians (Fig. 7.20). The share of
autumn amounts in the annual precipitation totals does not exceed 45 % at any of
the selected weather stations of the region.

7.3.4 Precipitation Type

The fraction of annual precipitation falling in solid or liquid forms is highly altitude
dependent (Fig. 7.21). Table 7.10 summarizes these relationships at regional level
across the Romanian Carpathians.

The share of the two main types of precipitation to the yearly number of
precipitation days explains the zonation patterns of hydrological regimes across
the Romanian Carpathians, as a function of the dominant feeding mechanisms of
mountain rivers. According to the classification developed by Pardé (1955), the
main types of hydrological regimes within the Romanian Carpathians are:

— the pluvial regime, where rainfalls prevails over the year, with high water in
winter and low water in summer; this regime is typical for all the rivers of the
areas below 800—1,000 m altitude;

— the pluvio-nival regime, where the liquid falls prevails (50-60 %) over the solid
falls (40-50 %), at least 7 months per year, with a frequency of at least 10 days
per month; these areas extend up to 1,500—1,700 m in the Southern and Eastern
Carpathians and 1,400—1,500 m in the Western Carpathians.

— the nivo-pluvial regime where the solid falls are slightly dominant (50-60 %)
over the liquid ones; this regime is generally characteristic of the areas of
1,800-2,000 m height;

— the nival (subnival) regime, where runoff is mostly controlled by snowfall and
snowmelt. In these areas, the fraction of solid falls exceeds 60 %, particularly
during the November-April interval, with a frequency of at least 10 days
per month; this type of regime is a common feature of the alpine areas above
2,200-2,300 m.

The hydrological regime reflects the transitional climate of the region (between
temperate and continental), with four distinct seasons, and with various climate
influences — oceanic in the western part, Mediterranean in the south-west, Baltic in
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Fig. 7.21 Solid precipitation fraction of total number of precipitation days (%) in the Romanian
Carpathians

the north and semi-arid to the east. The hydrological regime in the Romanian
Carpathians is of rainfall-snowmelt origin (Stanescu and Ungureanu 1997).

The flow regime is determined by the combination of its sources of discharge,
which depends on climatic and anthropogenic factors affecting the river flow in a
given catchment. The temporal evolution of the mean discharge presents important
variations, usually determined by the characteristics of the climatic parameters that
are generating the river flow, namely precipitation, air temperature, evapotranspi-
ration and snow cover.

The intra-annual streamflow variability is directly linked to the pluviometric
regime, and there are four characteristic periods that can be distinguished,
corresponding to the seasons. The high mountain basins present 15 % of the total
yearly discharge in winter, 40 % in spring, 30 % during summer and 15 % in
autumn (Diaconu and Serban 1994).
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7.3.5 Precipitation Absolute Records

The regional histograms of daily precipitation reveal a rather low probability of
high precipitation accumulations (Fig. 7.22). The daily amounts of up to 10 mm are
most likely to be registered across the region, regardless of elevation (93-94 %).

The regional distributions of daily precipitation are not ‘heavy-tailed’. The
extreme behaviour depicting the occurrence of heavy precipitation events (HPEs)
is relative to values higher than at least 20 mm/day — a threshold set to assess the
occurrence of very heavy precipitation days (WMO 2009). This threshold roughly
corresponds to the 95th percentile value at more than 60 % of the selected weather
stations. Overall, HPEs have a very low probability across the Carpathians (below
0.5 %) and they account for up to 24 % in the total number of wet days (above
1.0 mm). Comparative statistic of the regional frequency of HPEs (HPE20, R30 and
R50mm) is given in Table 7.11.

Strong convective systems and intense summer cyclonic storms are most respon-
sible for the occurrence of such values in the row-data, as precipitation tends to
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Fig. 7.22 The regional histograms of daily precipitation in the Romanian Carpathians

Table 7.11 Share of HPE:s in the total number of wet days (%) across the Romanian Carpathians

Regions R20mm R30mm R50mm Number of wet days
Eastern Carpathians 12.7 6.0 3.3 106.9
>800 m 6.2 2.9 1.5 125.9
<800 m 43 1.3 0.2 98.5
Southern Carpathians 16.8 13.1 10.4 123.5
>800 m 13.3 9.2 7.0 128.7
<800 6.9 2.7 0.4 102.7
Western Carpathians 23.9 17.5 13.8 112.6
>800 m 17.4 12.9 10.8 137.0
<800 4.9 1.5 0.2 100.4
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Table 7.12 Absolute 1-day precipitation amounts (mm/date of occurrence) measured until 2010
in the Romanian Carpathians

Months Eastern Carpathians Southern Carpathians Western Carpathians

January 59.9/January 126.0/January 2, 1966 38.8/January 8, 1963
17, 1961 (Lacauti) (Tarcu) (Caransebes)

February 43.8/February 81.5/February 10, 1984 44.1/February 14, 1978
22, 1980 (Iezer) (Voineasa) (Moldova Veche)

March 50.6/March 5, 2006 96.9/March 23, 2007 48.8/March 31, 1982
(Iezer) (Predeal) (Semenic)

April 71.7/April 1, 1927 110.0/April 24, 1933 69.3/April 18, 1966
(Ocna Sugatag) (Paltinis) (Semenic)

May 124.4/May 103.0/May 29, 1966 77.5/May 11, 1973
13, 1970 (Baia Mare) (Cuntu) (Semenic)

June 105.2/June 136.0/June 12, 1965 107.0/June 12, 1965
18, 1949 (Joseni) (Cuntu) (Semenic)

July 61.4/July 12, 262.0/July 19, 1934 122.0/July 30, 1971
2005 (Joseni) (Deva) (Semenic)

August 93.7/August 25, 102.0/August 12, 1974 122.6/August 12, 1974
1977 (Lacauti) (Cuntu) (Semenic)

September | 89.4/September 17, 1957 | 118.4/September 127.0/September 1, 1941
(Lacauti) 19,2005 (Sinaia 1,500 m) | (Caransebes)

October 100.0/October 22, 1990 121.9/October 20, 1964 66.6/October 10, 1980
(Ceahlau-Toaca) (Sinaia 1,500 m) (Semenic)

November | 74.6/November 10, 2010 | 76.7/November 7, 1961 110.0/November 8, 1948
(Tezer) (Voineasa) (Tebea)

December | 57.4/December 27, 1995 | 74.8/December 7, 1990 53.8/December 12, 1995
(Miercurea Ciuc) (Sinaia 1,500 m) (Vladeasa 1,800 m)

concentrate over short periods. The extreme behavior of HPEs is sampled by rare
but very high daily precipitation amounts of more than 200 mm, as measured in the
NMA network. The absolute 1-day precipitation amounts in the Romanian
Carpathians totaled 204.2 mm/July 19, 1970 at Cuntu (1,456 m) in areas above
800 m and 262.0 mm/July 19, 1934 at Deva (240 m), in depressions (Table 7.12)
and resulted from long-lasting precipitation events of high intensity, in connection
with strong retrograde cyclonic activity.

The lower bound of the regional histograms of daily precipitation depicts the
‘extreme dry domain’ (Fig. 7.22). The frequency of dry days exceeds 60 % in all
the three Carpathian regions, showing a great tendency to dry extremes all over the
region. Regionally, the annual frequency of dry days (below 1.0 mm) is very high,
ranging between 240 and 260 days across the three regions of the Romanian
Carpathians. Generally, the areas below 800 m have the greatest share in the
regional averages, where dry days may account for up to 250-280 days in the
entire year. In the areas above 800 m, the annual frequency of dry days does not
exceed 250 days.
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7.4 Wind

Wind is the most dynamic element of mountain climate with discontinue action,
highly fluctuating in time and space. The direction and strength of the synoptically
driven winds across the Romanian Carpathians are widely controlled by the activity
of the main high and low pressure systems operating at European scale: the Azores
(all-year-round) and the East-European anticyclones (highly active during the
winter months) and the Icelandic and the Mediterranean cyclones (all-year-
round). Above timberline (at about 1,700—1,800 m), the wind direction and speed
on site scale appear more closely connected to the atmospheric flow in the free
troposphere, while below it the airflows are subject to the topographic effect and
local surface roughness (e.g. vegetation).

7.4.1 Surface Wind Direction

The high-elevation sites, with open meteorological platforms, located above
timberline, were preferentially used to describe the annual and seasonal charac-
teristics of surface winds in relation to some typical flow patterns, as the wind roses
show a visible deflection of the upper level flow with height decrease, under
the strong topographic effect.

The westerly wind direction prevails in all high-elevation areas above 1,700-
1,800 m of the Romanian Carpathians, largely corresponding to the lower layers of
zonal atmospheric flow (Fig. 7.23). In alpine areas above 2,500 m (Vf. Omu
station), where airflow dynamics are taking place in conditions close the free
troposphere, the westerly winds are dominant 8 months/year, generally from
January to March (23-25 %), May to August (17-19 %) and in December
(23 %), reaching an annual average frequency of about 21 %. At this particular
height, the southwesterly winds are the secondary prevailing wind flows over the
September-November interval (21-26 %) and in April (22 %), as controlled by the
activity of low pressure Mediterranean systems with Trans-Balkan trajectories.
In the areas of 1,700-1,900 m, which mark the transition between forest and
subalpine vegetation belts in most of the Romanian Carpathians, the annual fre-
quency of westerly winds may exceed 40 % only at the mountain sites directly
exposed to the zonal atmospheric flow over the Apuseni Mountains (40.7 % at
Vladeasa 1,800 m, 1,836 m a.s.l.) and the Eastern Carpathians (45.8 % at Ceahlau-
Toaca, 1,897 m a.s.l.). In these areas, the westerly flows are dominant all year
(Fig. 7.24), reaching peak frequencies (more than 45 %) of 3—7 months during the
cold half of the year: September-March (Ceahlau-Toaca) and December-February
(Vliddeasa 1,800 m). The westerly winds prevail also in the Curvature sector of the
Eastern Carpathians, favoring the occurrence of foehn effects on the outer side of
these mountains. In this sector, the annual frequency of westerly winds is only 27 %
(Lacauti, 1,776 m), even though their influence is dominant up to 9 months of the
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Fig. 7.23 Surface wind direction and the annual speed at site scale in the Romanian Carpathians

year (September-May interval). The westerly flow is the windiest in all the areas
where its frequency is the highest, exceeding 8—10 m/s on an annual average. Below
1,700 m the influence of westerly winds weakens progressively with height
decrease, their annual frequency generally dropping below 10 %.

Southwesterly and southerly winds are often associated with Mediterranean
frontal lows advancing towards eastern and north-eastern Europe on Trans-Balkan
trajectories. The overall ‘Mediterranean flow’ reaches the peak annual frequencies
(above 25 %) only in some high-elevation areas of the Southern Carpathians
(Vf. Omu 26.8 %) and Banat Mountains (Semenic 29.1 %), particularly exposed
to the southwesterly and southerly advection, but also in some mountain corridors
with a general south-north orientation (e.g. Fundata 36 %, in the Rucar-Bran
Corridor). Seasonally, the Southern and Western Carpathians show the highest
occurrence frequency of these winds, mostly in autumn (14-15 %), winter (12 %)
and spring (12-13 %) and less in summer (10-11 %). The ‘Mediterranean flow’ is
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Fig. 7.24 Seasonal frequency of wind direction at some sites with open meteorological platforms
of the Romanian Carpathians

least common in the Eastern Carpathians (generally below 7 %), regardless of the
season. The southeasterly winds are also associated with the passage of Mediterra-
nean lows with normal or retrograde trajectories or with warm and dry (continental)
summer advection of North African origin. The latter situations were more common
in some summers of the last decade (e.g. 2007, 2012), resulting in persistent and
intense heat spells in the southern and eastern extra-Carpathian regions and on
the southern flank of the Eastern Carpathians in their Curvature sector (generally
below 1,700 m). However, the frequency of the southeasterly winds is in general
limited to less than 7 % in most Carpathian areas.

The northerly and easterly circulations depicted by the winds blowing from
the northern (northwesterly, northerly and northeasterly) and eastern sectors
(northeasterly, easterly and southeasterly) have a low annual frequency at most
sites located above timberline, generally below 35 % and 20 %, respectively.
Locally, in some high alpine areas of the Southern Carpathians above 2,000 m,
some wind directions show notable enhancements relative to the prevailing west-
erly flow characteristic at this height e.g. at Tarcu site located on the ridge line of
the Tarcu Mountains (at about 2,200 m), the northerly wind direction prevails most
of the year, from December to September (above 18 %); at this particular station the
annual frequency of northerly winds is 22 %, followed by the southeasterly and
southerly directions (11-16 %), whereas the frequency of westerly airflow is
significantly lower (5 %).
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The topographic-induced flow can be considered characteristic only at local
scale, giving no insight into the overall regional flow patterns. The terrain-forced
flow along the main axes of mountain corridor, deep and narrow valleys or
depression areas could generate significant deflections of the prevailing wind
direction. Valley channeling with anti-winds explains the high annual frequency
of some flow types: e.g. the southwesterly and northeasterly winds (above 30 %) at
Fundata site, located in the Rucar-Bran Corridor (1,384 m a.s.l.); the northwesterly,
southerly and southeasterly winds (15-30 %) at Predeal site, in the Prahova Valley
(1,090 m a.s.l.); the easterly and northwesterly winds (above 18 %) at Moldova
Veche site, in the Danube Gorge (82 m a.s.l.).

7.4.2 Surface Wind Speed

Mountain topography strongly influences the strength of the boundary layer flows
as well as, the distribution patterns of wind velocity (Barry 2008; Mortensen and
Petersen 1998; Etienne et al. 2010). Whiteman (2000) stressed that complex terrain
exhibits major discontinuities in flow speed at local scale, due to the great contri-
bution of surface roughness elements (e.g. peaks, trees, boulders), channeling
effects or thermally-induced circulations.

Despite the likely disturbing effect on the surface wind flow of some topographic
factors (e.g. altitude, slope, curvature, landform type), it is only elevation which is
statistically significant (52 %) in explaining the vertical zonation of wind speed
within the Romanian Carpathians. Wind speed (WS) increases with height, reaching
peak values on mountain ridges, in conditions close to the free troposphere.

Regionally, the areas higher than 1,800-2,000 m of the Eastern and Southern
Carpathians, exhibit the most dynamic climate (Fig. 7.25). In these areas the
average winds are strong above 9—10 m/s on a multi-annual basis. Above timber-
line, the prevailing airflow directions are in most cases the windiest, exceeding in
general 10 m/s: e.g. the westerly winds at Ceahlau-Toaca (10.7 m/s) and Vladeasa
1,800 m sites (10.1 m/s); the northerly (11.8 m/s) and the northeasterly winds
(10.3 m/s) at Tarcu site; the northwesterly (10.5 m/s) and southerly winds
(10.7 m/s) at V. Omu site.

Wind-induced stresses on local vegetation of windy areas is significant, giving
rise to anatomical and morphological changes to isolated trees and in upper
timberline trees. Holtmeier (2009) highlighted the disturbing role of winds on
tree growth (both physiologically and mechanically) in mountain timberlines,
which contribute to the development of tree deformations (e.g. asymmetry,
slanting), providing evidence of the locally varying wind speeds and directions.
Stoenescu (1951) emphasized that tree deformation is a valuable indicator of local
boundary airflow dynamics, considering that the “flagged” trees act like true
“biogeographical anemometers”, particularly in areas with prevailing strong and
persistent winds, blowing mostly from one direction (Fig. 7.26).
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Fig. 7.26 “Flagged” common beech trees/hill at south-west of Suseni — Harghita county, wind
direction NE (/eft) and south-easterly “flagged” spruce trees in the upper timberline of the Siriu
Mountains, the Curvature Carpathians (right) (Photo: C. Costandache — left and M. Micu — right,
with permission)
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The moderately windy areas, which appear partially exposed to the prevailing
winds, are those located around 1,700-1,800 m elevation, at the transition between
forest and subalpine vegetation associations. In these areas, the average WS ranges
between 5 and 8 m/s (e.g. Lacauti 7.6 m/s, Vladeasa 1,800 m 6.7 m/s, Semenic
5.1 m/s). Below timberline, the local topographic features and surface roughness
strongly modify the characteristics of the dominant airflow. From in situ measure-
ments, these effects are highly visible below 1,500—1,600 m, where the average WS
is generally lower than 3—4 m/s.

Wind speed increases significantly in narrow mountain areas (e.g. valleys,
mountain corridors), as the streamlines tend to concentrate along their main axis.
Tastea et al. (1990) and Bogdan (1994) investigated the frequency of strong winds
in relation to pressure changes between the northern and southern extremities of the
Olt River corridor, crossing the central part of the Southern Carpathians from north
to south. The authors found pressure differences of up to 3—5 mb between the two
extremities of the corridor, explaining the increasing frequency of strong winds
above 24 m/s at Boita site (located in the northern extremity of the corridor), up 5 %
in the November-March interval.

The daily surface wind speed regime across the Romanian Carpathians is
dominated by light winds up to 2 m/s with occurrence probabilities of about 56 %
in the Eastern Carpathians, 42-45 % in the Southern and Western Carpathians
(Fig. 7.27). The extreme wind tail, depicting values higher than 10 m/s (the regional
average of the 95th percentile level), has lower occurrence probabilities of 1.0—
1.7 %, in the Eastern and Southern Carpathians and slightly higher ones, of about
3.0 %, in the Western Carpathians.

Seasonally, the changes in large-scale circulation result in major variations of
WS at site scale. These changes are highly visible in areas above 1,700-1,800 m,
particularly in winter and summer (Fig. 7.28). In winter, the airflow dynamics over
the Carpathian mountain range is most significant, when the thermo-baric gradients
are usually the steepest due to advective situations (January and February),
resulting in frequent stormy winds. The high-elevation areas above 1,800 m of
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Fig. 7.27 Comparative regional histograms of daily wind speeds in the Romanian Carpathians
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Fig. 7.28 Distribution of seasonal wind speed (m/s) in the Romanian Carpathians

the Eastern and Southern Carpathians are particularly windy, from October to even
April, the WS ranging from 8.0 to 13.9 m/s. Noteworthy, are the Ceahlau-Toaca
(1,897 m — the Eastern Carpathians) and Vf. Omu sites (2,504 m — the Southern
Carpathians), which are the windiest all year, as they best reflect the airflow
dynamics in conditions close to the free troposphere. In the areas below 800 m,
winter WS does not exceed 2 m/s, particularly in the intra-mountainous depression
areas under the influence of stable stratification of cold air. The intensification of
cyclonic activity at mid-latitudes is closely linked to the increased wind speed in
spring, more visible in March and April. However, in spring, WS remains up to
2 m/s below the winter average. The May-September interval is in general, the
calmest interval of the year, all over the Carpathians. The advective situations of
warm and moist air transport, at the eastern edge of Mediterranean cyclones towards
the Pannonian Depression, are very frequent during this interval, explaining the
intensification of southerly winds at site scale in the Banat Mountains and on the
southern flank of the Southern Carpathians, as well as the channeling effect along
some transversal mountain corridors, with favorable orientation. Although the con-
vective situations are highly frequent during the summer months, they are associated
with low WS, as the surface pressure changes are not significant. On average, summer
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Fig. 7.29 Seasonal frequency of daily wind speed (WS) across the Romanian Carpathians

winds rarely exceed 2 m/s in the areas below 800 m and 5-7 m/s in those above
800 m, except for the wind-sheltered ones, where WS stays below 3 m/s.

Figure 7.29 illustrates the seasonal frequency of daily WS across the Romanian
Carpathians, showing the prevalence of light winds (below 5 m/s), particularly in
summer (94 %). The extreme wind tail depicting WS values above 10 m/s, which
roughly corresponds to the 95th percentile level at most mountain sites located
above 1,400-1,500 m, is slightly visible in winter, spring and autumn, but its
occurrence probability is limited to less than 1 %.

7.4.3 Maximum Wind Speed

The Romanian specialist literature lacks regional studies aimed at providing
accurate statistics of the frequency of wind gust speeds across the Romanian
Carpathians. A valuable contribution to the knowledge of gusty winds at local
scale in the Romanian Carpathians belong to Neacsa et al. (1973), who investigated
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Fig. 7.30 Return periods corresponding to wind gust speeds at some high-elevation sites of the
Romanian Carpathians

the WS,,.x and their return periods for five high-elevation sites located in open
terrains (Vf. Omu 2,504 m; Tarcu 2,180 m; Vladeasa 1,800 m 1,836 m; Lacauti
1,776 m). This work was based on the daily wind speed measurements using the
swinging plate anemometer, which covered the 1962—-1974 period. Accordingly, at
the high-elevation sites located on ridgelines (Vf. Omu, Tarcu and Vladeasa
1,800 m), the WS,,,.x with a return period of 100 years may exceed 70 m/s, while
for the other site (Lacauti), these values were estimated to be around 53-65 m/s
(Fig. 7.30). The estimated wind gust speeds were found fairly comparable to those
in the High Tatra Mountains at above 2,000 m. Later, Tastea and Neacsa (1974)
determined the return periods of maximum wind speed for the 600-2,500 m
elevation range within the Balea Lake-Capra area (the Fagiras Mountains — the
Southern Carpathians), using 2-min wind speed measurements over the 1961-1969
period. The general findings of the study suggest a gradually increase with height of
the estimated WS,,,,x with a return period of 100 years, from 40 m/s at about 1,400—
1,500 m to more than 70 m/s above 2,000 m (Fig. 7.31).

Investigating the relationships between pressure gradients and gusty winds
frequency in different regions of Romania (including the Romanian Carpathians),
Tastea and Lorentz (1985) showed that the northerly, southerly, westerly and
easterly circulations are most responsible for the occurrence of extreme wind
episodes.

The spatial distribution of wind gust speeds across the Romanian Carpathians is
shown in Fig. 7.32. The highest WS,,.x values (hereby considered as the maximum
value of the four daily observations) exceeded 40 m/s (Beaufort scale 12) in all
windward ridge areas of the Romanian Carpathians located above 1,800 m, e.g.,
Ceahlau-Toaca, Vf. Omu, Vladeasa 1800 (Table 7.13). However, Stoenescu (1951)
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Table 7.13 Regional WS, record (m/s) in the Romanian Carpathians (1961-2010)

Romanian

Carpathians regions Areas above 800 m Areas below 800 m

Eastern Carpathians >40 m/s (Ceahldu-Toaca, 1,897 m) |34 m/s (Brasov, 534 m)
Southern Carpathians | >40 m/s (Vf. Omu, 2,504 m) 26.4 m/s (Petrosani 607 m)
Western Carpathians >40 m/s Vladeasa 1800, 1,836 m) | 38.6 m/s (Moldova Veche, 82 m)

reported the occurrence of an outstanding violent gusty wind episode in the alpine
area of the Southern Carpathians (in the Bucegi Mountains). Accordingly, during
the night of November 27-28, 1932, wind speed exceeded 80 m/s at Vf. Omu
station, a level well above Beaufort scale 12.

The lowest WS,,.x are specific to wind-sheltered sites located in intra-
mountainous depression areas, ranging in general between 25 and 35 m/s. The
channeling and shooting effects observed in some mountain/valley corridors and
open depression areas could explain the extreme behavior of surface wind speed,
exceeding 30 m/s (Beaufort scale 11) at some low-elevation sites below 600 m (e.g.
38.6 m/s at Moldova Veche, 82 m a.s.l.; 34 m/s at Brasov, 534 m a.s.l.; 31.5 m/s at
Caransebes 240 m a.s.l.). At most weather sites (20 out of the 26 sites), the wind
gust speed records over the 1961-2010 period exceeded the 95th percentile level of
daily wind speed and exceptionally, the 99th level at Vf. Omu, Ceahlau-Toaca,
Lacauti, Tarcu, Parang, Vladeasa 1,800 m and Moldova Veche stations.

On a monthly basis, the mountain areas particularly exposed to gusty winds
exceeding 40 m/s (Beaufort scale 12) are those above 1,800 m of the Eastern
Carpathians (from October to May) and Western Carpathians (from January to
March), as well as those higher than 2,000 m of the Southern Carpathians (over the
October-April interval). Exceptionally, in some areas of the Southern Carpathians
located below timberline at about 1,300—-1,500 m (e.g. Sinaia 1,500 m, Paltinis,
Fundata), the wind gusts decreased below 20 m/s during the November-February
interval. Below 800 m, the extreme winds recorded fairly lower speed, generally
below 15 m/s all year round.

The monthly frequency of strong winds, when WS exceeds 16 m/s (Beaufort
scale 7) provides evidence of the seasonal interval prone to extreme winds and
gusty episodes. Extreme winds become more likely with height, reaching peak
annual frequencies in windward areas above 1,700 m: more than 50 days at
Ceahlau-Toaca and Vf. Omu sites and 25-35 days at Tarcu, Lacauti, Vladeasa
1,800 m sites. In the low-elevation areas, such winds are very rare (up to 2 days/
year). Seasonally, the frequency of strong winds across the Romanian Carpathians
shows visible differences at regional scale. The high-elevation areas of the Eastern
and Southern Carpathians are subject to strong winds from October to March
(at least 5 days/month), with peak frequency in winter (21-27 days/season).
Comparatively, the exposure to strong winds of the areas higher than 1,800 m of
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the Western Carpathians is limited to the November-March interval, when their
frequency is up to 2—4 days/month. Generally, the May-September interval is least
favorable to strong wind occurrences all over the Romanian Carpathians (up to
3 days/month).

Wind speed higher than 16 m/s is a critical value, causing extensive damage to
the forests of the Romanian Carpathians (Bogdan and Cosconea 2010). The anal-
ysis of decennial frequency of strong winds over the 1961-2010 period revealed
that the 1960s and 1970s experienced the greatest frequency of extreme wind cases,
which were related to several intense cyclonic episodes (e.g. 1961-1963, 1965 and
1970). The gusty wind episodes during the 1960s and 1970s gave rise to some of the
greatest windthrow losses, particularly in the forests of the Eastern Carpathians
(e.g. Marcu et al. 1969; Popa 2000, 2005; Macovei 2009; Bogdan and Cosconea
2010). Analyzing the wind regime in Romania, (Vespremeanu-Stroe et al. 2012)
found a statistically significant shift in storm activity at country scale at the end of
the 1970s and beginning of the 1980s. A strong link between storminess and the
North Atlantic Oscillation (NAO) index with a dominant positive phase over the
1979-2003 interval, was also emphasized within this study.

7.4.4 Atmospheric Calm

The daily wind speed distribution (Fig. 7.27) shows that the probability of calm
events is generally below 4 % all over the Romanian Carpathians: 2.1 % in the
Southern Carpathians, 3.2 % in the Eastern Carpathians and 3.9 % in the Western
Carpathians.

The atmospheric calm (wind speed lower than 1 m/s) reaches peak frequencies
of 50-70 %, in the closed intra-Carpathian depression areas (Bogdan 1985; Bogdan
and Dragota 1997). In open depression areas and transverse mountain corridors, the
local airflows subject to channeling effect explain the lower values of calm situa-
tions, generally below 45 % (e.g. Moldova Veche 27.8 %, Brasov 37.9 %,
Caransebes 44.7 %) (Fig. 7.23). Above timberline, the atmospheric calm does not
exceed 14 % (e.g. Tarcu 11.6 %, Vf. Omu 11.4 %, Ceahlau-Toaca 11.1 % and
Vladeasa 1,800 m 10.7 %). The local topography and vegetation-induced roughness
(forest vegetation) could induce local increases of calm frequency in some moun-
tain areas particularly where wind-sheltered (e.g. Iezer 34.0 %, Paltinis 36 %).

Peak probabilities of calm winds are characteristic of summertime (particularly
in August), which may go generally up to 20 % in the high-elevation areas above
1,700 m and up to 65 % in the wind-sheltered low-elevation areas. In winter the
calm frequency is significantly reduced (mostly in December and February), below
10 % at the high-elevation sites subject to the prevailing winds and increased above
50-60 % in the depression areas.
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7.4.5 Local Winds

Temperature contrasts within mountain areas are particularly important in deriving
diurnal thermally-induced winds. A number of previous studies investigated the
diurnal local flows in different areas of the Romanian Carpathians (e.g. Bazac 1981,
1983; Bogdan 1994; Stancescu 1983; Clima 2008). Bazac (1983) emphasized that
the greater the thermal contrasts along valley axes, the higher the frequency and
speed of diurnal winds (up-valley and down-valley winds, also known as ‘valley
breezes’ and ‘mountain breezes’), yet without exceeding 5 m/s. The diurnal circu-
lation manifests decoupling from the prevailing airflow, reaching peak speeds over
the 01.00-07.00 a.m. interval at most mountain sites. These types of local flow are
most likely to develop in clear-sky and calm conditions (under the influence of
stable air masses), particularly in spring, summer and autumn. Diurnal winds are
particularly important for the timing of snowmelt in lower mountain valley sectors,
by producing earlier thawing. Bazac (1981, 1983) indicated that the thickness of the
air layer subject to diurnal flows varies between 500-1,000 m for ‘valley breezes’
and 200-300 m for the ‘mountain’ ones.

On the leeside of some mountains, oriented perpendicularly to the prevailing
flow directions, the warm and dry downslope winds (the foehn) appear as a common
pattern, favoring the decrease of local temperature, air humidity and cloudiness,
associated with a low precipitation probability and earlier snowmelt. The mecha-
nisms of foehn winds and the climatic effects of these local winds have been
investigated in detail by several authors (e.g. Stancescu et al. 1986; Bogdan and
Niculescu 1990; Bogdan 1993; Ion-Bordei 2008). Stancescu (1983) pointed out that
the occurrence of foehn winds are strongly linked to the moisture content of the
prevailing air masses, the speed of airflows over the mountain ranges and to the
height of the orographic barrier.

Figure 7.33 illustrates foehn-prone areas across the Romanian Carpathians
according to Bogdan (1993). The occurrence of foehn winds favors the presence
of several thermophilic vegetation formations (e.g. lilac, smoke tree, south
European flowering ash) in the local flora of foehn-prone areas (Muica 1989).

The Curvature Region, including both the Carpathian the Subcarpathian sectors,
is distinguished as one of the most representative in Romania for foehn occur-
rences. Bogdan (1993) asserted that in this region, foehn is likely all-year-round,
reaching peak frequencies in winter, spring and summer, under the influence of
prevailing westerly flows. Studying the Carpathian topography effect on atmo-
spheric flow, Bordei-Ion (2008) demonstrated that the concave form of the Eastern
Carpathians in the Curvature sector (the funnel-like shape) favors westerly flow to
cross over the upwind slopes, enhancing precipitation on the windward side and
foehn effects on the leeward. Stancescu (1983) outlined that, in this particular
region, the foehn produces visible warmer and drier weather, with sharp tempera-
ture rises during the day (up to 10-15 °C), clear sky, few precipitation and gusty
flows (of up to 30 m/s).
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Fig. 7.33 Foehn-prone areas across the Romanian Carpathians (Adapted after Bogdan 1993, with
permission)

A typical foehn wind episode, observed on the lee side of the Curvature
Carpathians and Subcarpathians that developed under the influence of north-
westerly advection, was investigated by Bogdan and Niculescu (1990). Its occur-
rence was recorded over consecutive nights during the first 10 days of December
1988, with peak intensity on the night of December 6—7. This foehn episode was
particularly intense from 18.00 p.m. to 02.00 a.m. and its characteristics have been
well reflected by the meteorological measurements provided by a local weather
station (Patarlagele, 286 m), namely: northerly wind speeds of 10 m/s, temperature
rise of about 3 °C, relative humidity below 50 % and a snowpack (about 25 cm)
melting off. The effects of this foehn episode were felt down to Faurei station
(located southeastward in the Romanian Plain, at 54 m), where the air temperature
increased by 1 °C. Tilinca et al. (1976) has previously shown that such advection
usually triggers strong foehn winds on the lee side of the Apuseni Mountains



126 7 Regional Climatic Patterns

(Western Carpathians) and lighter, dry and warm winds on the lee sides of Eastern
Carpathians (in the Curvature sector) and Southern Carpathians.

Other characteristic flow situations, inducing significant changes in local
weather types are also: the Nemira, a branch of the cold winter easterly wind
affecting the eastern extra-Carpathian regions (the so-called Crivdf wind), which
crosses the Eastern Carpathians through low-elevation (transversal) valleys,
reaching the Brasov Depression; the Munteanul, which brings heavy rainfalls and
hailstorms under the influence of Mediterranean cyclones which are retrograded,
blowing from the Buzau Mountains (the Eastern Carpathians) towards the northern
and central Baragan Plain (the Romanian Plain); the Pietrarul, blowing on the
northwestern slopes of the Piatra Craiului Mountains (the Southern Carpathians).

7.5 Snowfall and Snowpack

Snowpack is the quantitative expression of winter precipitation usually dominant in
solid form beyond 1,700 m altitude in the Romanian Carpathians. Amstrong and
Brun (2008) emphasized that snowfalls are not a property of snowpack, but exert a
key role in its initiation and accumulation on the ground.

7.5.1 Atmospheric Circulation Patterns Related
to Snowfall Events

Generally, the atmospheric circulation conditions most frequently related to
snowfall and heavy snowfall occurrences in the Romanian Carpathians are: Atlantic
or Mediterranean moisture transport in interaction with cold air advections from
high latitudes of eastern continental Europe origins, large pressure gradients,
resulting in strong winds and uplift due to the Carpathian orography and 500 hPa
configurations (e.g. cut-offs). According to Gugiuman and Stoian (1972), who
provided the first comprehensive study on snowfall and snow cover regimes in
the Romanian Carpathians, cold and wet advection originating from the North-
Atlantic and sub-polar regions are atmospheric patterns commonly related to
snowfall and heavy snowfall occurrences over the October—April interval, partic-
ularly in the Eastern Carpathians. In addition to this, Bogdan (1978) asserted that
the north-easterly flows are responsible for the earliest snowfalls in the northern
mountain regions of Romania.

Several works investigated the synoptic and meteorological conditions relevant
in explaining the occurrence of snow load in the forests of the Romanian
Carpathians, as result of heavy snowfalls (e.g. Haring and Iuga 1970; Barbu
1979, 1982; Ichim and Barbu 1981). Their findings highlight the importance of
the southerly (Mediterranean) airflows encountering the Carpathian barrier, of the
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interactions between the westerly and easterly circulations on the southern and
eastern flanks of the Southern and Eastern Carpathians, as well as of air temperature
oscillations around the freezing point (0 °C) and light winds or calm conditions
during snowfall deposition.

Micu and Marasoiu (2009) investigated the heavy snowfall climatology and
the synoptic conditions related to their manifestations in the Southern Carpathians
at above 1,000 m. In this study, a heavy snowfall day was considered to occur when
snow depth increased by at least 20 cm relative to the previous day. The snow
amount of 20 cm was related to the threshold depicting the ‘yellow code’ warning
level of the National Meteorological Administration (NMA), for 24 h fresh-snow
accumulations in areas above 800 m. The study showed that moist airflows and
the troposphere vertical temperature profile depicting variations from 0 °C at
site’s level to —10 °C on cloud peaks (Altostratus, Nimbostratus, Stratocumulus,
Stratus, Cumulus and Cumulonimbus) are highly important factors favouring the
heavy snowfall occurrence in these mountains. The southward expansion of the
Icelandic Low and the airflows moving eastward from the south and south-west of
the Mediterranean basin were found to enable a great moisture transport over the
Carpathians, particularly in the October-April interval. Furthermore, the presence
of some cold nuclei at 500 hPa geopotential height proved to play a key role in
ensuring abundant snowfalls, particularly in May and September.

7.5.2 Snowfall Occurrence Interval

The occurrence probability of the first snowfall in autumn (SF,,umn) and last
snowfall in spring (SFgying) changes also, considerably with height. In autumn,
the first snowfalls across the Romanian Carpathians appear 1-2 months later (37—
54 days) in the foothill areas, below 800 m, than in the areas higher than 800 m. On
average, the first snowfalls occur from early September, in high-elevation areas
above 2,000 m, to early-to-mid November, in the depression areas (Table 7.14).
Regionally, the snowfalls appear the earliest (before September 1st) in the northern
parts of the Eastern Carpathians and in the alpine areas of the Southern Carpathians
(Fig. 7.34). However, significant deviations relative to the average occurrence
range of SF,,wumn have been recorded all over the Romanian Carpathians, generally
covering the August to December interval. The earliest autumn snowfalls were
recorded in early August in mountain areas above 1,700 m (Vf. Omu, Tarcu,
Vladeasa 1,800 m, Iezer) and in late August and early September, in those below
800 m (intorsura Buziului, Petrosani, Caransebes). Such early occurrences were
recorded in some of the snowiest or coldest years of the study period (e.g. 1963,
1966, 1972-1973, 1975, 1996). The latest autumn snowfall was reported in
December in the areas above 1,400-1,500 m of the Southern and Western
Carpathians (Parang and Semenic) and at about 900 m in the Eastern Carpathians
(Poiana Stampei). The first snowfalls were delayed the most, until January or even
March in some foothill areas below 600 m: e.g. January 1, 2005 (Sighetul
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Table 7.14 Average and extreme occurrence dates of snowfalls in the Romanian Carpathians

Average dates

Extreme dates (earliest/latest)

Regions SFautumn SFspring SFautumn | SFspring

Eastern Carpathians

>800 m | Sep. Apr. Aug. 1st, 1966 (Iezer)/Dec. | Mar. 18, 2010 (Poiana
19-Oct. |24-Jun.19 |16, 2000 (Poiana Stampei) | Stampei)/Jul. 29, 1966 (Iezer)
28

<800 m | Oct. Apr. 11- | Aug. 30, 1996 (Intorsura Jan. 25, 2002 (Toplita)/May
30— May. 1 Buzaului)/Jan. 1st, 2005 14, 1980 (Joseni, Toplita,
Nov. 12 (Sighetul Marmatiei) Miercurea Ciuc, Targu

Secuiesc, Ocna Sugatag)

Southern Carpathians

>800 m | Aug. Apr. 30— | Aug. 1st, 1973, 1975 Jan. 28, 2002 (Cuntu)/Jul.
17-Oct. | Jul. 11 (Vf. Omu, Tarcu) and 1977 | 31, 2008 (V. Omu)
14 (Tarcu)/Dec. 11, 2000
(Parang)
<800 m | Nov. Apr. Oct. 4, 1972 (Petrosani, Jan. 1st, 2002 (Voineasa)/May
12-15 12-May. Voineasa)/Jan 21, 1980 9, 1987 (Petrosani, Voineasa)
1 (Voineasa)
Western Carpathians
>800 m |Sep.4— |May 14— | Aug. 1Ist, 1963 (Vladeasa | Apr. 1st, 2007 (Semenic)/Jul.
Oct. 10 | Jun. 23 1,800 m)/Dec. 7, 1961 31, 1979 (Vladeasa 1,800 m)
(Semenic)
<800 m | Nov. Apr. 30— Oct. 1st, 1963 Jan. 21, 2002 (Moldova
12-26 Jun. 21 (Caransebes)/Apr. Veche)/May 9, 1987

20, 1969 (Deva)

(Campeni)

Fig. 7.34 Average calendaristic dates of SF,umn (left) and SF,ins (right) in the Romanian

Carpathians
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Marmatiei, 275 m a.s.l.); January 21, 1980 (Voineasa, 573 m a.s.l.); March 1st,
1980 (Deva, 240 m a.s.l.). Relative to its average occurrence date, the latest
SF.uwumn across the Romanian Carpathians recorded delays of up to 2)2months
(40-70 days) in the areas above 800 m and up to 3% months (26—100 days), in those
below 800 m. Most of these delays, were recorded in the last decade of the study
period, particularly in the year 2000 (at 15 out of the 32 weather stations), one of
the warmest years on record in these mountains. In alpine areas, the delays in the
SF.uwmn Occurrence ranged between 50 and 70 days, as the latest dates were
recorded on October 6, 1994 (Vf. Omu, 2,504 m a.s.l.) and November 13, 1994
(Tarcu, 2,180 m a.s.L.).

In spring, the last snowfalls across the Romanian Carpathians are likely from late
April to early July, in the areas above 800 m and from late March to mid-April, in
depression areas (Table 7.14 and Fig. 7.34). Generally, the last snowfalls in the
areas below 800 m could disappears two up to 1 month earlier than in those higher
than 800 m, particularly in the Western Carpathians where winters are usually the
mildest. The last snowfalls are likely until early July only in high-elevation areas of
the Southern Carpathians (above 2,000 m) and from late April until mid-June in
the rest of the areas above 800 m across the Romanian Carpathians. In summer, the
snowfalls are usually light and produce mostly shallow snow accumulations.
Important deviations from the last snowfall average date have been observed with
elevation change. Noteworthy, is the fact that the last snowfalls disappeared the
earliest in January, in some areas below 800 m (Toplita, Voineasa, Moldova Veche
stations) and exceptionally, at about 1,500 m in the Southern Carpathians (Cuntu
station). A grouped signal indicating earlier SFpi,, is coming from the last decade
of the study period, when 22 out of the 32 surveyed stations recorded the earliest
spring snowfall particularly in the warm years of 2007 (6 sites), 2002 (5 sites) and
2010 (4 sites). Exceptionally, in 2002, the deviations from last snowfall average
date exceeded 3 months in some areas of the Southern and Western Carpathians:
109 days on January 28, 2002 (Cuntu, 1,456 m a.s.l), 120 days on January 1, 2002
(Voineasa, 573 m a.s.l.), 151 days on January 21, 2002 (Moldova Veche, 82 m a.s.
1.). At the end of the snow season, snowfalls are mostly light and may fall even if
the snowpack melted, producing rather shallow and patchy snow accumulations.
The latest SFp,ine recorded delays from the norm of up to 3 months, particularly
in some years of the coldest and snowiest decades: 91 days in the Eastern Carpa-
thians (Poiana Stampei, 923 m a.s.l.)/July 24, 1964; 71 days in the Southern Car-
pathians (Parang, 1,548 m a.s.1.)/July 27, 1963; 64 days in the Western Carpathians
(Semenic, 1,432 m a.s.l.)/July 18, 1991.

7.5.3 Snowfall Frequency

The eastward transition from an Atlantic and Mediterranean climate, with milder
winters (higher temperatures and more liquid precipitation) towards a more conti-
nental one, with colder winters and more and longer snowfall intervals, is generally
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Fig. 7.35 Spatial distribution of snowfall frequency (days) during the November—April interval

reflected by the spatial distribution of the snowfalls frequency during the extended
cold season (November—April interval) across the Romanian Carpathians
(Fig. 7.35). The frequency of snowfalls across the Romanian Carpathians is largely
dependent on elevation, which produces a linear seasonal increase (November—
April) at a rate of 0.47 days/100 m in the Eastern Carpathians and a quite similar
one of 0.40-0.42 days/100 m in the Southern and Western Carpathians. Statisti-
cally, this influence is strong in all the three geographic divisions of the study
region, elevation explaining 64-85 % of the snowfall spatial distribution. The
strong increase in snowfall frequency with height is more evident at above
800 m, where such events have at least a double occurrence probability than in
the foothill areas. This increase is generally related to the rain-snow transition.
The snowfall frequency increases from 24-46 days in the areas below 800 m to
56-96 days in those above 800 m. Regionally, the areas subject to frequent
snowfalls of at least 60 days/year are those higher than 900 m in the Eastern
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Carpathians, 1,000—-1,100 m in the Southern Carpathians and above 1,300 m in the
Western Carpathians.

Over the year, the contribution of the calendar winter months (December—
February) to the total number of snowfall days is significant (at least 60 %),
especially in the areas below 800 m. During the November—April interval, this
contribution reaches 97-100 %. In this interval, the areas above 1,700-1,800 m in
the Eastern (northern part) and Southern Carpathians appear as areas subject to
frequent snowfalls, of at least 70 days/season. These areas are the coldest in the
Romanian Carpathians and are open towards the direction of the main precipitation
systems originating from northern and southern Europe. On the contrary, the
snowfall frequency during this season is lower in the Western Carpathians, even
at similar elevation levels, due to the prevailing south-westerly and westerly flows,
which produce more liquid than solid precipitation. Peak monthly frequencies
are specific to January in most areas and exceptionally, to December, only in
those areas above 800 m of the Western Carpathians, where the share of snowfall
events is about a half of the month duration (12.8-14.1 days/month).

7.5.4 Snow Showers

The shower character of snowfalls is limited to less than 40 days/year all over the
Romanian Carpathians. This phenomenon is very frequent during the November—
April interval, accounting for 91 to even 100 % in the total number of cases
throughout the year. Statistically, elevation controls only 42 % of the seasonal
variation of snow showers (November—April) in the Southern Carpathians and up to
71 % in the Eastern and Western Carpathians, giving fairly comparable gradients of
about 1 day/100 m.

The snow shower maximum is in March (at 22 out of the 30 surveyed stations)
and less spatially spread, in April, at some sites located at over 1,400 m in the
Southern Carpathians, at above 1,700 m in the Eastern Carpathians and 1,800 m in
the Western Carpathians. This maximum is linked with the intensification of the
cyclonic activity (normal and retrograde) in the Mediterranean and Black Sea
basins. During the annual maximum, snow shower frequency does not exceed
10 days/month.

Regionally, the areas appearing highly exposed to snow showers (more than
20 days/November—April interval) are the alpine belt of some mountain massifs of
the Southern Carpathians (e.g. the Fagaras, Cindrel, Tarcu Mountains), the western
flanks of the Eastern Carpathians and the high-elevation areas of the Apuseni
Mountains. In these areas, the local orography induces air mass uplift favouring
strong vertical motions, which locally, result in abundant snowfalls in wintertime,
usually associated with strong winds (Fig. 7.36). The low elevation areas (below
800 m) have in general the lowest frequency of snow shower events, as the
surrounding mountains are shading them from large heavy snowfall events.
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Fig. 7.36 Frequency of snow showers (days) during the extended winter season (November—April)

Several works carried out in different mountain regions have investigated the
climatology of heavy snowfalls, mostly in relation to the snow avalanche failure
(e.g. Kocin and Uccellini 1990; Wild et al. 1996; Mote et al. 1997; Ancey and
Charlier 1998; Esteban et al. 2005; Avalanche handbook 2006). These investiga-
tions suggest that fresh snow amounts of 10-30 cm and particularly those higher
than 30 cm, accumulated in 24 h or shorter time-spans, are in general highly
significant for snow avalanche releases. Romanian literature lacks studies on
snow showers causing large snow accumulations, as fresh snow measurements
started only in 2004, within the National Nivo-Meteorological Programme of the
National Meteorological Administration at five sites located above 1,000 m in three
massifs of the Southern Carpathians (the Bucegi, Postavaru and Fagaras Moun-
tains). The overall aim of this programme is to monitor and forecast snow cover and
avalanche risk in the surveyed Carpathian areas.
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Despite their low occurrence probability, snow showers have the potential to
trigger significant disruption of socio-economic activities, when the fresh snow
accumulations are significant, being related to isolation of high-elevation villages,
transportation disruption, damage to life-line infrastructure, limitation of access to
ski resorts and their operation. The fresh snow accumulations over time-spans of
24 h are subject to three warning levels of the NMA. For areas higher than 800 m,
the thresholds related to fresh snow amounts depicting these warning levels are:
2040 cm (‘yellow code’), 40-80 cm (‘orange code’) and over 80 cm (‘red code’).

Snow showers proved highly significant for large snow avalanches failures as
shown by some works e.g. (Motoiu 2008; Voiculescu 2009; Voiculescu et al. 2010).
However, the specialist literature still lacks in studies aimed to deepen the knowl-
edge of the relationship between fresh snow accumulations and snow avalanche
failures within the Romanian Carpathians.

Snow showers could also entail great losses in forest-related activities and large
disturbances in forest ecosystems, when the new snow amounts could exceed
40 mm/24 h or 50-60 mm/48 h (Barbu 1998). In general, coniferous forests proved
to be particularly affected by snow load and some in situ tree characteristics
proved to ensure the amplification of their vulnerability (e.g. slightly tapering
stems, asymmetric crowns, rigid horizontal branching) (Haring and Iuga 1970;
Barbu 1982). Barbu (2004) showed that the highest losses were encountered during
the 1970s (1977, 1979), 1980s (1985) and 1990s (1993, 1995, 1996), when the most
impacted forest ecosystems were the coniferous ones and inside them, mainly the
trees lying outside their natural habitats. A comprehensive study on snow-induced
forest damages was carried out at a national scale by Barbu (1998). The author
made a hierarchy of the main geomorphic regions of Romania in respect to damage
risk associated with snow load in the Romanian forests, using a probabilistic
approach, considering the proportion of weather stations and rain gauges where
the precipitation amounts was higher than 40 mm/24 h and 50-60 mm/48 h.
The analysis was conducted for the January—April and October—December intervals
and it was based on daily precipitation measured over the 1896-1955 period.
Accordingly, three out of four exposure classes were assigned to different mountain
areas within the Romanian Carpathians territory as follows: the ‘very high’ expo-
sure class (above 66 %) to the Curvature Carpathians (Eastern Carpathians); the
‘high’ class (4665 %) to the Southern Carpathians and the Banat Mountains
(Western Carpathians); and the ‘moderate’ class (2645 %) to the Maramures and
Bucovina Carpathians (Eastern Carpathians) and the Apuseni Mountains (Western
Carpathins).

7.5.5 Snow Cover Interval

Favourable meteorological conditions for snow onset on the ground (e.g. persistent
freezing, sufficiently abundant snowfalls, light winds), are usually encountered
with a certain spatial pattern. The average snow onset dates vary from late
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Fig. 7.37 Average calendaristic dates of SC,yymn (leff) and SCpyine (right) in the Romanian
Carpathians

September in the areas higher than 800 m of the Eastern Carpathians to early
December in foothill areas of the Western Carpathians (Fig. 7.37). On average,
snowpack set on the ground a week up to 1 month later than the first average
snowfalls.

The snowy and thermal character of some winters entailed significant deviations
from the average snow onset date. The earliest SC,yumn Were recorded in high-
elevation areas above 1,800 m, in early and late August (Table 7.15). In the rest of
mountain areas, it occurred from early September to late October, generally
20-71 days in advance of the norm. Such deviations were characteristic of some
snow-abundant and cool months of the study period e.g. August 1983, September
1996, October 1970, 1971, 1972. Autumn snowpack formed the latest after
mid-November, at most sites located above 800 m and after mid-December, at
those located in foothill areas. Exceptionally, the latest snow onsets are specific to
several low-elevation areas (below 300 m) of the Western Carpathians, where the
snowpack delayed it onset 58—-94 days, until late February or even mid-February
(e.g. January 30, 1998 — Moldova Veche 82 m; February 3, 21, 23, 2001 — Tebea
273 m, Caransebes 241 m and Deva 240 m). It is noteworthy that a great share of the
latest snow onsets in the total number of observations belong to the 2000/2001
winter, which was one of the warmest winters within the region, as about 53 % of
snow onsets have been recorded from November 2000 to February 2001 (with a
high contribution of December 2000), in most areas of the Romanian Carpathians,
regardless of the elevation. During this winter, the SC,uumn delays vary between
42 and 94 days and were recorded particularly at the weather sites located in the
Southern and Western Carpathians.

The snow cover season ends on average between mid-April and mid-June, in
areas above 800 m and between late February and early April, in depression and
low mountain areas (Fig. 7.37 and Table 7.15). However, the snowmelt is retarded
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Table 7.15 Average and extreme snow onset and snowmelting dates in the Romanian

Carpathians
Average dates Extreme dates (earliest/latest)
Regions SCautumn Scspring Scau[umn | SCspring
Eastern Carpathians
>800 m | Sep.29- | Apr. 17— | Aug. 30, 1998 (Ceahldu- Mar. 23, 2010 (Poiana
Nov. 3 May 23 | Toaca)/Dec. 17, 2000 Stampei)/Apr. 23, 1986
(Poiana Stampei) (Iezer)
<800 m | Nov. Mar. Oct. 4, 1972 (Joseni, Jan. 14, 1972 (Brasov)/May
10-Nov. | 12-Apr. | Miercurea Ciuc)/Feb. Ist, 8, 1989 (Joseni, Baraolt)
24 8 2001 (Joseni)
Southern Carpathians
>800 m | Oct. 15— | Apr. 24— | Aug. 2, 1989 (Tarcu)/Dec. Mar. 26, 2007 (Predeal)/Jul.
27 Jun. 22 17, 2000 (Sinaia 1,500 m, 29, 1979 (Vf. Omu)
Paltinis)
<800 m | Nov. Mar. Oct. 4, 1972 (Petrosani, Jan. 29, 2002 (Voineasa)/
2021 20-23 Voineasa)/Jan. 2, 2001 Apr. 21, 1991 (Voineasa)
(Voineasa)
Western Carpathians
>800m |Oct. 1- | Apr. 25— | Aug. 29, 1981 (Vladeasa Mar. 28, 1994 (Baisoara)/Jul.
30 May 21 | 1,800 m)/Dec. 12, 2000 4, 1964 (Vladeasa 1,800 m)
(Bdisoara, Semenic)
<800 m | Nov. Feb. 24— | Oct. 15, 2009 (Campeni)/ Jan. 20, 1989, 2008
23-Dec. |Mar.22 |Feb. 23,2001 (Deva) (Moldova Veche)/Apr.
8 28, 1984 (Tebea, Bozovici)

considerably in high-elevation areas above 1,700-1,800 m, until mid-to-late May,
and exceptionally, until mid June, at about 2,500 m in the Southern Carpathians
(VL. Omu). On average, snowmelting (SCypying) occurs 6 up to 27 days before the
last spring snowfall, in the areas above 800 m of the Eastern and Southern
Carpathians and 13-33 days, in those of the Western Carpathians. In foothill
areas, snowmelting is significantly earlier than the last snowfalls, the deviations
varying from 8 to 50 days in the Eastern Carpathians to 20-42 days in the Southern
Carpathians and to only 10-16 days in the mild Western Carpathians. In general,
the snow cover season ends one and a half (in the Eastern and Southern
Carpathians) to 2 months earlier (in the Western Carpathians) in foothill areas
compared to those higher than 800 m.

The timing of snowmelt is related to the thermal character of some winter and
spring months, in response to recent warming. In spring, mountain areas up to
1,400-1,500 m and most foothill areas of the Romanian Carpathians (particularly
those of the Western Carpathians) are usually prone to sudden warming (high
spring temperatures, frequently associated to rainfalls) and subsequent snow melt-
ing, as result of the frequent or persistent warm air advection of tropical origins
(Mediterranean or North African), moving towards the Carpathian mountains range
on a southerly or south-westerly flow component. Earliest onsets of snow melting in
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the Romanian Carpathians were recorded in some of the warmest spring and winter
months of the study period, without stretching across large mountain areas (only up
to three sites simultaneously): e.g. January 2002, February and March 2007, April
1986. Above 800 m, snow melting started the earliest since March (March 23-31),
only at some sites located at 1,000-1,500 m (e.g. Poiana Stampei 923 m a.s.l,,
Sinaia 1,500 m, Cuntu, Baisoara). In intra-depression areas, the earliest onsets of
snowmelting were observed from January 10 to February 28. Regionally, snowpack
melted the earliest in the Western Carpathians, on January 10, 1989 and 2008
(Moldova Veche, 82 m a.s.l.). Generally, the earliest onsets of snowmelting were
observed 29 up to 71 days before the average SCqpyring.

Snow cover lasted the longest, until July, at only few high-elevation sites of the
Romanian Carpathians: July 29, 1979 (Vf. Omu, 2,504 m a.s.l.); July 23, 1980
(Tarcu, 2,180 m a.s.1.); July 10, 1998 (Iezer, 1,785 m a.s.L.); July 4, 1964 (Vladeasa
1,800 m, 1,836 m a.s.l.). In the rest of the areas, the latest snowmelt records covered
the late May to late June interval at above 800 m and the early April to mid-May,
below 800 m. Regionally wide, the delays of the latest snowmelting relative to the
norm, ranged between 21 and 53 days.

Altitude explains significantly (70-82 %) the zonation of the duration of the
continuous snow cover interval (SCD) across the Romanian Carpathians, showing
different magnitudes of the regional increases of snow cover duration as follows:
8 days/100 m in the Eastern and Southern Carpathians and 5 days/100 m in the
Western Carpathians. The monthly statistics show that the snowiest interval of the
year, when the snow cover days account for more than 80 % of the annual number
of such days, is November—April, in areas above 800 m and December—February, in
those below 800 m. In these intervals, snow is covering the ground at least half of
the month, generally from 10 to 31 days.

Annually averaged, the continuous snow cover lasts the longest (at least
150 days/year) in the subalpine areas of the Eastern Carpathians (151 days —
Ceahlau-Toaca, 1,897 m a.s.l.) and alpine ones of the Southern Carpathians
(164 days — Vf. Omu, 2,504 m a.s.l.; 155 days — Tarcu, 2,180 m a.s.l.). Compara-
tively, in the high-elevation areas of the Apuseni Mountains (Vladeasa 1,800 m,
1,836 m a.s.l.) and exceptionally, at about 1,500 m in the Banat Mountains, the
snow cover duration is only slightly more than 120 days/year. The length of
continuous snow cover interval does not drop in general below 100 days in the
areas above 800 m. In foothill areas, SCD stays below 70 days in the Eastern and
Southern Carpathians, and well below this level (11-39 days), in those of the
Western Carpathians (Fig. 7.38, Table 7.16).

The snowpack could be maintained continuously on the ground up to 114—
140 days longer in the areas above 800 m than in the foothills. Regionally wide,
the Western Carpathians have the shortest snow cover durations, while the Eastern
Carpathians exhibit slightly longer snow cover durations than in the Southern
Carpathians, highlighting the key role of atmospheric control in determining the
very cold and persistent winter weather conditions, in both areas above and below
800 m.
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Table 7.16 Average and extreme durations of continuous snow cover (days) in the Romanian

Carpathians
Romanian
Carpathians SCDypax (the longest/
regions SCD,,i, (the longest/the shortest) SCD,y the shortest)
Eastern Carpathians
>800 m 50 (Ceahlau-Toaca)/26 94.6-150.8 | 194 (Ceahldu-Toaca)/
(Poiana Stampei) 139 (Poiana Stampei)
<800 m 11 (Toplita)/7 (Ocna Sugatag, 36.8-76.8 131 (Miercurea Ciuc)/
Sighetul Marmatiei) 84 (Baraolt)
Southern Carpathians
>800 m 91 (V1. Omu)/5 (Paltinis) 106.8-163.8 | 216 (Vf. Omu)/148
(Fundata)
<800 m 9 (Voineasa)/4 (Petrosani) 25.1-65.2 115 (Voineasa)/79
(Petrosani)
Western Carpathians
>800 m 35 (Vladeasa 1,800 m)/13 96.7-127.8 | 169 (Vladeasa
(Baigoara) 1,800 m)/159
(Baisoara)
<800 m 2 (Campeni, Caransebes)/1 (Tebea, 11.5-39.3 111 (Campeni)/35
Bozovici, Deva, Moldova Veche) (Moldova Veche)

The range of snow cover duration extended significantly over the 50-year period
of observations, showing large deviations relative to the climatological norm
(Table 7.13). The longest maximum snow cover durations (SCD,,..), exceeding
190 days, are specific to the highest-elevation sites of the Eastern and Southern
Carpathians e.g. 194 days at Ceahlau-Toaca, 216 days at Vf. Omu, 190 days at
Tarcu. Regionally, SCD,,,x ranges between 84 and 194 days in the Eastern
Carpathians, 79 and 216 days in the Southern Carpathians and 35-169 days in the
Western Carpathians (Fig. 7.38).

On the contrary, minimum snow cover durations (SCDmin) provide clear evi-
dence of recent climate warming from the areas particularly subject to winter warm
spells, rapid snowmelt, frequent liquid falls in winter or local foehn effects. These
areas corresponds mostly to some intra-mountainous depressions of the Southern
and Western Carpathians, generally below 600 m, where SCDmin do not exceeds
4 days/year: 4 days (Petrosani 607 m a.s.l.); 2 days (Campeni 591 m as.l.,
Caransebes 241 m a.s.l.); 1 day (Tebea 273 m a.s.l., Bozovici 256 m a.s.l., Deva
240 m a.s.l. and Moldova Veche 82 m a.s.l.) (Fig. 7.38). In the areas above 800 m,
SCDmin varies from 26-50 days in the Eastern Carpathians, to 5-91 days in the
Southern Carpathians and to 13-35 days in the Western Carpathians. In these areas,
an exceptionally short SCDmin was recorded in the Southern Carpathians (Paltinis
1,453 m a.s.l.), reaching only 5 days. Nevertheless, the shortest SCDmin were
recorded in several outstanding warm winters of the study period, when the
snowmelt occurred earlier than normal (e.g. 1986, 1994, 2000, 2003).
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Fig. 7.39 Spatial distribution of HS,, (left) and HS. (right) during the November—April
interval in the Romanian Carpathians (cm)

7.5.6 Snow Depth

The interactions between snowfalls and wind with the underlying terrain features and
vegetation cover in mountain environments induce a great spatial heterogeneity in the
patterns of snow accumulation on the ground. Wind redistribution effect dominates
the snow depth spatial variability at 1-1,000 m scales, in dependence on both
orography (terrain) and surface roughness (vegetation) (e.g. Elder et al. 1991;
Winstral et al. 2002). Cheval et al. (2010) found that the monthly precipitation is
more underestimated at high-elevations due to strong winds, particularly over the
November-April interval, when solid falls prevail. Despite the significant redistribu-
tion effect of strong winds during the cold season, the areas above 1,800 m exhibit the
largest snow accumulations across the Romanian Carpathians (Fig. 7.39).

The increase of cyclonic activity during the late winter to early spring interval,
when snowfall events are frequently abundant, explains the occurrence of snow
depth peak in this interval. At most sites (17 out of the 30 sites), generally located
in the areas below 800 m of the Eastern Carpathians and at above 1,000-1,300 m in
the Southern and Western Carpathians, the greatest average snow depths (HS,,,)
over the year is recorded in February, in the range of 7-88 cm. For other Carpathian
areas, including the high-elevation areas of the Eastern Carpathians (above
1,700 m) and one alpine site of the Southern Carpathians (Tarcu), peak HS,,, are
specific to March (39-71 cm). Exceptionally, the greatest HS,,, are characteristic
of January (3—14 cm) only in some low-elevation areas of the Southern and Western
Carpathians, generally below 600 and 300 m, respectively. Generally, average
snow depths of at least 10 cm are observed from December to April or even May,
in most areas above 800 m of the Eastern and Southern Carpathians, from
December to March in the areas above 1,300 m of the Western Carpathians and
in January and February in some intra-mountainous areas of 600-800 m of the
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Fig. 7.40 Comparative regional histograms of daily snow depths in the Romanian Carpathians

Table 7.17 Highest maximum snow depth records (SC,,.) in the Romanian Carpathians over the
1961-2010 period

Romanian Carpathians regions | SCrax (cm) ‘ 90th percentile level (cm)

Eastern Carpathians

>800 m 109 (Lacauti, 1,776 m) 107
<800 m 42 (intorsura Buzaului, 707 m) 31
Southern Carpathians

>800 m 145 (Vf. Omu, 2,504 m) 121
<800 m 42 (Voineasa, 573 m) 40
Western Carpathians

>800 m 126 (Vladeasa 1,800 m, 1,836 m) | 121
<800 m 30 (Campeni, 591 m) 30

Eastern Carpathians or only rarely, in some depressions of the Southern and
Western Carpathians (e.g. Voineasa, Campeni).

The maximum snow depth (SC,,.x) marks the peak of the snow accumulation
season, showing a high occurrence probability in early spring months (March—April
interval), under favourable cyclonic flow conditions. SC,,,,x ranges between 24 and
109 cm in the Eastern Carpathians, 30 and 145 cm in the Southern Carpathians and
14 and 126 cm in the Western Carpathians. The extreme character of SCp.x is
clearly evident from the regional histograms of daily snow depths (Fig. 7.40), as the
maximum occurrence probability is attributed to daily snow depths less than 20 cm.
Regionally, the highest snow depths exceeded 140 cm only in the alpine area of the
Southern Carpathians (145 cm — Vf. Omu, 2,504 m a.s.l.), while in the other
regions, it ranged between 109 cm (Licauti, 1,776 m a.s.l. — the Eastern
Carpathians) and 126 cm (Semenic 1,436 m a.s.l. — the Western Carpathians)
(Table 7.17). The peak SC,,.x records over the study period were fairly comparable
to the snow depths depicting the long-term 90th percentile level, derived from
the daily manually-measured snow depths at the 30 weather sites located in the
Romanian Carpathians. Relative to the 90th percentile level, daily snow
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accumulations higher than 50 cm are considered extreme for the areas above 800 m,
showing an occurrence probability of 43 % across the region. Comparatively, in
foothill areas, daily snow depths exceeding 15-20 cm are extreme.

7.5.7 Snow Water Equivalent

Seasonal snowpack and spring runoff are economically valuable water resources
and key components of surface water balance. There are no comprehensive studies
on the snow water equivalent regime (SWE) of the Romanian Carpathians. Ground
measurements of SWE have been used mostly in hydrological studies focused
on seasonal runoff estimations, connections between snow density, weather param-
eters and soil infiltration, the influence of vegetation cover on the snowmelt-runoff
rate etc. (e.g. Grumazescu and Stancilie 1988; Copaciu and Tibacu 1993; Diaconu
and Serban 1994; Mitd and Stancilie 1996, Mita et al. 2003; Simota 2005).
Valuable contributions to the study of the available snow water resources and its
influencing factors were also provided by Stancalie (1991), Stancilie et al. (2000,
2003, 2006).

The water storage accumulated as snow during winter is progressively or rapidly
released in spring or early summer as melt water, under warmer and wetter weather
conditions (rain-on-snow events). The peak monthly mean snow depths correspond
largely to the highest snow water equivalent values (SWE), depicting the snow
accumulation, peak accumulation and snowmelting seasons, whose intervals show
obvious altitudinal differences across the Romanian Carpathians (Fig. 7.41):

— The snow accumulation season may last 68 months in alpine areas higher than
2,000 m. In these areas the snow accumulation season may onset the earliest,
from August and may last until late March or early April. Below 2,000 m, the

@ 250 - O Eastern Carpathians
é MW Southern Carpathians
=) O Western Carpathians
€ 200 A
K}
[
=
3 150 -
[0
@
©
= 100
2
[e]
c
(7]
© 50 A
c
2
[N = — (A
SON DJF | MAM | SON DJF | MAM
>800 m <800 m

Fig. 7.41 Altitudinal influence on the length of snow accumulation and snowmelt seasons across
the Romanian Carpathians
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season may start the earliest in late September to mid October but most
frequently, from mid October, ending in February or March. In areas below
800 m, the water resources start to accumulate during the October—November
interval, and exceptionally later in some intra-Carpathian depressions of the
Western Carpathians. In this season, snowmelt events are very rare in this season
at rates that do not exceed 10 cm/day. The peak storage of available water
resource is typically in February (43.5 % cases) or March (30 % cases) and
exceptionally in April (e.g. Vf. Omu station). In some areas above 1,500 m of the
Southern Carpathians (Vf. Omu and Parang), a secondary winter SWE peak was
observed in December, contributing with 15-26 % to the annual snow water
resource.

— The snowmelt season is visibly shorter than the accumulation one, its duration
being highly dependent on elevation: 4-5 months in high-elevation areas above
2,000 m and 3—4 months in the mountain areas below 1,500-1,600 m. The onset
of snowmelt is linked to the enhancement of solar radiation under more reduced
cloudiness and implicitly, to the increasing frequency of thawing in the diurnal
fluctuations of surface air temperature. The daily oscillations of snow depths of
at least 20 cm may provide good evidence of rapid snowmelts, in response to the
positive daytime and/or night time temperatures, frequently associated with
liquid precipitation events. Micu (2009) investigated the occurrence of rapid
snowmelt events over the 1961-2003 period, in the areas above 1,000 m of the
Romanian Carpathians, by considering the daily snow depth decreases of at least
20 cm. Such events appeared to have the highest occurrence probability during
the March—May interval (up to 26 % in March, 33 % in April and 19 % in May),
lasting no more than three consecutive days. The advection of warm moist air in
spring, under westerly, southerly or south-westerly circulations, was found to
explain the temperature increases (e.g. the maximum temperatures values
were in general higher than 5 or even 8 °C during the rapid snowmelt events)
and the rain-on-snow events in relation to the snow melting. However, the
positive temperature oscillations explained most of the snowmelt events identi-
fied across the Romanian Carpathians (up to 80 %), regardless of elevation.
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Chapter 8
Observed Variability and Trends
from Instrumental Records

Abstract This chapter analyses the recent climatic trends in the Romanian
Carpathians, with an accent on seasonal changes. Temperature trends are increasing
in winter, spring and summer, while they are completely absent in autumn, which is
the single stable season from a thermal point of view. On the other hand, autumn is
the only season when significant increasing trends in precipitation have been found.
The average wind speed is decreasing in all seasons, confirming most of the
findings regarding the general tendency in the Northern Hemisphere. Snow-related
trend analysis shows general decreasing trends in mean snow depth, number of days
with snow cover, number of days with snowfall, and continuous snow cover
duration. The increase in temperature at most of the locations, together with the
slight decrease in winter precipitation explains the reduction of the snowfall days.
The number of snowfall days, snow duration and mean snow depth present strong
negative correlations with the NAO index for the same period (DJF). The large-
scale circulation over the North Atlantic has a considerable effect on the winter
season in the Romanian Carpathians.

Variability is visible in climatic oscillations relative to the normal state, conven-
tionally established for a sufficiently long period of observations and deemed to be
climatologically representative. Considering the present-day climate, the climato-
logical baseline established by the World Meteorological Organization (WMO) is
based on the 30-year average calculated for the 1961-1990 interval, which is
marked by an intensification of human activity (Stehr and von Storch 2010).
At present, there is evidence of a progressive climate change from observational
datasets worldwide, suggesting visible modifications in the average values or in the
overall variability of climate characteristics within a given area. Busuioc
et al. (2010) emphasizes that these climatic changes are statistically outlined for
time periods of different lengths, but covering at least 30 years (the WMO stan-
dard). This chapter presents the analysis of climate variability and associated trends
in the Romanian Carpathians (above the 1,000 m altitude), over a 50-year period of
observations (1961-2010).

According to the 2007 and 2013 reports of the Intergovernmental Panel of
Climate Change (IPCC 2007, 2013), the global climate evolution over the last
hundred years shows a clear and ongoing warming process. The decadal warming
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rate (0.13 °C/decade) registered in the last 50 years was twice that of the last
century (0.07 °C/decade). The warming process proved to have greater intensity in
Europe than on a global scale. In some European areas, the annual average
temperature rose by 1.2 °C, with a decadal warming rate of only 0.2 °C during
1996-2007. Most seasons (summer, winter and spring) are significantly affected by
warming, an exception being autumn, which shows no specific trends. The
European regions that are mainly in question are the Iberian Peninsula, central
and northeastern Europe, but also some mountain regions which proved to be quite
sensitive to positive temperature oscillations (EEA 2008, 2010; Bohm et al. 2001;
Fagre et al. 2003; Klein Tank 2004).

Over 1900-2005 there was an extremely great global spatial and temporal
variability of precipitation: some regions were under a increasing trend (e.g. the
eastern part of North and South America and the north of Europe) while others,
under a decreasing trend (e.g. the Sahel, the Mediterranean region of Europe, the
south of Africa and some regions in the south of Asia) (IPCC 2007; Beniston and
Rebetez 1997). Simultaneously, droughts became more severe and long lasting,
mostly in the tropical and extra-tropical regions and particularly after 1970. Tem-
perature increases triggered prevailing liquid precipitation rather than snow in the
cold season, with earlier occurrences in spring (Cayan et al. 2001; Easterling 2002;
Groisman et al. 2005; IPCC 2007). The same precipitation variability patterns were
underlined from land observations in many European regions (EEA 2008, 2010).

An important feedback mechanism of the climate system is the snowpack, which
is highly sensitive both to temperature and precipitation fluctuations, being consid-
ered a reliable indicator of climate change. Its spatial expansion reveals the direct
influence of thermal and radiative variations and a key evidence of the local and
regional effects of the general climate warming. Over 30 % of the terrestrial
continental surface is seasonally covered with snow, and approximately 50 % in
the Northern Hemisphere, mostly in January and February (46 mill. km?) (Arm-
strong and Brodzik 2001). As the climate was warming up, the Northern Hemi-
sphere snow-covered surface decreased by some 10 %, snowpack-free intervals
increasing by 8.8 days/decade, especially in the 45-75°N latitude belt (1971-1994)
(Dye 2002). In 19662005, the European part of the Northern Hemisphere regis-
tered a decrease of snow cover area at a rate of 1.3 %/decade (EEA 2008). The last
2007 and 2013 IPCC reports acknowledge a great inter-annual variability of snow
cover, mostly in autumn (absolute values) and summer (relative values). From
1970, the Northern Hemisphere snow cover area was reduced substantially, partic-
ularly in spring and summer, less so in winter, although warming trends in the cold
season are considerable. The observed trends over the second half of the twentieth
century showed earlier snowmelt in spring, mostly between 1972 and 2000. This
snow regime change signal is already visible in the European Alpine region, where
the snow season tends to shrink, mainly due to earlier spring snowmelt rather than
late snowfalls (Laternser and Schneebeli 2003).

Mountain regions are among the most fragile natural environments on Earth
(Diaz et al. 2003). Their overwhelming importance resides in the huge variety of
ecosystems, biodiversity, water resources volume and ecosystem services provided
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(Messerli and Ives 1997; Woodwell 2004), whose influence prevails beyond their
geographical boundaries. These regions are extremely sensitive and vulnerable to a
wide range of pressures induced by population and economic growth (Spehn
et al. 2002). However, the recent climate evolution observed in many mountain
regions worldwide (e.g. decreases of snow cover area, alteration of liquid and solid
falls patterns, more frequent heat waves, accelerated ice loss by glacier melt,
permafrost decline etc.) poses new threats to these sensitive environments by
affecting the frequency and severity of multiple non-seismic hazards (e.g. storms,
snow avalanches, landslides). Numerous studies have stressed the great sensitivity
of mountain regions to the recently observed global climate variability that gener-
ally affects the cryosphere components (glacier, snowpack and permafrost), water
resources and hydrological cycle, timberline height and the vertical distribution of
vegetation species (e.g. Barnett et al. 2005; Beniston et al. 2003, 1997; Dyurgerov
2003; Grabherr 2003; Wilson et al. 2005; Schroter et al. 2005; Nogués-Bravo
et al. 2007; Bavay et al. 2009 etc.).

In general, Europe has shown a greater warming trend since 1979 compared to the
global mean and the related climate trends in mountainous regions are even more
pronounced (Béhm et al. 2001). Mountain regions have been designated as ‘early
indicators of climate change’ [UNEP Conference, April 2008, Padova]. The observed
changes in the temperature, precipitation and snow regimes, in the most important
mountain ranges of Europe over the twentieth and the early twenty-first centuries, are
shown in the Table 8.1. The Romanian Carpathians, though a component of the
European Alpine system, were less investigated previously as a whole. This study
helps complete the picture of general regional (and local) climate change effects
within this mountain region in the areas below and above 800 m. This section
describes the variability signals over 1961-2010 in the regime of four essential
variables of the Carpathians climate, which are subject to most changes induced by
global climate warming (air temperature, precipitation, wind and snowpack).

8.1 Air Temperature

The most significant temperature increase is obvious in the mountain areas of less
than 1,800 m altitude (from 0.15 to 0.28 °C/decade). The intensity of warming is
showing small differences at regional scale, rather than in altitude. High-elevation
areas (above 1,800 m) experienced a less intense warming compared to the lower
elevation ones, below 1,700 m. This signal is significant at the 10 % confidence
level, particularly if referring to the annual trends of minimum temperatures (T ;).
Exceptionally, in some areas around 1,300-1,500 m of the Southern Carpathians
(at Sinaia 1,500 m, Parang and Paltinis stations), the maximum temperature (T ,,y)
rise is stronger, at a rate of 0.19-0.27 °C/decade (Fig. 8.1). A clear difference in the
behavior of T, and T,,,.x that depends on altitude and location was also observed
in Switzerland, including the mountain regions (Jungo and Beniston 2001).
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Fig. 8.1 Decadal temperature change rates (°C/10 years) at some stations in the Romanian
Carpathians since 1961. The significant changes (p < 0.01) are marked by triangles

A closer investigation of daily temperature extremes provides evidence of a
greater increase in T, (from 0.14° up to 0.35 °C/decade) than in T,,,x (from
0.19 °C up to 0.27 °C/decade) across the Carpathians. Similar patterns have been
also suggested by several works focused on different mountain regions (Karl
et al. 1993; Karl et al. 1996; Diaz and Bradely 1997; Beniston 1994; Beniston
et al. 1997; Beniston and Rebetez 1996 etc.). Table 8.2 summarizes the annual and
seasonal trends statistics and their significance for each individual Carpathian site,
according to the Mann-Kendall (MK) trend test, as well as the Theil-Sen slope
estimate over 1961-2010. The transition towards a warmer climate seems more
rapid in medium and low-to-medium elevation areas of the Southern and Western
Carpathians (below 1,600 m). In the Eastern Carpathians (the coldest region), this
temperature variability pattern is more blurred.

The seasonal trends in mean temperature are presented in Fig. 8.2. There are
exclusively increasing trends in all season except autumn, the most dramatic
increases taking place during summer. Autumn is the only stable season with
respect to thermal regime.

Warming became obvious and significant from observational records during the
1979-1999 interval in most areas. This early trend maintained its evolution until the
end of the study period, when an increase in the frequency of warm and very warm
years was noticed all over Carpathians (e.g. 1990, 2000, 2007), but also in other
Romanian and European Alpine regions.

The temperature decadal variability in the Romanian Carpathians shows an
alternation of cold and warm periods until late 1980s, as well as in early 1990s,
when temperature rise became notable at most stations. In high-elevation areas
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Autumn (SON)

Summer (JJA)

Fig. 8.2 Seasonal trends in mean air temperature. Upward red triangles denote increasing trends,
and light yellow circles symbolize no trend

(above 2,000 m), the warming process intensified after 1994 but mainly after 1999.
The first decade of the twenty-first century (2000-2007) was the warmest since the
initiation of meteorological measurements across the Romanian Carpathians. At
most sites, this interval was even warmer than the 1990s. These findings are in
agreement with the results reported by EEA (2010), WMO (2011) and IPCC (2007),
when referred to European and global temperature change until present. Neverthe-
less, the year 2007 contributed the most to the intensification of warming in the
Carpathians, entailing a higher frequency of warm extremes (heat spells, summer
days, tropical days and nights) in many regions of Romania, not only in the
mountains. More than half of the mountain stations within the 1,100-2,200 m
elevation registered historical temperature records in the summer of 2007 (above
25 °C in July).
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The cold intervals over the study period, concentrated in the early-to-mid 1960s,
most of the 1970s and early-to-mid 1980s. In these decades, the cooling rates
ranged between 0.5 and 0.9 °C/decade and the thermal negative anomalies did
not exceed 2 °C against the WMO reference average.

Warming has marked almost all seasons over the last five decades Summer,
winter and spring are generally more subject to temperature rise, while autumn
proved rather on a slight cooling trend (yet insignificant). The seasonal variability
patterns are consistent those observed at country scale over the same observation
period (Busuioc et al. 2010). The highest increase of air temperature is in summer at
a rate of about 0.2-0.6 °C/decade, particularly in the Southern and Western
Carpathians (e.g. up to 0.59 °C/decade at Sinaia 1,500 m by T,,.x, 0.55 °C/decade
at Paltinis by T,,,;, — the Southern Carpathians; up to 0.42 °C/decade at Baisoara by
T,ve and Tpin). The intensity of warming diminishes with height. In high-elevation
areas, the upward trends are mostly explained by T,,;, evolution, with increasing
rates of about 0.29-0.36 °C/decade at over 2,000 m and 0.36—0.40 °C/decade at
1,700-1,900 m. At medium elevations, warming is more obvious by T,.x records,
particularly in the Southern Carpathians (e.g. 0.55-0.59 °C/decade at Sinaia
1,500 m and Péltinis stations), while the upward variations of T, are less intense
(0.34-0.48 °C/47 years) but covering more extended areas. Summers are tending to
become warmer particularly in the Southern and Western Carpathians, due to a
higher frequency of intense and persistent tropical and Mediterranean airflows
(from the south and southwest). In the Eastern Carpathians summer temperatures
are on an increase, mostly due to T, values, more evident in the south (the
Curvature sector) at a rate of about 0.40 °C/decade (Lacauti) and less in the north
at rates of 0.36-0.38 °C/decade (Ceahlau-Toaca, Iezer). The higher frequency of
cold maritime and continental airflows from the north and east of Europe and Asia
over the year explain these temperature change patterns in this region. Summers in
the Carpathians grew warmer since the mid 1980s below 1,700 m and early 1990s at
over 1,800-1,900 m.

Temperature change signals across the Carpathians are not entirely consistent
with those observed at country level (Busuioc et al. 2010), warming being more
significant in winter than in summer in most regions. Winters tended to be milder in
high-elevation areas (above 2,000 m), even if MK estimations suggested no statis-
tical significance. Below 2,000 m, winters became warmer since 1987 (Fig. 8.3).
This variability pattern shows great spatial differences across the Carpathians and it
was observed both in the T,,;,, but mostly in the T,,,, evolution: (i) some areas of
1,300-1,500 m of the Western Carpathians showed more significant increases of
Tomin, With confidence at different significance levels (e.g. Semenic 0.27 °C/decade,
p-value < 0.05; Baisoara 0.29 °C/decade, p-value < 0.01), (ii) all the mountain sites
surveyed provided significant change rates, significant at the 5 % level, ranging
from 0.31 °C/decade in the Western Carpathians (e.g. Semenic and Baisoara
stations) to 0.34-0.36 °C/decade in the Southern Carpathians (e.g. Parang, Sinaia
1,500 m, Paltinis).

The signals of temperature change are not homogeneous during the extended
cold season (November-April). Generally, temperature records illustrate the
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Fig. 8.3 Regional seasonal
mean temperature
anomalies (5-year moving
averages) in the Romanian
Carpathians (1961-2010)
relative to 1961-1990. The
columns show the general
seasonal anomalies over the
region
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warming patterns better than the cooling ones, even if they are not so strong as in
summer or winter. The most outstanding temperature increase (by Tna.x) was
observed in some areas of 1,300-1,600 m of the Southern Carpathians
(e.g. Parang 0.31 °C/decade, Paltinis 0.21 °C/decade). Exceptionally, the alpine
area of these mountains is on a significant cooling (—0.27 °C/decade) during this
interval (in all months, especially in April), as the T,,,, values indicate. Above
2,000 m, warming during the snow season is barely visible by T, and not
statistically significant (p-value < 0.05).

While autumn is under a slight cooling in several regions of Romania (Busuioc
et al. 2010), temperature variations above 1,000 m indicate rather an opposite
pattern in this season, still sparsely observed and weaker than in other seasons.
Warming in autumn is more noticeable by T,,. and only in a few areas of 1,300—
1,600 m: e.g. 0.59 °C/decade at Parang (1,585 m) and 0.27 °C/decade at Paltinis
(1,454 m) in the Southern Carpathians; 0.21 °C/decade at Baisoara (1,384 m) in the
Western Carpathians. At about 2,500 m (V. Omu station), autumns are cooling at a
rate of —0.36 °C/decade.

Seasonally, the effects of global warming became visible across the Carpathians
since the 1980s in winter (1983—1987) and late 1980s (after 1987) or early 1990s
(after 1991) in summer and spring, but more spatially differenced. In autumn, the
shifts in the seasonal temperature variability over the period are very spatially
differenced, the cooling process being more obvious after 1988, 1995 or excep-
tionally even earlier after 1968 (only at Parang station).

On a monthly basis, the Carpathian region is warming during more than half of
the year, generally from December to August, mostly in mid-elevation and low-to-
mid elevation areas (below 1,500 m). Most outstanding temperature increase were
observed in July (up to 0.46 °C/decade at Tarcu by T, 0.51 °C/decade at
Vlideasa by Ty, and Ty, 0.65 °C/decade at Sinaia 1,500 m by Tp,,x) and January
(0.42-0.51 °C/decade at Vladeasa 1,800 m and Iezer by T,,;,, 0.46 to 0.68 °C/
decade at Paltinis, Semenic, Baisoara and Predeal stations). During the peak of the
snow accumulation season warming is less intense but still significant, particularly
in terms of T,;, (late winter — February, and early or late spring — March and May).
In autumn, the noise is very pronounced and the regional temperature change
patterns are rather subtle. A cooling signal is mostly observed in September and
October and only exceptionally, in November, particularly at medium elevation
sites of the Southern Carpathians (below 1,600 m).

Changes in the frequency of extreme temperature days are also consistent with
the overall warming signal observed across the Carpathians. The upward temper-
ature trends share several common features with other European mountain ranges,
suggesting a general decrease in the frequency of cold extremes (e.g. freezing days,
frosty nights) and an intensification of warm extremes (e.g. summer days, tropical
days), as is shown in more detail in Chap. 9.

The cold extreme days are under a generalized decrease at most sites of these
mountains, mainly after 1990 (or 2000 at some locations). The most significant
changes were observed in freezing day frequency (T,,;, below 0 °C) and less in the
frosty nights (T,,;, below —10 °C). However, significant reductions of freezing days
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(p-value < 0.05) were noticed sparsely within the Carpathian region, according to
the MK estimations: e.g. 5.40 days/decade at Vf. Omu (2,504 m, the Southern
Carpathians), 3.23 days/decade at Baisoara (1,384 m, the Western Carpathians).
High-elevations of the Eastern Carpathians (Ceahlau-Toaca, 1,838 m) experience
also a decrease in the frequency of these extremes (—2.87 days/decade) but this
signal is significant only at the 10 % level of confidence. Less homogeneous
changes were observed in the variability of frosty nights (T,,;, below —10 °C),
yet statistically insignificant at all sites. Most visible reductions of the number
frosty nights were observed in the Southern Carpathians (Vf. Omu, Cuntu, Fundata
and Predeal stations), as well as in the Banat Mountains — Western Carpathians
(Semenic) and Curvature Carpathians — Eastern Carpathians (Lacauti).

The occurrence of extremely warm days is a valuable indicator of the ongoing
warming process across the Romanian Carpathians. In the areas above 800 m,
summer days (T, above 25 °C) may be recorded rarely up to 1,800 m, only during
the warm years, their peak frequency being a common feature mostly of the
mountain areas below 1,500 m and of the foothills below 800 m. The highest
frequency of summer days in the areas above 800 m was up to 11 days/year, at
Predeal (1,090 m) in the Southern Carpathians.

2007 was a year of thermal record, particularly from May to August, at 12 sta-
tions located in the Romanian Carpathians, but also in Romania (Busuioc
et al. 2010) and Europe (Annual Bulletin on the Climate of WMO Region VI
2007). The summer of 2007 was particularly warm in response to the occurrence of
several intense heat spells, which led to the most severe drought in Romania in the
last 60 years and significant crop losses. A high frequency of summer days and even
tropical days (T,.x above 30 °C) and nights (T,,;, above 20 °C), were recorded in
the summer of 2007 in many areas below 1,700 m of the Romanian Carpathians. In
some mountain areas up to 1,500 m of the Western and Southern Carpathians
(Baisoara, Paltinis, Fundata, Predeal stations), the frequency of tropical nights
reached up to two to five cases/month, with a peak in July.

Over the last two decades of the study period (mostly after 1999), several
changes in the European-scale circulation were observed, such as a prevalence of
the anticyclonic regime, along with a slightly intensification of westerly
(of maritime air masses) and southerly airflows (continental air masses from
North Africa). Busuioc et al. (2010) emphasized that these changes made it easier
to identify a slowly-emerging transition towards milder winters and warmer sum-
mers in the Carpathians (particularly evident in the Southern and Western
Carpathians). Likewise, milder winters and excessive summers became more
frequent in the western and southern plain regions of Romania

The temperature trends over the 50-year period in the Romanian Carpathians are
in good agreement with those derived from instrumental records in other European
mountain ranges. Temperatures have risen by up to 1 °C in many areas of the
Carpathians over this period. This is at a lower rate than in the European Alps
during the entire twentieth century (up to 2.0 °C between 1901 and 2000), but a
higher rate than the global average temperature change of 0.6 °C/100 years (IPCC
2007, 2013; EEA 2010). Generally, over the same period (1961-2001) temperature
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oscillations are rather similar, showing a delay in the beginning of warming
intensification: earlier in the Swiss Alps (early 1990s) and later in the Romanian
Carpathians (late 1990s). Moreover, there is a good correlation with the beginning
of the notable temperature rise at global scale (since the 1990s). As in the Swiss
Alps (Beniston 2000, 2006), the warming is stronger by T,,;, in most of the seasons,
particularly in winter, while T, rise is rather moderate, more evident only in
summer (both in the Alps and the Carpathians).

8.2 Precipitation

The response of precipitation variation to warming is more difficult to assess,
particularly in the regions of complex topography, due to the high spatial and
temporal heterogeneity of this variable. Over the last century, weak or
non-significant regional changes in precipitation (both amounts and related
extremes) have been observed over several mountain ranges of Europe.

The general pattern of annual precipitation variability in the Romanian
Carpathians indicates a stable long-term situation, with a very slight increase over
1961-2010 (due to the increasing autumn rain amount), but not significant for most
stations. According to the MK statistics, at only 8 out of the 35 weather stations the
signal is statistically significant at the 10 % confidence level (two-tail): seven
stations show increasing trends (Moldova Veche, Campeni, Baisoara, Toplita,
Baia Mare, Ocna Sugatag, Sighetul Marmatiei) and one station (Vf. Omu) presents
a decreasing trend (Table 8.3).

The inter-annual oscillations of precipitation amounts cover an extended varia-
tion range and show a great concentration of wet years particularly in the late 1960s
and 1970s and sparsely, after 1990 (e.g. 1995, 2005). The drying trend of the
Carpathian climate is particularly obvious from observational records since the
mid 1980s or early 1990s in most areas, with shifting years covering the 1978—1982
interval.

Seasonally, precipitation variability shows considerable spatial differences
across the Carpathians and the signals are not homogeneous and consistent as for
the temperature regime. A transition towards a drier mountain climate became
visible above 1,000 m altitude from 1980 onwards. Generally, winters, springs,
summers and even the extended cold season (November-April), grew drier
according to both linear regression and Theil-Sen slope estimates, while autumns
showed predominant increasing trends. The decline of precipitation amount is
comparable in winter, summer and spring, with an average slope of 0.1. However,
the Mann-Kendall trend test shows that only in autumn are there statistically-
significant increasing trends (apart from 1 to 3 stations showing trends in other
seasons, which are reasonable for a 10 % significance level) (Fig. 8.4).

The monthly variation of precipitation amount shows increasing trends in March
(in Southern and Eastern Carpathians) and in September — in all three mountain
regions. Decreasing trends were found in May in the southwestern Carpathians.
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Autumn (SON)

Summer (JJA)

Fig. 8.4 Trends in seasonal precipitation. Downward blue triangles signify decreasing trends,
upward red triangles denote increasing trends, and light yellow circles symbolize no trend

To better outline the response of precipitation regime to the observed climate
warming, the year-to-year variability of solid (snowfalls, snow showers, sleet and
sleet showers, hail) and liquid precipitation frequency (e.g. rainfalls, rain showers,
drizzle) was investigated. There is a clear connection between the warming inten-
sification since the mid 1980s and early 1990s and the generalized reduction of
solid and liquid falls frequency (statistically significant at most of the locations)
(Fig. 8.5). The occurrence of liquid falls tend to decline more at high-elevation sites
(above 1,700 m) and less at lower elevations (below 1,600 m). Significant changes
in liquid fall frequency were detected in the forest areas of the Southern Carpathians
(e.g. Cuntu 4.4 days/decade; Sinaia 1,500 m 4.3 days/decade; Predeal 2.8 days/
decade) and only sparsely, in their alpine belt (Vf. Omu, 6.5 days/decade). Region-
ally, the greatest decreases are specific to some high-elevations (7.9 days-decade at
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Fig. 8.5 Change rates in the annual frequency of solid and liquid falls in the Romanian
Carpathians over 1961-2007: by sites (left); by Carpathian branches (right). The significant
cases (confident to at least 5 % level) are marked with a small black triangle

Lacauti and 3.1 days/decade at Ceahlau-Toaca 3.1 days/decade) and medium
elevations (2.9 days/decade at Rarau) of the Eastern Carpathians.

When referring to the changes in solid precipitation frequency, the decline is
even more pronounced and widespread across the Carpathian region. Mid eleva-
tions are also subject to outstanding downward trends of solid hydrometeor occur-
rences at a rate of more than 6.0 days/decade (e.g. in the Southern Carpathians:
Vf. Omu 6.7 days/decade, Parang 8.2 days/decade and Sinaia 1,500 m
6.4 days/decade; in the Eastern Carpathians: Ceahlau-Toaca 6.55 days/decade;
Lacauti 8.0 days/decade) (Fig. 8.5). The reduction is less pronounced at the sites
of the Western Carpathians (3—5 days/decade). Generally, the frequency of solid
falls tends to decrease more in the Eastern and Southern Carpathians than in the
Western Carpathians, where on the contrary, liquid falls are on a slight increase (yet
insignificant over the study period).

There is a progressive transition from a wetter climate to a drier one in many
areas of the Romanian Carpathians, as suggested by a slight expansion of dry spell
intervals (up to 2 days/decade), a decline of wet days frequency (up to
11 days/decade) and a shrinking wet spell intervals (0.5 days/decade). These
findings are particularly characteristic for the Southern Carpathians and they are
significant mostly in summer.

The probability of wet day occurrences is on the decrease at most Carpathian
sites, while the average precipitation intensity is slightly and sparsely increasing
(more rainfall showers in some areas). In the mountain areas above 1,700—1,800 m
and in those below 1,500 m, higher frequency of showers tends to slightly com-
pensate for the decrease in the number of rainfall days. This signal was observed
especially in autumn, summer and over less extended areas, in spring. These
patterns explain the small precipitation changes at some sites for which the MK
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test did not provided evidence of significant decrease at annual scale. The annual
frequency of rain showers is on a slight increase in some areas at rates of
5.1-9.7 days/decade at high-elevations and 3.9-10.4 days/decade at medium and
low-to-medium elevations.

There are no significant oscillations in the extreme precipitation amounts (greatest
1-day, 2-day and 3-day precipitation). The areas of significant change are quite
scattered across the Carpathians, most significant changes suggesting a widespread
decrease at some locations of the Southern Carpathians. The decrease is significant in
the alpine area (p-value < 0.001) and particularly stronger over 3-day heavy rainfall
spans (7-11 mm/decade). The frequency of heavy precipitation days (more than
10 mm/day) shows also a generalized decrease and this pattern is also more obvious
in the Southern Carpathians (above 2,000 m and below 1,600 m), both in summer and
winter, at a rate of 1.7-5.9 days/decade. There are no significant changes in the
frequency of days with more than 30 and 50 mm over the Romanian Carpathians.

The precipitation change signals observed from instrumental records at selected
weather sites are consistent with the results of regional projections under current
climate for other European mountain range regarding the decrease in summer
precipitation amount.

8.3 Wind

The near-surface airflow (at 10 m above the ground) is an important natural forcing
factor of the observed climatic oscillations in the Carpathians. Wind is playing a
key role in driving the weather conditions in these mountains, shaping the temper-
ature and precipitation regime (both liquid and solid falls) and influencing the
evapotranspiration. Changes in mean wind speed at high-elevations are considered
relevant attributes of the observed changes in large-scale circulation over Europe.
Trends in wind speed were investigated and tested over 1961-2010.

Significant decreases of annual wind speed were observed in most areas of the
Romanian Carpathians (p-value < 0.05). Regionally, the Eastern Carpathians expe-
rienced the most significant weakening of wind speed. The observed decreases in
wind speed cover the entire elevation range (Fig. 8.6).

The signals derived from the records at high-elevation sites (above 1,700-
1,800 m), are reliable for linking local changes in wind speed to changes in large-
scale circulation. There is a fairy monotonic increase of wind speed with elevation.
A point wise comparison between the annual wind speed changes at some mountain
stations (Fig. 8.7) suggests that the near-surface wind speed tends to decline more
rapidly at high-elevation sites (above 1,700 m), particularly in the Eastern and
Southern Carpathians (e.g. Lacauti, Ceahlau, Vf. Omu, Tarcu). The decrease is also
obvious at some mid and high-elevation sites of the Western Carpathians, located
between 1,400 and 1,800 m (e.g. Vladeasa 1,800 m and Semenic stations). These
areas are usually located in open conditions, on or near some high-altitude plateaus
and mountain peaks. The changes of wind speed at site scale are consistent with the
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Fig. 8.6 Annual trends in mean wind speed in the Romanian Carpathians. Significant decreasing
trends are marked with downward blue triangles

estimated changes in large-scale circulation, towards the prevalence of anticyclone
regimes (Dima 2012).

These results are also in total agreement with those obtained by McVicar and
Roderick (2010), who determined similar wind speed change patterns based on the
observational records (1960-2006), provided by 119 sites located in two different
mountain regions (e.g. Swiss Alps, between 203 and 3,580 m and the Loess Plateau
of China, between 53 and 3,629 m). The authors emphasized that the decline is
more rapid at higher elevations than at lower elevations. There is also a good
agreement with the results reported by Busuioc et al. (2010) at national scale.
They attributed the wind speed declines to a stronger zonal circulation and a weaker
cyclonic activity, particularly in the last decades of the 1961-2010 period (during
all seasons, particularly in winter and spring).

Seasonally, there is also a significant and widespread weakening of near-surface
airflow dynamics across the Carpathians in all seasons (Fig. 8.8). Overall, the trend
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Fig. 8.7 Decadal change rates of annual wind speed at individual mountain sites (above 800 m)
over 1961-2010. The white columns depict sites where the MK test did not return significant
changes

results fit well within the observed country-wide decrease in average wind speed (Birsan
etal. 2013). The results are in agreement with the vast majority of recent studies on wind
speed trends, which report an overall tendency towards terrestrial stilling (McVicar
et al. 2008). They also point out the importance of taking into account the long-term
variability of the seasonal mean wind speed, when assessing long-term changes in wind-
related variables — like evaporation or climate extremes indices.

An obvious increase in the frequency of atmospheric calm at high-elevation areas
represents another change in wind regime, explained by the strengthening of anticy-
clonic activity over the last decades. These results are in total agreement with those
provided by Busuioc et al. (2010) at country scale, which associated this signal to a
temperature-increasing trend at the 850 hPa level. The increase of calm frequency is
most obvious in winter (the most dynamic season) at all four sites, at a rate of 1.5—
3.5 % per decade. These findings are even more relevant if considering the changes
observed at 2,500 m (Vf. Omu, the highest weather site of the Romanian Carpathians).
Changes in airflows regime at this alpine site may offer valuable indications of large-
scale circulation variability, which may explain the frequency and magnitude of the
climate anomalies recorded in the Carpathians over the last decades.

8.4 Snowpack

Among the terrestrial components of the cryosphere, snowpack has the largest
extent and it is perceived as a relevant indicator of change in the climate system,
as it proved to respond sensitively to recent temperature and precipitation oscilla-
tions (Global outlook for ice and snow 2007). Air temperature and precipitation are
the most responsible for changes in snow coverage and accumulated snow
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Fig. 8.8 Seasonal trend in mean wind speed. Significant decreasing trends are marked with
down-ward blue triangles

The change signals in snowfall frequency are significant for most sites. A
decrease in snowfalls became obvious in the late 1980s in all the Carpathian
regions, particularly in the Southern Carpathians. The decrease of the snowfall
days number was unfavorable to snow accumulation in areas above 800 m, already
affected by warming and drying. There was only one winter with positive anoma-
lies of snowfall days (1995/1996), in the last 20 years of the period (up to 10 %).

The Mann-Kendall trend test revealed downward trends in the number of days with
snow coverage (Fig. 8.9) at almost one third of the locations; mean snow depth shows
similar patterns both annually and for the winter season, with few exceptions
(Fig. 8.10).

The most visible change concerns the number of snowfall days — which is
decreasing at more than two thirds of the stations (Fig. 8.11), pointing an
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26°

Fig. 8.9 Trends in the number of days with snow cover during winter (DJF). Significant
decreasing trends are marked with downward blue triangles

acceleration of the water cycle (Huntington 2006): increased winter temperatures
may result in increasing precipitation following the Clausius—Clapeyron relation-
ship, depending on the slope of the snowfall-temperature relationship (Davis
et al. 1999). Most of the locations with decreasing trends in snowfall days present
no decrease in snow depth, indicating that the same amount of snow tends to fall
within a considerably shorter interval. Increases in snowfall intensity could be
explained by an increased moisture-holding capacity of the warmer atmosphere.
Another explanation for the rather unaltered mean snow depth despite less snowfall
days could be that mainly the light snowfall events are affected by transition to rain,
while the heavy snowfall events remain unaffected by the transition to rain (Birsan
and Dumitrescu 2014).

Onset and melting dates of snowpack are important climate and ecological
markers (Groisman et al. 1994) and their evolution is visibly linked to the recent



Fig. 8.10 Trends in annual (/eft) and winter (right) mean snow depth. Downward blue triangles
signify decreasing trends, upward red triangles denote increasing trends, and light yellow circles
symbolize no trend

22" 23 24" 25° Fi

Fig. 8.11 Trends in the number of snowfall days. Significant decreasing trends are marked with
downward blue triangles
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temperature and precipitation variations over 1961-2003. In autumn, snowpack
tended to set in earlier than the average date only at the alpine sites of the Southern
Carpathians (e.g. Vf. Omu 6 days/decade and Tarcu 10 days/decade), while at the
rest of the stations below 1,800 m (e.g. Lacauti, Rarau, Sinaia 1,500 m, Fundata and
Predeal), it tended to form later, about 4-5 days/decade. These autumn variability
patterns became obvious at the end of 1980s and early 1990s. In spring, there is a
generalized trend towards earlier snowmelts all over Carpathians, but stronger in
the mid-elevation areas (below 1,600 m) of the Southern and Western Carpathians.
In these areas, snowmelt onset tended to occur earlier by 2—8 days/decade. There
were no consistent variations of snowmelt dates from the late 1960s to late 1980s.
Most changes occurred during the 1990s, which marked the beginning of a visible
snow cover duration shortening in most areas. Earlier snowmelt in spring explains
the reduction of snow cover duration in the Romanian Carpathians more than the
later snow onset in autumn (Micu 2009). This signal is in agreement with recent
findings of increasing trends in spring streamflow in natural river basins in the
Romanian Carpathians (Birsan et al. 2012, 2014).

A detailed decadal investigation of snow cover duration (SCD) was carried out by
Micu (2009). The research was based on the relative deviations of the annual SCD
relative to the long-term average (1961-2003), suggesting large inter-decadal oscil-
lations. The positive and negative deviations of the annual snow pack duration are
rather scattered between 1961 and 2003 and usually do not exceed the £40 %
threshold. As a general picture, the amplitudes of the highest anomalies in the
negative domain (e.g. —44 % at Fundata in the winter 1962/1963) are fairly compa-
rable to those in the positive range (e.g. 44 % at Parang in the winter 1974/1975).

After 1990, the decline of snow cover duration became more obvious. At most
mid-elevation sites, particularly located in the Southern Carpathians, the lack of
snow was quite evident. The negative anomalies dominated the last decades
(e.g. 1999/2000 and 2000/2001) and the SCD recorded less than 160 days/year at
7 out of the 15 weather sites. This variability pattern was maintained even after
2003 and culminated in the winter 2006/2007. This winter was the mildest ever
recorded in most regions of the country, but also in most of European mountain
ranges, entailing great loss to winter tourism operators due to the unusual lack of
snow (Bogdan et al. 2007). The Carpathians were most affected at medium eleva-
tion levels (below 1,600 m), where most ski slopes are located.

Snow depth is highly variable with height across the Carpathians, showing large
differences between the sites, in terms of accumulated snow amounts and their spatial
distribution. The network of snow measurements is rather sparse in these mountains.
For these reasons, the observed trends in snow depth variability are considered
representative only at local scale. Despite these limitations, snow depth and its
snow-related extremes are considered relevant indicators of a mountain climate that
is changing.

The change signals of snow depth have been derived from the variability of the
greatest seasonal snow depth and the accumulated seasonal snow amounts, over an
extended winter season (October-May), when snow avalanches are the most frequent
(the average snow avalanche season). A slight intensification of snow extremes,
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outlined by the upward trends of maximum seasonal snow depths, was only sparsely
observed across the Carpathians (see Chap. 9). The strongest signals of maximum
snow depth frequency and magnitude were recorded over December—March and
especially, March-May intervals, when the North Atlantic and Mediterranean
cyclonic activity is usually intense. The winter-to-winter variation of snow accumu-
lation, based on seasonal accumulated snow amounts, support these findings.

Increased snowy conditions across the Romanian Carpathians were characteristic
of the early 1960s (at 1,700—1,900 m), mid 1980s (below 1,600 m) and late 1990s
(in some areas below 1,800 m). Snow-scarce winters were more frequently recorded in
the mid-to-late 1960s, early 1970s, late 1980s, and early 1990s and after 2000. The
1990-2000 decade was outstanding is terms of snow extremes, when at least five
mountain stations simultaneously recorded both the largest (late 1990s) and the lowest
maximum snow depths and accumulated snow amounts (early 1990s). The changes in
snow accumulation above 1,000 m were investigated in terms of seasonal share of
snow accumulation over three winter sub-periods: early winter period (October to
December), core winter period (December to March) and late winter period (March to
May). This approach was proposed by Schoner et al. (2009). The duration of snow
accumulation season in the Romanian Carpathians is tending to shorten. A shift
towards less snow accumulation is visible in the second half of the winter season
(March to May), while a shift towards more snow deposition was observed only during
its first half (October to December). There is a generalized decline in the early winter
contribution to the overall seasonal snow accumulation, but less pronounced than in
the core winter interval. Most changes were attributed to core and late winter intervals.
This shows that mountain areas prone to long-lasting snow accumulation seasons are
generally at the mid-to-high elevations (1,700-1,900 m) of the Eastern Carpathians
(e.g. Ceahlau-Toaca 18.6-18.7 % per decade; Lacauti 6.9-7.3 % per decade) and
mid-elevation areas (1,400-1,500 m) of the Southern Carpathians (e.g. Paltinig
5.9-7.1 % per decade). Nevertheless, some mid-elevations are also marked by a
visible and significant decline of snow accumulation in spring, like Rarau and
Baisoara. There is a generalized reduction of the snow accumulation season at
mountain stations located between 1,300 and 1,900 m altitude. This signal is the
response of a lower contribution of early and late winter intervals to the overall snow
accumulation, since the 1980s, when the change rates varied from 1 % per decade to
20 % per decade. Most changes became obvious since the early and late 1970s
(e.g. 1971, 1978) or early 1990s in the Eastern Carpathians, and early-to-mid 1980s
(e.g. 1980, 1984-1985, 1986) in the Southern and Western Carpathians. These trends
are linked to the changes in snowfall regime and to the slight intensification of snow
extremes in some areas (e.g. more frequent heavy snowfalls).

There is a good agreement with the findings of Bojariu and Dinu (2007), who
investigated the snowpack variability in the Romanian Carpathians over 1961-2000,
based on the variations of the accumulated snow amounts between November and
March. Accordingly, the snow accumulation is on a continuous decrease in January
and March, mostly in the northwestern and central parts of the country, but also in the
Western Carpathians (e.g. Vladeasa 1,800 m and Baisoara stations) and northeastern
part of the Eastern Carpathians (e.g. Rarau station). However, in most of the ski areas
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Fig. 8.12 Trends in continuous snowpack duration (November—April). Significant decreasing
trends are marked with downward blue triangles

of the Southern and Eastern Carpathians, the seasonal snow depth oscillations were
rather constant, with no indication of a significant change. Over sparse mountain
areas of the Eastern (Lacauti) and Southern Carpathians (Paltinis), an upward trend
was observed during the entire cold season.

The continuous snowpack duration (maximum number of consecutive days with
snow cover from November to April) presents decreasing trends at more than one
third of the stations (Fig. 8.12).

8.5 Influence of Large-Scale Circulation

The North Atlantic Oscillation (NAO) has been shown to influence the winter
precipitation in Europe. Beniston (1997) found the NAO influencing the timing
and amount of snow in the Swiss Alps. Bednorz (2002) showed that the NAO
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exhibited strong negative correlations with the snow cover duration over western
Poland. For Bulgaria, Brown and Petkova (2007) associated the years having high
snow accumulation with a negative NAO pattern. Here we used the NAO index of
Li and Wang (2003), defined as the difference in the normalized monthly sea level
pressure (SLP) regionally zonal-averaged over the North Atlantic sector from 80°W
to 30°E between 35°N and 65°N.

We found significant monotonic correlation (by means of Spearman’s rho)
between the winter DJF NAO and the mean snow depth (Fig. 8.13). There is a
strong relationship between snow variability and the NAO — which affects the
strength of westerly flow and weather patterns in Europe during winter (e.g.,
Wanner et al. 2001). The advective processes exerted by the large-scale circulation
have a dominant influence on the spatial distribution and temporal variation of

25° Fi

Fig. 8.13 Correlations between the NAO DJF index and the mean snow depth (DJF) dark and
light violet circles symbolize significant correlations at 99 % (p <0.01) and 95 % (p <0.05),
respectively; all correlations are negative
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European climate during winter (Kiittel et al. 2011). In the Romanian area, the
positive thermal anomalies and the negative precipitation anomalies are associated
with a high NAO index (Bojariu and Paliu 2001). Negative correlations between the
DJF NAO index and the number of days with snow coverage have also been found.
The NAO index correlates best with the number of snowfall days and with the
precipitation amount (for more than two thirds of the stations).

The climatic variability in the winter season seems to be driven by the large scale
circulation over the North Atlantic, the NAO signal being strong enough to (partly)
overcome the effect of orography.
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Chapter 9

Changing Climate Extremes in the Last
Five Decades (1961-2010)

Abstract Several indices of climate extremes — based on minimum and maximum
temperature, daily precipitation and daily snow cover — were used in order to check
for changes over 1961-2010. The most important changes were found in maximum
and (to a lesser extent) in minimum seasonal temperature. The warming signal is
well retrieved in the trends in thermal-related extreme indices. Autumn is the only
stable season with respect to changes in temperature extremes. Precipitation
extremes exhibit no consistent change, leading to the conclusion that the decreasing
trends in the snow-related indices, especially the maximum length of snowfall
spells are rather related to recent warming.

Mountain regions are particularly sensitive to warming and drying, associated with
more frequent and intense climate extremes (e.g. heat spells, cold spells, heavy
rainfalls, heavy snowfalls) most visible in the last decades of the twentieth century
(Keller 2000; Messerli and Ives 1997; Beniston et al. 1997; Beniston and Rebetez
1996; Diaz and Bradely 1997; Pepin and Seidel 2005; IPCC 2007). The public and
scientific community changed their view of likely extremes and their awareness has
risen significantly in the recent years. There was a great emphasis on the effects and
losses of some headline climate extreme events in Europe [e.g. the heat wave of
summer 2003, the Anatol, Lothar and Martin storms, the floods of 2002]. Sets of
climate extreme indices have been developed through several international work-
shops (Folland et al. 1999) and EU-financed projects (STARDEX, EMULATE,
MICE, PRUDENCE) to enable global analyses, comparisons between regions with
different climate regimes and to establish potential relationships between isolated
cases of extremes and long-term climate trends (Frei and Schir 2001). International
coordinated work of CCL/CLIVAR/JCOMM Expert Team of Climate Change
Detection (ETCCDI) have been conducted and provided 27 core climate extreme
indices and special software for their computation based on observational data.
These indices proposed by the European Climate Assessment and Dataset
(ECA&D), an early European initiative in this view, and ETCCDI largely
correspond.

In this work, the detection of changes relative to the variability of climate
extremes in the Carpathians has been made by using the WMO-CCL/CLIVAR
guidelines. This chapter summarizes the change signals in temperature,
precipitation and snow extremes in these mountains. Statistical trends evaluated
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for 24 climate extreme indices selected from the core set indices proposed by
ETCCDI, have been analyzed and compared regionally (if any patterns
observed) and by elevation levels over a WMO representative period covering
the last five decades, relative to the 1961-1990 WMO baseline. Table 9.1
presents the definitions and parameters of the climate extreme indices selected
in this study.

Table 9.1 List of the indices of climate extremes analyzed in this study

Acronym | Description Definition Unit
Temperature extremes
Tn10p Cold nights Percent of time when T,,;, <10th percentile %
Tn90p Warm nights Percent of time when T,;, >90th percentile %o
Tx10p Cold nights Percent of time when T,,,,x <10th percentile %
Tx90p Cold nights Percent of time when T,,;, >90th percentile %
GSL Growing season length Count of days between first span of at least Days
6 days T,y >5 °C and first span in second half
of the year of 6 days Ty, <5 °C
WSDI Warm spell duration The number of days each year which are part | Days
index of a warm Spell. A warm spell is defined as a
sequence of 6 or more days in which the daily
maximum temperature exceeds the 90th
percentile of daily maximum temperature for a
5-day running window surrounding this day
during the baseline period
CSDI Cold spell duration index | The number of days each year which are part | Days
of a cold spell. A cold spell is defined as a
sequence of 6 or more days in which the daily
minimum temperature is below the 10th per-
centile of daily minimum temperature for a
5-day running window surrounding this day
during the baseline period
FD Frost days Annual sum of days with daily minimum Days
temperature below 0 °C
ID Icing days Annual sum of days with daily maximum Days
temperature below 0 °C
SuU Summer days Annual sum of days with daily maximum Days
temperature above 25 °C
TR Tropical nights Annual sum of days with daily minimum Days
temperature above 20 °C
Precipitation extremes
CDD Dry spells Maximum number of consecutive dry days Days
(<1.0 mm)
CWD Wet spells Maximum number of consecutive wet days Days

(>1.0 mm)

(continued)



9.1 Change in Air Temperature Extremes 189
Table 9.1 (continued)
Acronym | Description Definition Unit
R10 Days with over 10 mm of | Annual sum of days where daily precipitation | Days
precipitation is more than 10 mm
R20 Days with over 20 mm Annual sum of days where daily precipitation | Days
of precipitation is more than 20 mm
RI9SPTOT | Heavy precipitation days | Annual sum of precipitation in days where mm
daily precipitation exceeds the 95th percentile
of daily precipitation in the baseline period
RY99PTOT | Very heavy precipitation | Annual sum of precipitation in days where mm
days daily precipitation exceeds the 99th percentile
of daily precipitation in the baseline period
PRCPTOT | Precipitation amount Annual sum of precipitation in days where mm
daily precipitation is at least 1 mm/day
SDII Simply precipitation Quotient of precipitation amount in wet days | mm/
intensity index (>1.0 mm) and number of wet days day
Snow extremes
HSS Snowfall spells Maximum number of consecutive snowfall Days
days
HS1day Greatest 1-, 2-, and 3-day | Maximum seasonal snow depths cumulated cm
H2day snow depths, over 1-3 consecutive days
W respectively
SD50 cm | Consecutive days of Maximum duration of thick snowpack Days
abundant snow intervals (>50 cm)
accumulation

9.1 Change in Air Temperature Extremes

Prior works examining the variability of temperature extremes over the twentieth
century in different mountain regions confirmed the increase in the number of days
with extremely high temperatures and the tendency towards fewer days with
extremely low temperatures (Baeriswyl and Rebetez 1996; Beniston and Rebetez
1997; Weber et al. 1994, 1997). Analyzing the variability of climate extremes in the
Romanian Carpathians (above 1,000 m) over 1961-2003, Cheval et al. (2004)
provided reliable evidence of an ongoing warming and emphasized the intensifica-
tion of temperature and precipitation extremes (e.g. more warm extremes and less
cold ones, higher number of consecutive dry days).

The spatial patterns of seasonal trends in minimum and maximum temperature
during 1961-2010 are presented in Figs. 9.1 and 9.2, respectively. Similar to the
signal shown by the mean temperature trends, the seasonal temperature extremes
present exclusively warming trends in all seasons except autumn, with fewer
statistically significant trends in minimum temperature.

The inter-annual variability of selected percentile-based indices suggests an
intensification of warm extremes mostly in medium elevation areas (generally
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Autumn (SON)

Summer (JJA)

Fig. 9.1 Seasonal trends in minimum air temperature. Significant increasing trends are symbol-
ized with upward red triangles

below 1,800 m). There are no important changes in the variability of Tn10p and
Tx10p. The variability of temperature extremes defined by the 90th percentile
outlines a progressive and widespread warming in most areas of the Carpathians.
The frequency of warm nights (Tn90p) and warm days (Tx90p) is a valuable
temperature change indicator in the mountain regions. Under the influence of
altitude which moderates the heating process, the frequency of warm nights
(Tn90p) in the areas above 800 m is 2040 %. High night-time T, values, ranging
from 4 to 11 °C, present significant and widespread increases across the
Carpathians. The signal of TnlOp intensification is stronger since mid or late
1980s at several medium elevation sites of the Southern and Western Carpathians
and exceptionally, at about 2,200 m (the alpine weather stations). The values of
90th percentile depicting the incidence of warm days are 8—11 °C lower than the
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Autumn (SON)

Summer (JJA)

Fig. 9.2 Seasonal trends in maximum air temperature. Significant increasing trends are
symbolised with upward red triangles

Tmax absolute records until 2003. The MK test revealed consistent upward trends of
Tx90p, highly significant at medium elevations of the Southern and Western
Carpathians, and exceptionally, at the highest elevation station of Eastern
Carpathians (for about half of the stations). The shifting years depicting the
intensification of warming cover the 1985-1999 interval (but mostly the 1985—
1987) and they are fairly comparable to those observed at country scale (Busuioc
et al. 2010).

Cold spells are assumed to be a suggestive indicator of negative temperature
extremes, often associated with massive cooling spells, frequently growing into
absolute negative thermal records. Busuioc et al. (2010) asserted that cold waves in
Romania last less than heat waves. Regionally, it appears that the average length of
cold spells is the shortest in the Western Carpathians (about 9.9 days), with
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maximum values in the Eastern and Southern branches (about 10.5 days). Regard-
less of the altitude, short or moderately persistent cold spells (below 10 days and
11-30 days, respectively) are the best represented (50-75 % and 20—45 % of cases,
respectively), while the very persistent cold spells (longer than 30 days) are rather
rare and characteristic of high elevations (above 1,800 m). Longest cold spells after
1961 were generally recorded in the coldest years of the period (e.g. 1962—1963,
1980, 1985, 1987, 1991, 1997).

Busuioc et al. (2010) emphasized the outstanding evolution of warm spell
duration and frequency towards intensification in most regions of Romania after
2000 with an important peak in 2007. However, their occurrence is not entirely
linked to ‘hot’ climate regions of this country (e.g. the southern and eastern
lowlands). The transition towards a warmer mountain climate since mid 1980s
resulted in a higher incidence of warm spells, particularly in areas below 1,600 m.
The MK estimations are inconsistent above this elevation. Strongest warm spells
across the Carpathians (T,,,x above 25 °C) occurred after 1989-1990, but more
frequent since 2000, when at least five-six mountain stations recorded simulta-
neously extreme temperatures over successive days (Cheval et al. 2004). The shift
towards more frequent warm spells over 1961-2003 was during the 1985-1988
interval at most sites, according to MK statistics. Overall, trends in the thermal
extremes show a consistent warming signal (i.e., no mixed trends), as it can be seen
in Fig. 9.3. The signal is most obvious in the decreasing number of frost days and
the increasing number of tropical nights.

Despite the evidence of an ongoing warming over extended areas in the Roma-
nian Carpathians, the growing season length (GSL) is not significantly affected.

9.2 Change in Precipitation Extremes

Mountain regions are characterized by complex spatial and temporal precipitation
patterns. The trend signals of precipitation extremes are not homogenous or con-
sistent across the Carpathians, neither regionally nor by elevation. However, the dry
extremes prevail at most sites located above 1,000 m, fitting the general annual and
seasonal drying trends observed in these mountains.

The seasonal maximum daily precipitation presents mixed trends at less than
20 % of the stations in all seasons except autumn, when the significant trends are
exclusively increasing (Fig. 9.4).

The length of wet spells (CWD) shows a tendency to diminish only at three sites
(Baraolt, Ceahlau Toaca and Lacauti), while the length of dry spells (CDD) remains
unchanged except at Toplita, where it presents a significant downward trend.
Overall, it can be stated that both indices are stable.

Trend maps in other six of the precipitation-related indices of extremes are
shown in Fig. 9.5. The frequency of days with precipitation over 10 and 20 mm
(R10 and R20) present a very similar pattern, with increasing trends in western and
northwestern parts of the study area.
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Fig. 9.3 Trends in some annual indices of thermal extremes: (a) number of frost days; (b) number
of icing days; (c) number of summer days; (d) number of tropical nights; (e) cold spell duration
index; (f) warm spell duration index. Downward blue triangles signify decreasing trends, upward
red triangles denote increasing trends, and light yellow circles symbolize no trend
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Autumn (SON)

Summer (JJA)

Fig. 9.4 Trends in maximum daily precipitation. Downward blue triangles signify decreasing
trends, upward red triangles denote increasing trends, and light yellow circles symbolize no trend

Similar patterns of change are noticed in the number of days of the year where
daily precipitation exceeds the 95th and the 99th percentiles, respectively (R95 and
R99). Here there are also three (four) stations from the Southern Carpathians
showing decreasing trends in R95 (R99).

The SDII and PRCPTOT indices show predominantly increasing trends. While
trends in SDII do not show any spatial patterns across the Carpathians, changes in
PRCPTOT are a little bit more grouped; however, most station present no significant
trend.

Considering that the majority of the stations do not present statistically significant
trends, we could state that long-term variability of daily precipitation extremes is
rather stable. Generally, the trend results of indices of extremes based on daily
precipitation over the 1961-2010 period do not support the idea that in the Carpathians
under a warmer climate, higher daily precipitation intensity events are more likely.
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F.3 - ar

SDII PRCPTOT
Fig. 9.5 Trends in precipitation-related indices of extremes. Downward blue triangles signify
decreasing trends, upward red triangles denote increasing trends, and light yellow circles
symbolize no trend
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9.3 Change in Snow Extremes

The response of snow regime to recent warming is of particular interest in this
work, since this variable is rather complex and it may respond both to temperature
and precipitation oscillations. The Romanian Carpathians experienced visible
declines of snowfall frequency and snow cover duration over the last decades of
the study period. Changes in some extremes related to large snow amounts
(e.g. snowfall spells, maximum seasonal snow depth, maximum duration of thick
snow intervals) are considered important indicators of climate change.

The maximum snow depth presents statistically significant trends at 25 % of the
stations (Fig. 9.6), showing no spatial pattern.

BARAGLT  TAREU
SEGUIESC

24 - 26°

Fig. 9.6 Trends in precipitation-related indices of extremes. Downward blue triangles signify
decreasing trends, upward red triangles denote increasing trends, and light yellow circles
symbolize no trend
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The maximum length of snowfall spells (HSS) in the Carpathians exceeded rarely
16 days, particularly during 1970s. There is an obvious downward trend in the
evolution of this index since 1980s all over Carpathians, rather strong in
mid-elevation areas. At these elevations HSS reached up to 12-14 days after 1990.
At about 2,500 m (Vf. Omu), change signal in HSS became consistent since mid
1980s. No regional change patterns were observed in the HSS variability. At most
stations, HSS is on a significant decrease at a rate of maximum 2 days/decade
corresponding to the general trends described by seasonal snowfalls and precipitation.

The winter-to-winter variability of maximum snow depth cumulated over short-
time spans (HS1-3day) is rather high and trends towards snow abundance is limited
to few areas of the Southern (Paltinig) and Eastern Carpathians (Lacauti). Most
changes associated with this index correspond to an average decrease of 3—6 cm/
decade for HS1day and 19 cm/decade for HS3day (only at Baisoara). However,
positive trends revealed by MK test suggest stronger change rates associated to the
variability of these extremes, yet sparsely distributed in these mountains. The
change signals in the maximum snow depth variability became obvious since
early 1980s, particularly in the areas subject to consistent upward trends. Generally,
there is good agreement between the signals in maximum snow accumulation
indices and those depicted by the trends of heavy snowfalls.

The number of days with thick snow (SD50cm) is of more practical use than
other snow extreme indices, depicting proper conditions for skiing and snowboard-
ing in mid and high-elevation areas. The days with snow depth over 50 cm prevail
over the year in all the areas above 1,800 m of the Romanian Carpathians. A higher
variability has been observed at low-laying weather stations, where this threshold is
more rarely maintained over several successive days. Lowest spells of SD50cm
were of only 2-7 days duration. There are no consistent long-term changes
observed over extended areas of the Carpathians for this index. Generally, the
areas subject to significant more snow abundant-related extremes tend to experi-
ence longer intervals of thick snow (with 2.7 days/decade at Lacauti, Eastern
Carpathians), while the opposite is true for the areas where a lower incidence of
short duration snow accumulations has been estimated (1.72 days/decade at
Biisoara, Western Carpathians). These changes were observed since early 1980s.

The findings of this chapter support the idea that a warmer climate in the Romanian
Carpathians has resulted both in higher and lower extreme snow accumulations,
but these trends are only sparsely observed across the Carpathians. The general
background of the changes in snow extremes is given by a widespread and consistent
tendency towards more frequent snow showers, but shorter snowfall spells (e.g., Birsan
and Dumitrescu 2014).
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Chapter 10
Projections of Future Changes in Climate
of the Romanian Carpathians

Abstract This chapter briefly presents the changes of the air temperature and
precipitation amounts predicted by Regional Climate Models for the next decades
over the Romanian Carpathians. The analysis refers to the [PCC Scenario A1B, and
exploits the outputs of several European projects developed in the recent years. The
air temperature is likely to increase in all seasons, while the precipitation amounts
will generally vary with =10 % as compared to the present climate, at different
spatial rates. The most significant temperature increasing is expected to occur in
summer; over most Carpathian areas, the period 2021-2050 will be 2.5-3.0 °C
warmer than 1961-1990. As regards the precipitation, the winter will be sensibly
drier, while increasing trends are specific to the autumn.

While the characteristics of the present climate represent a topic of major interest,
the humankind is highly concerned about the expected variability for the next
decades. The Carpathian Mountains have a transnational influence over the envi-
ronment and society, so that any climate changes may have a profound regional
impact. The observed variability of the temperature and precipitation over the
Carpathian region has been recently reported by Busuioc et al. (2010), based on
ground station data, and by Cheval et al. (2014) and Spinoni et al. (2014), exploiting
the outputs of the Carpatclim Project. In their turn, Birsan et al. (2014) tackled the
variability of some extreme temperature and precipitation indices.

Busuioc et al. (2010) examined the connections between climate variability in
Romania (air temperature and precipitation) and large-scale circulation. Accord-
ingly, the increased frequency of high-level anticyclonic structures in winter, spring
and summer, associated with a notable rise of mid-tropospheric temperature
(850 hPa), may explain the ongoing warming, the occurrence of strong positive
anomalies and high temperature extremes (particularly in summer), experienced in
the last decades in many regions of this country, including the Carpathians. The
large-scale atmospheric forcing controlling the observed changes in precipitation
regime was found to be seasonally significant, in response to the increasing
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frequency of cyclonic structures over northwestern Romania and the enhancement
of zonal atmospheric circulations.

The results of ICT-RegCM climate simulations and downscaling models under
the A2 IPCC scenario, for the period 2070-2099 relative to the 1961-1990 refer-
ence period summarized in the Carpathians Environmental Outlook (2007), indi-
cate a general warming of about 5 °C in the Eastern Carpathians and 4.5-5.0 °C in
the Southern and Western Carpathians (the Banat Mountains).

Busuioc et al. (2010) also investigated the climate projections over Romania,
using extensively the results of the FP6-Project ENSEMBLES. Focussing on the
Carpathian Mountains territory, we present the changes expected in the seasonal
temperature and precipitation for the period 2021-2050, compared to the present
climatology (1991-2020), and to the WMO reference period (1961-1990).
The examination uses the A1B IPCC scenario, and the dataset is the resulted of
the aggregation of three regional climate models (RCMs): RegCM3, ALADIN-
climate, and PROMES (See Chap. 5.4 for more details).

In general, the variations between —5 % and 5 % in the precipitation amounts
prevail, and deviations of £10 % are common for most Carpathian areas, either
comparing the future to the present or to the WMO reference, with specific
particularities for each season (Figs. 10.1, 10.2, 10.3 and 10.4). A relative stability
may be assumed for the spring, with slightly increasing trends over the inner
Carpathian Chain, and spots of decreasing precipitation in the eastern and southern
parts. One can expect less precipitation during the summer and especially during
the winter seasons, while the autumn projections show a spatially extended increase

2021-2050 vs. 19611990

Fig. 10.1 Spatial patterns of expected change (%) in winter precipitation in the Romanian
Carpathians
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2021-2050 vs. 1961-1930

2021-2050 vs. 1991-2020

= - P = = = -

Fig. 10.2 Spatial patterns of expected change (%) in spring precipitation in the Romanian
Carpathians

2021-2050 vs. 1961-1980 2021-2050 vs. 1991-2020
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Fig. 10.3 Spatial patterns of expected change (%) in summer precipitation in the Romanian
Carpathians

over 2021-2050 compared to 1961-1990. However, the comparison to the current
climate (1991-2020) reveals a decrease is likely in the western part of the Roma-
nian Carpathians.

As regards the air temperature, the changing signal is more homogenous, largely
positive over the entire region for all the seasons (Figs. 10.5, 10.6, 10.7 and 10.8).
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Fig. 10.4 Spatial patterns of expected change (%) in autumn precipitation in the Romanian
Carpathians
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Fig. 10.5 Spatial patterns of expected change (°C) in winter temperature in the Romanian
Carpathians

The future will be dramatically warmer than the reference WMO period. The
expected increase are likely to reach 1.6-2.0 °C in spring, autumn, and winter,
and 2.5-3.0 °C in summer on most Carpathian areas. While compared to the
present, the expected changes over the time interval 2021-2050 are still positive,
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Fig. 10.6 Spatial patterns of expected change (°C) in spring temperature in the Romanian
Carpathians
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Fig. 10.7 Spatial patterns of expected change (°C) in summer temperature in the Romanian
Carpathians

but more temperate: 0.5-1.0 °C in spring, autumn, and winter, and 1.6-2.0 °C in
summer.

The mean regional precipitation and temperature changes across the Romanian
Carpathians are summarized in Table 10.1.



2021-2050 vs. 1991-2020

Fig. 10.8 Spatial patterns of expected change (°C) in autumn temperature in the Romanian

Carpathians

Table 10.1 Projected mean regional precipitation (%) and mean temperature change (°C) in the

Romanian Carpathians

Romanian Carpathians

regions Season | 2021-2050 vs. 1961-1990 | 2021-2050 vs. 1991-2020

Precipitation change

Eastern Carpathians DJF 0.50 —-2.73
MAM 6.37 3.43
JJA 2.35 1.07
SON 13.62 4.56

Southern Carpathians DJF 3.10 —4.64
MAM 2.09 5.72
JJA —0.63 —2.65
SON 9.45 2.80

Western Carpathians DJF 1.17 —0.56
MAM 3.38 7.80
JJA —4.27 —2.93
SON 9.32 —1.16

Temperature change

Eastern Carpathians DJF 1.68 0.94
MAM 1.76 0.81
JJA 2.55 1.62
SON 1.80 1.13

Southern Carpathians DJF 1.58 0.87
MAM 1.75 0.79
JJA 2.75 1.78
SON 1.79 1.11

Western Carpathians DJF 1.63 0.90
MAM 1.73 0.75
JJA 2.59 1.65
SON 1.77 1.12
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Chapter 11
Conclusions

‘Complexity’ is perhaps the term that defines mountain climatology in the most
relevant manner, as it can be associated with many aspects in this direction.
Mountain environments are always characterised by complex physical background
generated at the interaction of many factors, leading to multiple consequences,
creating specific resources, and impacting various social and economic interests. In
this context, mountain climatology research has a crucial importance for under-
standing the relationships between the system’s components, for preventing poten-
tial threats, and mitigating their impact, and for a sustainable use of the natural
resources. This book is a climatic monograph which addresses one of the most
complex mountain environments in Europe, the Carpathians Chain, focusing on the
mountain regions which lie over Romania, herein called Eastern, Southern, and
Western Carpathians.

To the best of our knowledge, based on the screening of the existing literature,
this is the most comprehensive synthesis focusing on the climate of the Romanian
Carpathians, providing sound scientific support for fundamental studies and appli-
cations, in the context of international initiatives and achievements related to the
mountain environment. The current approach has been developed according to
specific methodologies (i.e. homogenized data, long term periods, gridding tech-
niques), but it also uses modern outputs (i.e. remote sensing products). It exploits
the results of several international projects, but it is an independent work, with
original deliverables meeting the needs of various end users.

The geographical background develops a close relationship with the Carpathian
climate, defined by a temperate type, with less developed continental, Mediterra-
nean or oceanic influences. The position of the mountain chain against regional
atmospheric circulation, its elevation and morphology are the main terrestrial
factors shaping the climate at various spatial and temporal scales. While the general
characteristics remain dominant, there are still differences between the three major
units of the Romanian Carpathians (Western, Southern, and Eastern), and local
particularities also occur (i.e. glacial valleys, mountain corridors, intra-Carpathian
depressions).
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The core of the book contains a multifaceted analysis of the main climatic
variables relevant for the area of interest: solar radiation, air temperature, precip-
itation, wind, and snow. Thorough statistical analysis, consistent efforts for
spatialization (with a 1 km horizontal resolution), and investigations into the
variability and trends over the period 1961-2010 were performed for each
parameter.

Global and direct solar radiation fluxes have been investigated based on satellite
remote sensing data over the period 1983-2005. The seasonal average values
of the clear-sky global radiation vary between 50 and 60 W/m” in winter and
200-240 W/m? in summer.

Various aspects regarding the mean, maximum, and minimum air temperatures
were discussed (lapse rates, vertical thermal zonation, annual regime, spatial
distribution, and extreme temperature records), revealing both common, general-
ized characteristics, and particularities specific to different areas. For example, an
overall regional lapse rate of about 0.60 °C/100 m was determined for the Roma-
nian Carpathians based on the mean air temperature, with variations between the
three regions. Altitudinal delineations were also found. On average, air temperature
values become negative from November, at above 800 m and December, below
800 m, maintaining this characteristic until March, at above 800 m and February,
below 800 m. Air temperature turns positive starting with April, in most areas of
the Romanian Carpathians, except for high elevation areas above 1,800 m
(since May) and earlier, from March or even February, generally below
600-700 m. The probability density functions (PDFs) of daily maximum temper-
atures show a limited heat stress exposure, while the daily minimum temperatures
recorded above 1,000 m altitude reveal a moderate exposure to freezing.

As expected, the distribution of precipitation amounts is highly variable, and
strongly dependent on the underlying topography and orographic bias to the regional
flow dynamics. Statistically, altitude explains almost 60 % of the precipitation
distribution in the Romanian Carpathians. The climate is rather moderately humid,
as in more than 70 % of their surface area the annual precipitation is below 900 mm.
Annual precipitation totals increase from 500 to 800 mm in the areas below 800 m, to
900-1,300 mm, at above 800 m. The Western and Southern Carpathians are the
wettest, with a mean annual precipitation of about 800-900 mm, while the Eastern
Carpathians are the driest (below 700 mm per year). There is an eastward decrease of
precipitation amounts across the Romanian Carpathians, as the moisture content of
the westerly and southwesterly (Mediterranean) airflows gradually diminish.
The wind influence on the precipitation amounts has been presented in Sect. 7.2.3,
and it helps the better understanding of the real water input to the mountain system.
The 24-h precipitation records totaled 204.2 mm/July 19, 1970 at Cuntu (1,456 m) in
areas above 800 m and 127.0 mm/September 1, 1941 at Caransebes (241 m),
in depressions.

The direction and strength of the winds across the Romanian Carpathians are
widely controlled by the activity of the main high and low pressure systems
operating at European scale: the Azores (all-year-round) and the East-European
anticyclones (highly active during the winter months) and the Icelandic and the
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Mediterranean cyclones (all-year-round). The westerly wind direction prevails in
all high-elevation areas above 1,700-1,800 m, largely corresponding to the lower
layers of zonal atmospheric flow. The elevation explains a statistically significant
52 % of the vertical zonation of wind speed within the Romanian Carpathians. The
highest surface wind speed values occur in the Eastern and Southern Carpathians,
above timberline, with annual averages exceeding 10 m/s in many sites. Spring is
the windiest season, while the lowest speed values register during autumn.

Snow is an important component of the Carpathians landscape, and we present
both snowfall and snowpack main characteristics, including general considerations
about the triggering factors. The moist airflows and the troposphere vertical tem-
perature profile depicting variations from 0 °C at ground level to —10 °C on cloudy
peaks are important factors favouring the heavy snowfall in the area. The snow
occurrence highly depends on the synoptic-scale influences and on topographic
conditions, i.e. altitude, slope aspect. Usually, the first snowfalls appear from early
September in areas above 2,000 m, to early-to-mid November, in depressions, while
the last winter snowfalls are likely from late April to early July, in the areas above
800 m, and from late March to mid-April, in depressions. The snowfall events
occur with different frequencies and intensities, with large spatial and temporal
variations. Generally, in the Romanian Carpathians, the snow falls in 40-80 days
during the extended winter season (November—April), with higher values in the
areas above 1,700-1,800 m, and lower values specific for depressions and areas
below 1,000 m (25-40 days/season). The increase of cyclonic activity during the
late winter to early spring interval, when snowfall events are frequently abundant,
explains the occurrence of snow depth peak over the February—March interval
in most areas. The maximum snow depth records over the 19612010 period ranged
between 109 and 145 cm in the areas above 800 m and 30-42 cm in those
below 800 m.

Consistent efforts have been developed for investigating the variability and
trends of the main climatic elements during the period 1961-2010, with a special
section dedicated to the variability of the extremes. Temperature trends are increas-
ing in winter, spring and summer, while they are absent in autumn. On the other
hand, autumn is the only season when significant increasing trends in precipitation
have been found. The average wind speed is decreasing in all seasons. The analysis
of the snow variability shows general decreasing trends in mean snow depth,
number of days with snow cover, and number of days with snowfall. The decreasing
trend in the maximum length of snowfall spells is related to recent warming than to
precipitation decrease.

The climatic variability for the next decades has been tackled for the A1B IPCC
scenario, which considers a good balance between all sources of energy, and a rapid
economic development by the mid-twenty first century. This work exploits the
results produced within several European projects, and the findings are consistent
with previous publications. Comparing the climatology over the periods 2021-2050
and 1991-2020, the air temperature are very likely to increase with different rates,
while the seasonal precipitation amounts will probably vary between 10 %.
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Climate of the Romanian Carpathians. Variability and Trends has the ambition
to be the most comprehensive and detailed climatic monograph over the area,
aggregating high quality input data, up-to-date techniques, regional analysis, and
overview perspectives, while addressing the spatial and temporal patterns of the
main climate elements. Nevertheless, we are confident that future investigations
may bring even more useful knowledge about the Romanian Carpathians, and we
warmly encourage any criticism and follow-up.
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