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Abstract
In northern regions such as Finland, snowpack represents a major water resource for aquatic and
terrestrial ecosystems and different human uses, and snowmelt usually controls peak annual river
discharge. To understand potential impacts of climate change, this thesis explored the effects of
changes in surface air temperature (SAT) and precipitation patterns on snowpack accumulation
and snowmelt processes in Finland.
Two initial studies provided national and spatial pictures of long-term variability and changes
in observed SAT and precipitation in Finland and their relationships with the atmospheric
circulation patterns (ACPs) of the Northern Hemisphere (NH). On national scale, mean annual
SAT and annual precipitation increased significantly in Finland during the past century. Seasonal
analysis revealed increases in spring (MAM) and summer (JJA) SAT and in winter (DJF) and
summer precipitation. SAT and precipitation were most significantly correlated with the Arctic
Oscillation (AO), East Atlantic/West Russia (EA/WR), East Atlantic (EA) and Scandinavia (SCA)
patterns. However, there were spatial differences within Finland as regards climate trends and
relationships with ACPs.
A study examining the dependence of snow resources on winter climate in Finland revealed a
decline in snow water equivalent (SWE) and shortening of continuous snow cover duration
(CSCD) in Finland during 1909-2008. This was mainly due to reductions in snowfall owing to
winter warming and decreased precipitation in southern areas, but only to decreases in winter
precipitation at higher latitudes. In southern Finland SWE and CSCD were associated with ACP
affecting winter SAT (AO), and in central and northern parts with ACPs influencing winter
precipitation (EA, EA/WR and AO).
Analysis of snowmelt hydrology in Finland indicated that snowmelt flux has a much greater
influence than rainfall on simulated peak snowpack outflow in Finland, which has decreased and
shifted towards earlier in the year.

Keywords: atmospheric circulation, climate variability, climate change, Finland,
precipitation, snow resource, temperature
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Tiivistelmä
Pohjoisilla alueilla kuten Suomessa lumi edustaa merkittävää vesivarantoa mikä vaikuttaa vesija maaekosysteemeihin sekä yhdyskuntien vesienkäyttöön. Lisäksi lumen sulanta aiheuttaa suurimmat vuosittaiset tulvahuiput. Tämä väitöstutkimus keskittyy ilmanlämpötilan ja sadannan
muutoksien aiheuttamiin vaikutuksiin lumen kertymisessä ja lumen sulannan prosesseissa Suomessa, jotta ilmaston muutoksen aiheuttamia mahdollisia muutoksia voidaan paremmin ymmärtää.
Väitöskirjan kaksi tutkimusta antavat kansallisen ja spatiaalisesti kattavan kuvan pitkäaikaisvaihtelusta ja muutoksista ilmanlämpötilassa ja sadannassa Suomessa ja niiden yhteyden ilmastojärjestelmiin (ACP) pohjoisella pallonpuoliskolla. Kansallisella tasolla, vuosittainen keskiilmanlämpötila ja vuosisadanta lisääntyivät merkittävästä Suomessa viimeisen vuosisadan aikana. Kausittainen analyysi paljasti kevät ja kesä ilmanlämpötilojen sekä talvi ja kesä-sadantojen
lisääntyneen. Ilmanlämpötila ja sadanta korreloi merkittävimmin Arktisen (AO), Itä Atlantti/
Länsi Venäjä (EA/WR), Itä-Atlantti (EA) ja Skandinaavisen (SCA) oskillaatioiden kanssa. Eri
puolilla Suomea tuloksissa oli spatiaalista eroa liittyen ilmasto trendeihin ja yhteyksiin ilmakehän kiertoliikkeisiin.
Tässä tutkimuksessa selvitettiin lisäksi lumivarojen riippuvuutta talviajan ilmastosta Suomessa. Vuosien 1909-2008 aineiston perusteella lumenvesiarvossa (SWE) havaittiin laskua sekä
pysyvän lumipeitteen kestossa (CSCD) lyhenemistä. Etelässä tämä todettiin pääosin olevan seurausta talviajan lumisateiden vähentymisestä, jota vuorostaan selitti ilman lämpeneminen ja
kokonaissademäärän pienentyminen. Pohjoisilla leveysasteilla ainoastaan talviaikaisen kokonaissademäärän pienentyminen selitti vähentyneitä lumivaroja. Tutkimuksessa Etelä-Suomen
aineiston osalta tulokset SWE ja CSCD:ssa voitiin yhdistää muutoksiin talviseen SAT:hen (AO)
vaikuttavissa ilmastojärjestelmissä (ACP). Keski- ja pohjoisosissa Suomea ilmastojärjestelmät
(EA, EA/WR ja AO) vaikuttivat ainoastaan talviaikaiseen sadantaan.
Aineiston perusteella voitiin myös todeta, että Suomessa kevätaikaisesta lumensulannasta
johtuvaan valuntahuippuun vaikuttaa enemmän välitön lumen sulanta kuin sulannan aikana
esiintynyt vesisade. Lumen sulannan huippuarvo havaittiin myös laskeneen sekä sen ajoittuminen aikaistuneen.

Asiasanat: ilmastojärjestelmät, ilmaston muutos, ilmaston vaihtelu, lumivarat,
lämpötila, sadanta, Suomi
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1

Introduction

The Intergovernmental Panel on Climate Change (IPCC) has reported an
increasing trend in global surface air temperature (SAT) during the 20th Century
and projects further warming through the period 1990-2100 (IPCC 2013). It is
broadly accepted that an increase in human-induced emissions of greenhouse
gases to the Earth’s atmosphere has resulted in such warming, with changes in the
global climate system (e.g. Boer et al. 2000, Mitchell et al. 2001). Climate
models also predict an increase in climate variability around the world (e.g. Rouse
1998, Schär et al. 2004). Such changes in climate conditions have already
influenced water resources systems by modifying hydrological cycle elements
such as precipitation redistribution, evapotranspiration and snowpack
accumulation and melt (Alan et al. 2003, Allen & Ingram 2002, Arnell 1999,
IPCC 1995, Loukas et al. 2002). Thus, improving knowledge on the effects of
changes in these elements on water resources variability for different timescales,
from inter-annual to multi-decadal, is a major component of studies in the context
of climate and environmental change (Chaouche et al. 2010, Jhajharia et al.
2012).
The Fenno-Scandinavian region of northern Europe, including Finland, has
experienced climate change during recent decades. In this region, located at midto high latitudes with cold climate conditions, snow is considered one of the main
water resources, besides surface water and groundwater. As snow is a climatically
sensitive hydrological variable (e.g. Day 2009, Loukas et al. 2002, Luks et al.
2011), extensive modifications in water resources across the northern regions are
expected due to the impacts of variations and changes in climate conditions (SAT
and precipitation patterns) on snowpack accumulation and melt processes
(Barnett et al. 2005, Kuusisto 1984, Pohl et al. 2007). In general, such variations
in SAT and precipitation patterns in different parts of the world are strongly
related to atmospheric circulation and interactions between land/ocean surfaces
and the atmosphere (e.g. Chen 2000, Slonosky et al. 2001). Based on the great
importance of snowpack for water resources in boreal environments, the overall
aim of this thesis was to spatio-temporally analyse long-term variations and
trends in climate conditions (SAT and precipitation) across Finland in response to
atmospheric circulation and their impacts on the snow resource and hydrology in
the country.
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1.1

Surface air temperature warming

In recent decades, evaluation of variability and trends in SAT has received
substantial attention, as it critically affects the natural environment and different
human activities. According to the Fifth Assessment Report (AR5) of the IPCC,
the global mean SAT increased by about 0.85±0.20 °C during the period 18802012 (IPCC 2013). Analysing global mean SAT is very important, but the
findings do not confirm a uniform pattern over space and time (Jones & Moberg
2003). It is also accepted that investigation of historical trends or future
projections of SAT on a large scale (global or continental) is not very useful for
regional and/or local sustainable planning and development, especially in the
context of water resources management (e.g. Barsugli et al. 2009, Raucher 2011).
This has led to a growing interest in trend analysis of local and/or regional SAT
among the scientific community when developing local and regional adaptation
strategies to climate and environmental change. Accordingly, numerous studies
have focused during recent years on analysis of variations and trends in local
and/or regional SAT during different periods and on various time scales, e.g. over
the whole of Europe (Klein Tank et al. 2005, Moberg et al. 2006), France
(Chaouche et al. 2010), Germany (Wulfmeyer & Henning-Müller 2006), Greece
(Feidas et al. 2004), Italy (Toreti et al. 2010), Poland (Degirmendžić et al. 2004),
Spain (Ileana & Castro-Díez 2010) and Switzerland (Rebetez & Reinhard 2008).
All these studies agree on the SAT warming over most of Europe (about 0.80 °C)
during the past century (IPCC 2001, 2013), even though they evaluated it for
different countries and regions of Europe.
On a national scale in Finland, Heino (1994) found no clear trends in mean
annual SAT during the 20th Century, Tuomenvirta & Heino (1996) found a
warming effect during the 1980s and 1990s, Jylhä et al. (2004) showed an
increase of about 0.7 °C for the period 1901-2000 and Tietäväinen et al. (2010)
reported a warming of about 0.93±0.72 °C for 1909-2008 and 2.05±1.07 °C for
1979-2008. The most up-to-date analysis of mean annual SAT nationwide in
Finland (Mikkonen et al. 2014) reports warming of over 2.0 °C in the years
between 1987 and 2013, with a more rapid increase in SAT after the late 1960s.
However, in terms of spatial distribution, only a few studies have evaluated
changes in SAT for different parts of Finland, e.g. Lapland in the north (Lee et al.
2000, Vajda & Venäläinen 2003), Pääjärvi in the south (George et al. 2004) and
other regions of Finland (Solantie & Drebs 2001). Most of these studies have
focused only on variability in mean annual SAT across Finland, and not on
18

temporal trends on different time scales of SAT throughout the country. Hence, a
comprehensive analysis of variations and trends in SAT in Finland on both
national and spatial scale for different time scales (annual, seasonal and monthly)
seems appropriate for regional sustainable development purposes, particularly in
planning and management of water resources in boreal environments.
1.2

Changes in precipitation patterns

Precipitation, a key element of the hydrological cycle influencing ecological and
land use water requirements, plays an important role in the planning and
management of sustainable water resources. It is important for the assessment of
hydrological consequences (e.g. floods and droughts) resulting from changes in
climate conditions. Precipitation is broadly accepted as one of main variables for
the detection of climate change on a regional scale (Cannarozzo et al. 2006,
McVicar et al. 2007, Oguntunde et al. 2006). During recent years, spatial and
temporal patterns of precipitation on a regional scale under climate change
impacts have received extensive attention among different scientific communities
(Kundzewicz 2004, Vörösmarty et al. 2010, Xu & Singh 2004).
On a global scale, high latitude areas (from 55°N to 85°N) have experienced
increases in precipitation on land during the 20th Century, while low latitudes
(from 10°S to 30°N) have faced decreases (Folland et al. 2001). Across Eurasia
and North America, annual precipitation increased between 1900 and 1994
(Nicholls et al. 1996). For example, Groisman & Easterling (1994) reported an
increase of up to 20% in annual precipitation over North America. In Europe,
significant increases in annual precipitation have been observed in the north-east
and south-west of the continent. The BALTEX (Baltic Sea Experiment)
Assessment of Climate Change (BACC 2008) reported increases in annual
precipitation over the Baltic Sea Basin during 1976-2000 compared with 19511975. For the Fenno-Scandinavian region, a large increase in annual precipitation
during the last century has been reported for Norway (8-14%) (Hanssen-Bauer &
Førland, 1998), a small increase for northern and southern Sweden (Räisänen &
Alexandersson, 2003) and a minimal increase for Finland (Tuomenvirta & Heino,
1996). Similarly, Tuomenvirta (2004) found no clear trend in annual precipitation
nation-wide for Finland during the last century. However, only a few studies have
focused on changes in precipitation in Finland and its great importance within
sustainable water resources planning and management in regional climate change
adaptation and mitigation strategies. Therefore, this thesis sought to provide a
19

detailed picture of spatio-temporal variations and trends in precipitation in
Finland during 1911-2011 on different timescales (from monthly to annual).
1.3

Role of atmospheric circulation

In general, variations in climate features (SAT and precipitation) are strongly
associated with large-scale atmospheric circulation modes and with interactions
between land and ocean surfaces (Dayan & Lamb 2005, Steinberger & CazitYaari 1996, Türkes 1998). Atmospheric circulation patterns (ACPs) are often
defined as repetitive, persistent and large modes of pressure anomalies
determining the main air mass flow influencing climate conditions over a large
geographical region (Chen & Chen 2003, Hurrell 1995). The patterns normally
describe the long-term behaviour in the natural occurrence of chaotic variations in
the atmospheric and climate systems of Earth (Thompson & Wallace 2000). They
also reflect shifts in atmospheric waves and jet streams (Hurrell & Van Loon
1997, Thompson & Wallace 2001), thereby controlling the global climate system
(Nicholls et al. 1996). Numerous studies have reported the main components and
characteristics of ACPs (e.g. Glantz et al. 2009) and their links to climate
variability in different parts of the world. Such significant relationships between
ACPs and SAT have been found across the whole of Europe (Trigo et al. 2002),
the Greater Alpine region of Europe (Efthymiadis et al. 2007), the centre of
Europe (Cahynová & Huth 2009), the Mediterranean region (Xoplaki et al. 2003),
the Iberian Peninsula (Rodríguez-Puebla et al. 2010), northern Asia (Hoy et al.
2013), the Nordic and Arctic regions (Tuomenvirta et al. 2000) and the Baltic Sea
region (Omstedt et al. 2004). Moreover, strong associations have been found
between ACPs and precipitation over northern Europe and the Baltic Sea basin
(Jaagus 2009, Uvo 2003), the European Alps (Bartolini et al. 2009), the western
Mediterranean basin (Gonzalez Hildago et al. 2009, Lopez-Bustins et al. 2008,
Wibig 1999), the eastern Mediterranean and the northern Caspian Sea (Kutiel &
Benaroch 2002, Kutiel et al. 2002, Türkes & Erlat 2003). To explore the role of
atmospheric circulation in climate variability over Finland, this thesis measured
correlations between the well-known ACPs of the NH and both SAT and
precipitation variations across Finland.
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1.4

Snowpack accumulation and melt

Snowpack is a fundamental component of the hydrological cycle and the climate
system (Barry 1985, Robinson 1987), and it interacts spatially and temporally
with surface thermal energy, atmospheric dynamics and soil thermal conditions
(Frei & Robinson 1999, Groisman et al. 1994, Walker et al. 1999). From a
climatological point of view, the absence of snowpack on the ground decreases
surface albedo and consequently warms the Earth, particularly at high latitudes in
the NH (Fyfe & Flato 1999). For example, Leathers et al. (1995) reported SAT
warming of up to 5 °C in the north-eastern USA due to decreases in snow cover
expansion. In addition, snowpack plays a key role in land surface hydrology by
storing water in the winter and releasing it as snowmelt during spring and early
summer (Jansson et al. 2003, Pohl et al. 2005). This snowmelt usually controls
peak flood discharge in northern rivers by generating a major volume of annual
river flow (Pomeroy et al. 1998, Woo & Young 2004). It also provides a major
water resource required for terrestrial and aquatic ecosystems and different human
activities such as agriculture, forestry, food, energy generation and recreation
(Jylhä et al. 2008).
In nature, snowpack is a reservoir for water and accumulates on the ground
during winter, when precipitation mostly falls as snow because of cold SAT
(<0 °C), and gradually disappears with the arrival of warm SAT in spring and
early summer (e.g. Pohl et al. 2005, Özdoğan 2011). Hence, the snow resource
mainly depends on effects of changes in SAT and precipitation patterns on
snowpack accumulation and melt processes (e.g. Räisänen 2008). A decrease in
the number of cold days during winter would result in less snowfall and/or more
rainfall (Kivinen et al. 2012) and thereby diminish accumulation of snowpack on
the ground (Jylhä et al. 2008, Kivinen & Rasmus 2014, Rasmus et al. 2004). A
decline in the amount of snow would decrease liquid water refreezing inside the
snowpack by reducing its maximum retention capacity. Besides, a warmer climate
would amplify the rate of snowmelt (Kivinen et al. 2012, Rasmus et al. 2004). All
these changes would lead to decreases in SWE, a decline in spring melt volume
and earlier snowmelt runoff (Barnett et al. 2005, Hodgkings et al. 2003, Kivinen
& Rasmus 2014). Consequently, future decreases in snow cover expansion and
duration (Barnett et al. 2005), more frequent winter floods (Barnett et al. 2008,
Steele-Dunne et al. 2008), less and earlier spring peak river discharge, a decline
in spring groundwater level, less summer base flow and an increased risk of
summer drought (Okkonen & Kløve 2010) are expected over boreal regions. On
21

the other hand, intensive snowfall because of increased winter precipitation could
provide sufficient snowpack accumulation on the ground and offset the impacts of
SAT warming (Jylhä et al. 2004, Räisänen 2008). Hence, snow resource
availability fundamentally depends on the balance between these competing
processes in response to changes in SAT and precipitation patterns, particularly
during winter.
1.5

Objectives of the thesis

The overall aim of thesis was to improve understanding of atmospheric
circulation- climate variability and snow resource interlinkages in Finland during
the last century. The primary objective was to comprehensively analyse the longterm variations and trends in climate conditions, in terms of SAT and
precipitation, in Finland and their relationships with ACPs of the NH. A
secondary objective was to develop a snowpack hydrological processes model
(SHPsMod) based on the temperature-index snowmelt approach (Vehviläinen
1992) to simulate century-long daily snowpack hydrological processes (SHPs) in
Finland in terms of liquid water refreezing, water storage as snow water
equivalent (SWE) and outflow as total liquid water leaving the snowpack induced
by snowmelt flux (or meltout: melt water release from the snowpack after its
maximum liquid water retention capacity is reached) and/or rainfall. After
calibrating and validating the model, the work proceeded to analyse variations
and trends in simulated SHPs during the past 100 years. Such long-term (~100
years) analysis is needed to reveal the effects of the full range of climate
variability and change on snow resource in Finland, while previous studies are
mostly restricted to last 50-60 years, for which data availability generally allows
significant trends to be determined. The dependency of snow resource changes on
winter parameters (duration, start and end days) and climate in Finland was also
examined. Finally, the role of snow resource changes in the seasonal hydrological
cycle of Finland was investigated.
Specific objectives of the work were to: 1) spatio-temporally analyse longterm variability and trends in climate conditions, in terms of SAT and
precipitation, across Finland in relation to ACPs; 2) evaluate changes in the snow
resource (in terms of SWE and CSCD) in Finland during the past century; 3)
examine the dependence of the snow resource on winter climate factors
controlling SHPs; 4) assess the sensitivity of winter precipitation forms (snowfall
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and rainfall), SHPs and CSCD to future changes in SAT and/or precipitation; and
5) investigate changes in the magnitude and timing of snowpack peak outflow.
Using long-term (1961-2011) gridded daily mean SAT for Finland (10×10
km2) and the well-known ACPs of NH, Paper I analysed interannual variations
and trends in SAT across the country and their relationships with atmospheric
circulation. The results provided national and spatial pictures of SAT warming in
Finland during recent decades and revealed that SAT variability throughout the
country is closely linked with a number of ACPs, not just the AO and the North
Atlantic Oscillation (NAO). However, there were spatial differences within
Finland for both the climate trends and links with the ACPs. The physical
mechanisms behind such strong correlations between SAT and its influential
ACPs were briefly considered.
Paper II used spatially interpolated monthly precipitation records at 165
stations with more than 30 years of data covering the period 1911-2011 (of which
32 stations had 101 years of data, the full length of the study) to evaluate longterm precipitation changes in Finland. Historical variability and trends in annual,
seasonal and monthly precipitation on both national and spatial scales in Finland
and their dependency on ACPs of the NH were analysed. According to the results,
Finland has clearly experienced wetter than normal climate conditions during
recent decades and precipitation in the country is controlled by several ACPs, not
just NAO as previously assumed.
To identify climate factors controlling snow resource changes in Finland,
Paper III studied the effects of variations and trends in SAT and precipitation
patterns in the country on SHPs, particularly during winter. The work began by
developing the SHPsMod model based on the temperature-index snowmelt
approach to simulate long-term (>100 years) daily SHPs at three meteorological
stations, located in southern, central and northern Finland. After calibrating and
validating the model, application of statistical methods for the simulated SHPs
determined significant declines in snow resource and shortening in CSCD at all
three stations studied during the past 100 years. The decline in snow resource in
the south of Finland was related to reductions in snowfall because of both winter
SAT warming and decreased winter precipitation, but in the centre and north of
the country only to decreased winter precipitation. However, projected future
increases in precipitation (up to 30%) may play a key role in offsetting the
impacts of SAT warming (up to 4 °C) on snow resource decline in Finland.
Paper IV investigated the effects of climate variability and change on
snowpack outflow as the key SHP controlling streamflow seasonality in Finland.
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Variability and trends in both the magnitude and timing of 1- to 30-day snowpack
peak outflow in Finland during the past century were analysed. The results
revealed that: 1) peak snowpack outflow in Finland is more dependent on
snowmelt flux than rainfall; 2) the 1- to 10-day snowpack peak outflow in Finland
has decreased and shifted to earlier in the year; and 3) the 10-day snowpack peak
outflow can be used as an indicator for describing high SWE, snowmelt flux (or
meltout) and snowpack peak outflow years in Finland.
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2

Climate and hydrology in Finland

Finland is located in the Fenno-Scandinavian region of northern Europe (Figure
1). In Finland, the land use types are generally forest (68%), lakes (10%), open
areas including peatland (10%), agricultural land (8%) and constructed land and
roads (4%) (Tilastokeskus 2002). Based on the Köppen-Geiger climate
classification system, Finland is generally characterised by boreal or temperate
climate conditions with no dry season (Df), moderate summers (Dfb) in a small
area of the southern coast and short summers (Dfc) across most of the country
(Peel et al. 2007). The boreal climate in Finland is primarily controlled by the
Atlantic Ocean, the Arctic Ocean, the Baltic Sea, the Scandinavian mountain
range, continental Eurasia and the latitudinal gradient (Atlas of Finland-Climate
1987, Käyhkö 2004). Regarding water resources availability, Finland has about
19 000 m3/capita/year, and was ranked the fifth highest country in this regard in
Europe in 2001 (European Environment Agency 2005).
As a long country in the south-north direction (~1320 km), Finland
experiences a strong latitudinal gradient in SAT, particularly during winter, which
significantly influences snowpack accumulation and melt processes. Mean annual
SAT in Finland during 1981-2010 ranged from less than -1.0 °C in the north to
more than 5.0 °C in the south (Figure 1a) (Pirinen et al. 2012). Annual
precipitation in Finland during the same period (1981-2010) varied from 400 mm
in Lapland in the north to around 750 mm across southern coastal areas (Figure
1b) (Pirinen et al. 2012). On the other hand, average annual snow depth on 31
March in Finland ranged from less than 10 cm in southern coastal parts to more
than 80 cm across the north of the country (Figure 1c). Besides, average annual
number of snow cover days varied between less than 130 in the south of Finland
and more than 205 days in the north of the country (Figure 1d). Within Finland,
average annual SAT and precipitation naturally increase from the north towards
the south, while annual snow depth and number of days with snow cover
decrease.
Besides distinct regional hydrological differences set by snow accumulation
and melt, Finland can be categorised into three hydrological regions as defined by
Korhonen & Kuusisto (2010): 1) catchments located in the lakeland area in the
centre of the country; 2) small and medium-sized coastal rivers; and 3) medium
and large size rivers in northern areas (Figure 1e). On a local scale, groundwater
deposits, peatlands and lakes set their mark on hydrology. In general, the seasonal
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cycle in the country is strong, as snowpack accumulates on the ground during
winter and melts in spring, resulting in increased runoff.

Fig. 1. Maps of Finland showing a) average annual SAT (°C); b) average annual
precipitation (mm); c) average snow depth (cm) on 31 March; d) average annual
number of days with snow cover, during the period 1981-2010; and e) hydrological
regions. (a-d) compiled based on Pirinen et al. (2012) and (e) based on Korhonen &
Kuusisto (2010).
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This cycle is most pronounced in northern Finland, whereas in the south snow
also frequently melts in the winter period. In southern and central Finland,
autumn rains and low autumn evaporation cause runoff to increase, but this peak
is on average substantially lower than the spring peak. The seasonal hydrological
cycle with spring snowmelt is strong in the north of Finland, in the small
upstream rivers and lakes across the north of the lakeland area and also in the
northernmost coastal rivers (Korhonen & Kuusisto 2010). In these areas, spring
snowmelt usually controls annual peak river discharge. However, snowmelt or
heavy rainfall can generate major volumes of peak river discharge in the south
and coastal rivers region with small and medium-sized river basins. As winter
SAT is quite frequently above 0.0 °C in the south and south-west of Finland,
snowmelt and floods during winter are not unusual (Korhonen & Kuusisto 2010).
In the coastal areas, discharge of rivers fluctuates widely and rapidly because of
small catchments with a low proportion of lakes. The numerous lakes in the
lakeland hydrological region provide large storage capacity to smooth out the
seasonal variations in river discharge. However, in the large central lakes, longlasting high flows are mainly the result of prolonged heavy rainfall and/or
snowmelt (Mustonen 1986).
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Materials and methods

3.1

Gridded daily mean surface air temperature (I)

In Paper I, daily mean SAT data spatially interpolated onto regular grid (10×10
km2) points across Finland (Figure 2a) for the period 1961-2011 were obtained
from PaITuli-Spatial Data for Research and Teaching through the CSC-IT Centre
for Science Ltd website (http://www.csc.fi/english). These regular grid points
were created based on the Finnish National Coordinate system (YKJ) covering
3829 grid squares located inside or on the borders of Finland, using daily mean
SAT measurements at 100-200 stations scattered across Finland (Figure 2b). The
westernmost and easternmost coordinates of the area were 3075000 (15.921238°E
in WGS-84 system) and 3735000 (31.180170°E in WGS-84 system) and the
northernmost and southernmost coordinates were 7785000 (69.795261°N in
WGS-84 system) and 6635000 (59.761163°N in WGS-84 system). Mean seasonal
and annual SAT time series were calculated based on these gridded daily mean
SAT data. For a national-scale assessment on the different time scales, the
arithmetic average of all gridded mean daily SAT data during the study period
(1961-2011) was used. The calendar-based year (January to December) and
climatological season (winter = December, January and February; spring =
March, April and May; summer = June, July and August; autumn = September,
October and November) were considered in this thesis as annual and seasonal
time scales, respectively.
The daily SAT gridded data set was produced by the Finnish Meteorological
Institute (FMI) using a spatial model developed especially for climatological
applications by Henttonen (1991), based on a stochastic interpolation technique
known as kriging (Ripley 1981). The applied spatial model consists of a trend
surface model and a covariance function to smooth the differences between the
estimated and measured values, and has previously been applied in research
projects by Venäläinen & Heikinheimo (2002), Vajda & Venäläinen (2003),
Venäläinen et al. (2005), Vajda (2007) and Tietäväinen et al. (2010). Although
using the spatial interpolation model can extend information about climate
variables to areas with no observations, the uncertainties in the data sets
produced, resulting mainly from the number and distribution of the available
measuring stations, should be kept in mind and acknowledged.
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The geographical distribution of the available SAT observation stations
throughout Finland considered by the FMI when creating the daily mean SAT
gridded data set used in Paper I is shown in Figure 2b. The temporal variations in
the number of stations is shown in Figure 2c. Since the distribution of the stations
is fairly even and the density is fairly high for capturing SAT variations, the
quality of the gridded data set can be considered good. It should be mentioned
that the homogeneity and accuracy of this daily mean SAT gridded data set were
evaluated during creation of the PaITuli database (Venäläinen et al. 2005). The
interpolated SAT data set was also validated against the observed monthly mean
SAT time series during 1971-2000 by Tietäväinen et al. (2010). The coefficient of
determination (R2) between the estimated and measured SAT values ranged from
0.96 in July to 0.99 in November. Hence, use of the daily mean SAT gridded data
set was justified in Paper 1 to allow better presentations of the spatial patterns in
SAT across Finland and their relationship with ACPs.
3.2

Spatially interpolated monthly precipitation records (II)

In Paper II, spatially interpolated monthly precipitation records for the period
January 1911-December 2011 from 165 meteorological stations with more than
30 years of data (of which 32 stations had 101 years of data for 1911-2011, setting
the full length of the study period) were obtained from the Finnish Environmental
and Spatial Service database (OIVA database 2012). The locations of these
meteorological stations are shown in Figure 3. The study period and its length for
each station, as well as number of stations included in each year from 1911 to
2011 (full length of study period) are illustrated in Figure 4. Seasonal and annual
datasets were derived from these monthly data. The 101-year study period was
considered sufficiently long to allow reliable conclusions to be drawn on temporal
precipitation changes that might have occurred in Finland.
In climate change research, long-term variability analysis is critically
vulnerable to the existence of possible inhomogeneity in the temporal datasets.
The degree of inhomogeneity in the original data, especially for precipitation, can
be compared to the real observed changes in climate conditions (Hanssen-Bauer
& Førland 1994, Tuomenvirta 2004). Although long-term global hydroclimatological time series based on meteorological observations can produce a
consistent description of global, hemispheric and regional climate conditions
(Jones 1994, Nicholls et al. 1996, Vinnikov et al. 1990), at the national scale they
can give severely biased climate descriptions (Moberg & Alexandersson 1996).
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Fig. 2. a) Study area and regular grid points (10 × 10 km2) covering daily SAT data sets
for Finland obtained from the CSC-IT Centre for Science (PaITuli); b) daily SAT
measurement stations over Finland used for calculating gridded data sets; and c)
temporal variations in number of daily SAT measurement stations in Finland during
1961-2011. Reprinted with permission from John Wiley & Sons, Inc. (Paper I).
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Before 1909, precipitation in Finland was measured by a poor network of stations.
In 1909, all instruments for precipitation measurement were changed and hence
areal averages of precipitation in Finland are available only since 1910. While the
biases of temporal variations in precipitation datasets must be adjusted before
analysis (IPCC 1995), two main approaches are generally used to evaluate the
homogeneity of different Finnish hydro-climatological datasets. The first of these
uses the history of observation method (Heino 1994), and the second some
specially developed statistical tests (Tuomenvirta & Drebs 1994) based on the
Standard Normal Homogeneity Test (Alexandersson 1986). However, even after
these adjustments, the time series of Finnish precipitation may still include some
inhomogeneity. Bias in the Finnish precipitation data is the result of changes in
precipitation gauging type in 1980 and elimination of a number of measuring
stations at the same time. According to Solantie & Junila (1995) and Heino
(1994), this change in precipitation gauging type can cause errors in measured
values. However, the difference can be adjusted (Solantie & Junila 1995, Heino
1994), and therefore in Paper II the adjusted precipitation data were used.
Changes in number of measuring stations may cause inhomogeneity, but in Paper
II it was assumed that these changes are not systematic and thus had a negligible
effect on the trend analysis, as it considered only stations with long-term datasets.
3.3

Observed snow water equivalent datasets (III & IV)

Recorded long-term daily precipitation and mean SAT data (>100 years) and 2060 years of daily SWE measurements made by the FMI at three of its stations
(Kaisaniemi in the south of Finland, Kajaani in the centre and Sodankylä in the
north) (Figure 5) were used as input to the SHPsMod model in Papers III and IV
(Section 3.5.1). These stations were selected because: (1) they have long-term
records of daily mean SAT and precipitation (>100 years), whereas the period
after 1950 has been mostly considered in previous studies; (2) they demonstrate
spatial patterns of annual precipitation and mean SAT in Finland, both of which
normally decrease from south to north (Pirinen et al. 2012); and (3) they cover the
whole of Finland from north to south. Just a few hundred metres of change in the
location of stations, a slight difference between techniques for measuring
precipitation only during summer (Solantie & Junila 1995) and a minor
percentage of missing data at the stations studied are likely to have no effects in
analysis of variations and trends in such long-term (>100 years) data sets.
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Fig. 3. Location of precipitation measurement stations in Finland (nos. 1-165) with
more than 30 years of records. Stations shown in red have 101 years of precipitation
data (1911-2011), the full length of the study period. Reprinted with permission from
John Wiley & Sons, Inc. (Paper II).
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year. Stations with 101 years of data are shown in red. Reprinted with permission from John Wiley & Sons, Inc. (Paper II).

Fig. 4. a) Study period at each station; b) length of study period at each station; and c) number of precipitation stations in each

In Finland, SWE is determined by the Finnish Environment Institute (SYKE)
using snow course measurements based on strict guidelines. Snow depth is
usually measured 80 times along a snow course by a measuring stick. To obtain
the density, the snow is weighted at eight points along the snow course. The snow
density is determined using Finnish snow scales with a cylinder with a crosssectional area of 100 cm2. In general, local observers measure the snow course
once or twice a month during the winter. Long-term SWE data (30-60 years)
measured at Kaisaniemi Vantaa station, located about 36 km north-east of
Kaisaniemi, at Kajaani Vuolijoki station, located 34 km west of Kajaani, and at
Sodankylä Vuotso station, located 84 km north of Sodankylä, were obtained from
Environmental and Spatial Information Services for Experts (OIVA). These
SYKE stations were the closest snow course sites with the longest available SWE
records to the FMI meteorological stations of Kaisaniemi, Kajaani and Sodankylä.
Geographical coordinates, period covered and number of available measured
SWE data for these SWE measuring stations are given in Table 1. The measured
SWE data were only used to calibrate and validate the SHPsMod model (Section
3.5.2).
3.4

Atmospheric circulation patterns (I-IV)

This thesis considered the well-known ACPs over the NH, i.e. the Arctic
Oscillation (AO), North Atlantic Oscillation (NAO) and the East Atlantic (EA),
East Atlantic/West Russia (EA/WR), Scandinavia (SCA), Polar/Eurasia (POL),
West Pacific (WP), East Pacific/North Pacific (EP/NP), Pacific North American
(PNA), Pacific Transition (PT) and Tropical/Northern Hemisphere (TNH)
patterns. Using data during 1981-2010 as the baseline, the Climate Prediction
Center (CPC) at the US National Oceanic and Atmospheric Administration
(NOAA) calculates standardised monthly values of these ACPs. The monthly
ACP values from January 1950 are openly available online on the CPC website
(http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml). The NOAA
website also provides data on the main characteristics of the patterns. For the
present thesis, annual and seasonal time series of ACPs for hydrological or water
years (WY = September-August), calendar-based years (January-December) and
climatological seasons (winter = December, January and February; spring =
March, April and May; summer = June, July and August; autumn = September,
October and November) were derived from their standardised monthly values
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since 1950. Prominent ACPs influencing SAT and precipitation variability across
Finland are described briefly below.

Fig. 5. Study

area

and

location

of

the

Kaisaniemi,

Kajaani

and

Sodankylä

meteorological stations in maps of Finland showing a) average annual SAT (°C) and b)
average annual precipitation (mm), during 1981-2010. Compiled based on Pirinen et al.
(2012). Reprinted with permission from John Wiley and Sons, Inc. (Paper III).

3.4.1 Arctic and North Atlantic Oscillations (AO & NAO)
The AO and NAO are two dominant ACPs controlling winter SAT variability at
high and medium latitudes in the Atlantic/European zone and Arctic region. The
AO index indicates the strength of the circumpolar vortex (Thompson & Wallace
1998), while the NAO index describes the intensity of westerly airflow from the
North Atlantic to the Atlantic European sector. Their positive values correspond
to strengthening of westerly circulation and prevailing mild maritime airflow
across northern Europe in the cold season. During the second half of the 20th
Century, the most significant strengthening in westerly circulation was observed
in February (Jaagus 2006).
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Observed daily prec.

(Meteor.

Data type
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measuring
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permission from Elsevier (Paper IV).

16.11.1980 - 16.04.2011

17.12.1961 - 17.12.2011

15.02.1949 - 18.04.2012

01.01.1845 - 31.12.2011

01.01.1903 - 31.12.2008

01.01.1908 - 31.12.2011

Study period

132

311

380

59898

37987

36160

daily data

No. of available

Table 1. Geographical coordinates, study period and number of available daily data at the three stations studied. Reprinted with

The changes in March are also substantial, but not those in January. Besides, no
clear changes have been found in the intensity of the westerlies during
summertime (Jaagus 2006).
Changes in westerly circulation have been associated with increasing trends
in both the AO (0.26 per decade) and NAO (0.20 per decade) (Wang et al. 2005).
Many studies have concluded that these increasing trends in the AO and the NAO
indices over the cold half-year largely explain the annual SAT warming across the
NH during recent decades (e.g. Jaagus 2006, Ostermeier & Wallace 2003,
Thompson et al. 2000). Thompson & Wallace (1998, 2000) showed that over
Eurasia, SAT is more strongly correlated with the AO than with the NAO. This
strong relationship comes from recent pressure reductions at high latitudes during
the warm season (April-September), even if the AO is a more winter season
pattern (Serreze et al. 1997). Besides, Serreze et al. (2000) reported that the NAO
could be considered a major component of the AO. Hence, the annular mode of
atmospheric circulation and the annual SAT over the NH are considered to be
based entirely on variations in the AO (Thompson et al. 2000).
3.4.2 East Atlantic pattern (EA)
Wallace & Gutzler (1981) originally defined the EA pattern as an ACP with four
different centres of pressure; two low pressure centres in the west of the British
Islands and over the centre of Serbia, and two high pressure centres in the southwest of the Canary Islands and between the Black and Caspian Seas, respectively
(CPC 2011, Panagiotopoulos et al. 2002). The EA pattern was defined based on
the normalised 500 hPa geopotential height anomalies at these four pressure
centres. Barnston & Livezey (1987) introduce the EA pattern as the second
prominent mode of low-frequency variability across the North Atlantic consisting
of a north-south dipole of anomaly centres extending from the east to west of the
North Atlantic. The EA generally represents the intensity of the westerly
circulation over the centre and south of Europe better than the NAO. Its anomaly
centres are also located south-east of the approximate nodal lines of the NAO and
thus the EA pattern is usually interpreted as a south-eastward shifted NAO
pattern.
The positive phase of the EA pattern is associated with above-average surface
temperatures in Europe, including Finland, in all months, and this positive
relationship is most significant in summer. The EA pattern is mainly the airflow
coming from the Bay of Biscay to the centre of Europe. Its positive phase results
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in a negative pressure anomaly across the west of Ireland and a positive pressure
anomaly from west to east of the Atlantic. The positive pressure anomalies across
the subtropics during the positive phase of the EA pattern bring warm airflow,
resulting in warming over Europe. Confirming this signature, the work in this
thesis indicated that the EA pattern was the most significant teleconnection
positively affecting the country-scale SAT during summer. A composite analysis
of the surface wind over Europe with regard to positive and negative EA phases
showed that the dominant anomalous surface wind over Finland in summer under
positive EA is from the south, which brings warm air to Finland, whereas the
opposite (northerly wind over Finland) is true under negative phases of the EA,
which is often linked to below-average surface temperatures in Finland.
3.4.3 East Atlantic/West Russia pattern (EA/WR)
The EA/WR pattern represents the meridional circulation for Finland, which
usually decreases with the strengthening of westerly airflow. As a zonally
orientated pattern, the EA/WR consists of two anomaly centres, located over the
Caspian Sea and western Europe, during winter, but three anomaly centres,
located over west-northwest Russia, north-west Europe and the coast of Portugal,
in spring and autumn. Barnston & Livezey (1987) refer to the EA/WR pattern as
Eurasia-2 (EU2). Krichak et al. (2002) observed a positive trend in the EA/WR
pattern during recent decades that could have played a key role in the climate in
Eurasia, in addition to the AO and NAO. However, the effects of the EA/WR
pattern on SAT in Europe, particularly in the Nordic countries, throughout the
year have received little attention. The positive values of the EA/WR pattern are
in accordance with the anomalous northerly and north-westerly circulation,
whereas its negative values correspond to the anomalous southerly and southeasterly airflow. Hence, it is known that the positive phase of the EA/WR pattern
is associated with cold SAT anomalies (negative correlations) in large parts of
western Russia, north-east Africa and the Arctic area, and warm SAT anomalies
(positive correlations) in east Asia (e.g. Barnston & Livezey 1987, Lim & Kim
2013).
3.4.4 Scandinavia pattern (SCA)
Using rotated principal component analysis (RPCA), Barnston & Livezey (1987)
studied anomalies in mean monthly 700 mb height over the extratropical NH,
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which resulted in identification of the SCA pattern [referred to as EU1 (Eurasian
Type 1) pattern]. Its main centre of action is located over the Scandinavian
Peninsula and a segment of the Arctic Ocean over Siberia. The other two action
centres, with opposite sign of anomalies, are located over the north-east Atlantic
(Western Europe) and western China (Mongolia). The positive (negative) phase of
the pattern represents high (low) pressure airflow associated with the warm (cold)
SAT anomalies in Greenland, the Scandinavian Peninsula and the Greenland and
Norwegian Seas (Bueh & Nakamura 2007). Hence, it is clear that there is a
positive correlation between the SCA pattern and the SAT in summer months in
Finland. On the other hand, a negative correlation between SAT and the SCA
pattern over the south and west of Europe has been reported; e.g. El Kenawy et al.
(2012) concluded that the above-average SAT in Spain during 1920-2006 was
negatively correlated with the SCA pattern; Ramadan et al. (2012) showed a
similar correlation for summer in western Lebanon and Toreti et al. (2010)
demonstrated a weak negative correlation between summer SAT in Italy and the
SCA pattern.
3.4.5 Polar/Eurasia pattern (POL)
The POL pattern is considered the most significant mode of low-frequency
variations during December-February. It consists of a key anomaly centre over the
polar region and separate centres with opposing sign over Europe and north-east
China. Hence, this pattern reflects the main changes in the power of the
circumpolar circulation and the corresponding systematic fluctuations occurring
in the mid-latitude airflow over large areas of Asia and Europe. The positive
phase of this pattern manifests a strong circumpolar vortex, while the negative
phase results in a weaker than average polar vortex (CPC 2011, Barnston &
Livezey 1987).
3.4.6 West Pacific pattern (WP)
This pattern of north-south dipole anomalies consists of one centre of action over
the Kamchatka Peninsula and another wide centre of opposing sign covering
south-east Asia and lower latitudes of the western North Pacific (Wallace &
Gutzler 1981). As the known signature of pattern, its positive phase is associated
with warmer SAT anomalies at mid-latitudes of the western North Pacific in
summer and winter, and with colder SAT anomalies in eastern Siberia in all
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seasons. However, this thesis showed that Finnish SAT during May and July and
during spring (centre and south of the country) and summer (southern areas) were
negatively correlated with the WP pattern. Similar composite analysis as with the
EA showed that the positive phase of the WP pattern is usually associated with an
anomalous northerly wind over Finland, which causes below-average
temperatures in Finland in spring and summer. The opposite (southerly wind over
Finland) was found to be linked to the negative phase of the WP. It may also be
possible that the colder SAT anomalies in eastern Siberia during the negative
phase of the WP play a role for the SAT in these months/seasons, but the
mechanisms through which this is realised remain to be investigated.
3.5

Simulation of snowpack hydrological processes (III & IV)

In general, snow hydrology is conceptually modelled based on two main
approaches: 1) Physical based snowmelt models, which use fundamental laws of
physics about heat energy budgets to simulate snow accumulation and melt
processes (e.g. Kuchment et al. 1986, Price & Dunne 1976, US Army Corps of
Engineers 1998), and 2) empirical temperature-index snowmelt models (e.g. Hock
2003, Kuusisto 1984, Vehviläinen 1992), which assume a linear relationship
between SAT and snowmelt rate in a catchment. The main problem with using the
physical based snowmelt models relates to their requirement of extensive amounts
of input data to force the initial running in order to calibrate the model based on
historical datasets before forecasting. Moreover, the advantages of the
temperature-index snowmelt approach, as summarised by Hock (2003) are that:
1) It uses datasets that are usually measured by instrument in most catchments,
such as temperature and precipitation; 2) its relatively simple ability to interpolate
and predict air temperature; 3) its simple computational procedure; and 4) it
provides good results despite its simplicity. Hence, the temperature-index
snowmelt approach was preferred to the physical based approach to develop the
SHPsMod model in this thesis, where the aim was to evaluate variability and
trends in SHPs during the last century using simulated long-term (>100 years)
observed SAT, precipitation and SWE time series as input.
3.5.1 Snowpack hydrological processes model
As the most common approach to simulate snowpack dynamics, the SHPsMod
based on an empirical temperature-index snowmelt approach was developed and
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used in the present thesis (e.g. Jeniček et al. 2012, Hock 2003, Kuusisto 1984,
Singh et al. 2000, Vehviläinen 1992). The model consisted of two (precipitation
and snowpack) sub-models (Figure 6), and was coded and run in MATLAB.
The precipitation sub-model calculates the fractions of snowfall and rainfall
as:
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where Fr is rainfall fraction, Fs is snowfall fraction, T0 is SAT measured at 2 m
height, Tmin is snowfall base temperature and Tmax is rainfall base temperature.
Both Tmin and Tmax values at each station were estimated based on the model
calibration procedure described in Section 3.5.2. The amounts of rainfall (Pr) and
snowfall (Ps) were also modified using the correction coefficients of rain gauge
measurements including wind speed effects as (Vehviläinen 1992):
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where Pr is rainfall, Ps is snowfall, P0 is observed precipitation, Cr is the
correction-coefficient for rainfall, Cs is the correction-coefficient for snowfall and
Corrected Ptot is corrected total precipitation. In calibrating the model, values of
Cr and Cs were determined for each station within their upper and lower bounds
verified for Finland using actual wind speed observations (Vehviläinen 1992).
The outputs from the precipitation sub-model, Pr and Ps, were used as input data
for the snowpack sub-model (Figure 6).
The snowpack sub-model was used to calculate different SHPs. Surface
snowmelt (SM) is liquid water inside the snowpack produced from snow and ice
melt. The most common method used to estimate SM is the degree-day approach,
which calculates SM with a linear function from daily mean air temperature
(Vehviläinen 1992) as:
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where Kd is degree-day factor, Tmelt is snowmelt base temperature, M is the water
amount in melted snow based on the temperature index method and SI0 is
available solid water (ice and snow) in the snowpack at a given time. The initial
value of SI0 was set to 0 in the calibration procedure because there was no snow
cover on the ground on the starting day (15 September). The minimum value
between M and SI0 is the amount of SM in the snowpack, because according to
the temperature index method SM cannot be greater than SI0 at any given time.
Both Kd and Tmelt were estimated for each station by model calibration.
Liquid water produced by the SM will stay inside the snowpack until its
retention capacity of liquid water is reached. The retained SM in the snowpack
naturally refreezes during the night of the melting day when the air temperature is
below freezing. In this study, the refreezing base temperature was considered as a
selected parameter in the model calibration procedure. The refreezing is
exponentially dependent on temperature because of the insulating effects of
snowpack (Bengtsson 1982). In order to improve the performance of the
SHPsMod, the effective surface snowmelt rate was calculated as surface
snowmelt minus the amount of refreezing. The refreezing of SM in the snowpack
was computed as (Vehviläinen 1992):
−

<

=
=

0

≥

(7)

where F is amount of refreezing based on temperature index method, Kf is
refreezing coefficient, Tf is refreezing base temperature, e is an exponent, SL0 is
the available liquid water inside the snowpack at the given time and SF is the
amount of refreezing in the snowpack. Since F cannot be greater than SL0 in the
snowpack, SF is the minimum difference between F and SL0. Model calibration
gives the values of Kf, e and Tf at each station studied.
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Fig. 6. The snowpack hydrological processes model structure and calibration
procedure. Reprinted with permission from Elsevier (Paper IV).

The amount of solid water in the snowpack (SI) was calculated based on Eq. 8 as
a function of SI0, Ps, SF and SM. In addition, the amount of retained liquid water
in the snowpack (SL) was computed according to Eq. 9 as a function of SL0, Pr,
SM, SF, percentage of liquid water retention capacity (Ret) and SI. Here SL is the
minimum difference between L1 and L2, because the liquid water retained in the
snowpack cannot be greater than the liquid water retention capacity of solid
water.
=
=
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Results from the snowpack sub-model were used to calculate the SWE, snowmelt
flux (or meltout) and outflow. The SWE is described based on the amount of
available liquid and solid water in the snowpack, as well as the evaporation losses
from the snowpack at a given time. The SWE was computed using Eq. 10, based
on SI, SL and evaporation from the snowpack (E).
=

+

−

(10)

Snowpack outflow (RW) is induced by snowmelt flux (ML) and/or rainfall. In the
presence of snowpack on the ground (SWE >0), snowmelt flux-induced outflow
occurs when the melt water inside the snowpack exceeds the maximum water
retention capacity of the snowpack (WSPmax), which means ML >0. Hence, the
snowmelt flux-induced outflow is calculated as the sum of snowmelt flux and
rainfall because the maximum water retention capacity of snowpack (WSPmax) is
already exceeded by melt water and all liquid water from rainfall directly leaves
the snowpack. On the other hand, ML = 0 means the WSPmax is not exceeded yet.
Thus, liquid water from rainfall can be retained in the snowpack until the WSPmax
is surpassed and consequently the rainfall-induced outflow is happening.
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0
3.5.2 Model calibration and validation
In this thesis 11 parameters recommended in the literature (e.g. Kuusisto 1984,
Vehviläinen 1992) were used for model calibration (Table 2). The model was
optimised in the calibration procedure using the nonlinear least-squares method in
MATLAB for the difference between observed and simulated SWE. For model
validation, the calibrated values of selected parameters at each station (Table 2)
were used in the SHPsMod model of the corresponding station. For example, the
model at Kajaani was calibrated using 196 observed SWE data covering the
period from 15 September 1960 to 15 September 1993 (Tables 2 & 3). The
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calibrated values of selected parameters at Kajaani (Table 2) were then used in
SHPsMod for the validation procedure, including 99 data records of measured
and simulated SWE for the period 15 September 1993-15 September 2008.
3.5.3 Evaluation of model performance
To determine the model goodness, five statistical indicators, the Nash-Sutcliffe
coefficient (NSE) (Nash & Sutcliffe 1970), the percentage deviation from
measured SWE (PBIAS), root mean squared error (RMSE), the determination
coefficient (R2) and the regression line slope, were determined as follows:
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where o is the observed value, s is the simulated value, is the mean of observed
values, ̅ is the mean of simulated values and n is the number of data records.
Based on these five indicators, the model performed well (e.g. R2 range 0.630.82) at all three stations studied (Kajaani, Kaisaniemi and Sodankylä) over both
their calibration and validation phases (Table 3). Figure 7 shows visual and
statistical comparisons between the simulated and observed daily SWE during the
calibration and validation phases at Kajaani, which were identified as the best
results.
3.5.4 Uncertainties in the model
Uncertainties in simulation of SHPs generally relate to the structure of the
SHPsMod applied, use of appropriate input data and selection of applicable
parameters for model calibration that evaluates the agreement between observed
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and simulated values (Slater et al. 2013). Conceptual models such as SHPsMod
are mostly dependent on the quality of parameters used for the calibration
procedure. In this thesis work, uncertainties were mainly associated with the
degree-day factor (Kd), the water retention capacity of snowpack (Ret) and
threshold temperatures (Tmin, Tmax, Tmelt and Tf). The calibrated SHPsMod model
gives a constant value to the degree-day factor, while it increases during spring
snowmelt as a function of the cumulative melt. This increase is explained by the
reduction in snow albedo, soil warming resulting from shallow snowpack at the
end of the snow cover period and increased solar radiation during the end of the
snowmelt period (Vehviläinen 1992). The Ret is reduced during the snowmelt
period because of less space and the grain surface layer absorbing liquid water, as
well as increased horizontal and vertical drainage from the snowpack
(Vehviläinen 1992). Thus, the Ret is not constant, as the SHPsMod model
estimates it by the calibration procedure. Empirical values are usually assumed
for the threshold temperatures parameters (e.g. Tmelt = 0 °C), while model
calibration estimates different values mainly depending upon the geographical
and climatological characteristics of the study area. Besides, the usage of daily
mean SAT may indicate no snowmelt, while positive SAT occurring during the
day could cause the snow to melt (Hock 2003).
3.6

Winter snow-related variables (III & IV)

Snow is naturally accumulated on the ground due to snowfall during winter,
which also controls snow cover expansion and duration. This thesis analysed 20
different winter snow-related variables (Table 4) to identify the factors controlling
snowpack accumulation and melt processes in Finland. As defined by the FMI,
winter is the period during which daily mean SAT remains below 0.0 °C within
the water year (WY) from September to August. Hence, this thesis considered the
first and last days with mean temperature <0.0 °C in a WY as the winter start and
end dates, respectively, and number of days between these two dates as ‘winter’.
Main variables related to winter characteristics (such as duration, start and end
days) and climate conditions (e.g. precipitation, temperature) are shown with
detailed descriptions in Table 4. Papers III and IV analysed three different CSCDs
with their start and end dates. These were: CSCD0, CSCD1 and CSCD3, defined
as the number of continuous days with SWE >0 mm (possible snow cover),
SWE >2.5 mm (shallow snow cover) and SWE >7.5 mm (deep snow cover)
through a WY (September-August), respectively (Table 4). The start and end days
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were expressed as number of days in the WY (after 1 September). For example,
67 as the CSCD0 start day means the 67th day in the WY, i.e. 7 November.
For the stations included in the study, proportion of precipitation falling as
rainfall and snowfall and main SHPs (meltout or snowmelt flux, refreezing and
SWE) were derived by the calibrated and validated SHPsMod model, based on
20-60 years of observed SWE datasets. The coefficient of determination (R2) as
the model goodness of fit indicator ranged between 0.64 and 0.85 during both the
calibration and validation periods (Table 3), showing high performance of the
model at all stations studied.
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0.020

Liquid water retention capacity
Refreezing coefficient (mm °C-e day-1)
Refreezing base temperature
Exponent
Evaporation from snow

Ret

Kf

Tf

e

E

* From literature, ● Calibration period.

0.020

Snowmelt base temperature (°C)

Tmelt

0.001

0.001

-5.000

-0.50

1.010
0.800

Rainfall correction coefficient

1.050

Degree-day factor (mm °C-1 day-1)

Snowfall correction coefficient

Cs

-6.100
-0.100

Kd

Rainfall base temperature (°C)

0.500

1.000

-0.001

5.100

0.520

2.100

14.00

1.400

1.800

3.500

0.000

* Upper
boundary

* Lower
boundary

Cr

Snowfall base temperature (°C)

Tmax

Description

Tmin

Parameter

Elsevier (Paper IV)

0.000

0.000

0.000

3.500

0.029

0.000

1.410

1.030

1.100

-0.100

-0.830

value

Initial

0.493

0.600

-0.021

3.100

0.045

1.573

2.714

1.022

1.052

0.050

0.059

0.016

-2.601

4.417

0.087

0.119

1.618

1.025

1.349

1.084

-0.597

15.09.1993)●

15.09.1995)●
-1.396

Kajaani
(15.09.1960-

Sodankylä
(15.09.1948-

Calibrated values

0.012

0.013

-4.414

0.027

0.031

1.400

2.384

1.387

1.057

3.380

-4.826

15.09.2000)●

(15.09.1980-

Kaisaniemi

Table 2. Selected parameters used for calibration of the snowpack hydrological processes model. Reprinted with permission from
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Calibration
Validation

15.09.1980-15.09.2000
15.09.2000-15.09.2011

Validation

15.09.1993-15.09.2008
677.54

672.99

586.59

600.79

555.34

517.63

(mm)

6.47

5.77

2.26

1.51

0.05

-1.08

SWE

SAT (°C)

78.76

86.75

166.11

173.57

177.19

207.31

(mm)

annual

Mean

annual

Mean

44.00

84.00

99.00

196.00

102.00

269.00

data

Number of

0.58

0.62

0.64

0.75

0.81

0.48

NSE

-7.20

5.48

10.44

1.83

-1.53

-2.93

PBIAS (%)

27.30

22.13

37.72

30.48

25.97

41.34

RMSE

0.73

0.71

0.68

0.76

0.82

0.63

R2

1.09

0.97

0.74

0.83

0.83

1.03

Slope

determination; Slope = Slope of the regression line.

NSE = Nash-Sutcliffe coefficient of efficiency; PBIAS = Percentage deviation from observed SWE; RMSE = Root Mean Square Error; R2 = Coefficient of

Kaisaniemi

Calibration

15.09.1960-15.09.1993

Validation

15.09.1995-15.09.2011

Kajaani

Calibration

15.09.1948-15.09.1995

Sodankylä

annual

type
prec.

Mean

Simulation

Period

Study site

and Sodankylä study sites. Reprinted with permission from Elsevier (Paper IV)

Table 3. Statistical analysis of the snowpack hydrological processes model (SHPsMod) performance at the Kajaani, Kaisaniemi
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permission from Elsevier (Paper IV).

and (b & d) the validation phase (15 September 1993-15 September 2008) at Kajaani station in central Finland. Reprinted with

Fig. 7. Comparison of observed and simulated SWE during (a & c) the calibration phase (15 September 1960-15 September 1993)
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Table 4. Variables related to winter parameters (duration, start and end days), climatology and continuous snow cover duration.

°C
mm
mm
mm

Wintertime Mean Temperature

Wintertime Total Precipitation

Wintertime Rainfall

Wintertime Snowfall

day
date
date
day
date
date
day
date
date

Date of Wintertime Peak SWE

**CSCD0

**CSCD0 Start Day

**CSCD0 End Day

**CSCD1

**CSCD1 Start Day

**CSCD1 End Day

**CSCD3

**CSCD3 Start Day

**CSCD3 End Day

20

19

18

17

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

ID

Description

End day of CSCD3 as the number of days after 1 September

Start day of CSCD3 as the number of days after 1 September

cover)

Number of continuous days with snow water equivalent more than 7.5 mm (SWE >7.5 mm, deep snow

End day of CSCD1 as the number of days after 1 September

Start day of CSCD1 as the number of days after 1 September

cover)

Number of continuous days with snow water equivalent more than 2.5 mm (SWE >2.5 mm, shallow snow

End day of CSCD0 as the number of days after 1 September

Start day of CSCD0 as the number of days after 1 September

cover)

Number of continuous days with snow water equivalent more than 0 mm (SWE >0 mm), possible snow

day with the peak snow water equivalent during wintertime

Peak snow water equivalent during wintertime

Sum of liquid water refreezing inside snowpack during wintertime

Sum of melt water released from snowpack during wintertime

Sum of snowfall during wintertime

Sum of rainfall during wintertime

Sum of total precipitation (rainfall + snowfall) during wintertime

Average of daily temperature during wintertime

End day of wintertime duration as the number of days after 1 September

Start day of wintertime duration as the number of days after 1 September

(September-August)

Number of days between the first and last days with mean temperature less than 0°C in the WY

*Meltout or snowmelt flux, **CSCD = Continuous Snow Cover Duration.

mm
date

Wintertime Peak SWE

mm

day

Wintertime duration End Day

mm

day

Wintertime duration Start Day

Wintertime Snowpack Refreezing

day

Wintertime duration

Wintertime Snowpack Meltout*

Unit

Name

Reprinted with permission from John Wiley and Sons, Inc. (Paper III).

3.7

Statistical methods (I-IV)

3.7.1 Fourier series fitting (II)
Past variations in precipitation in Finland (national scale) were analysed by
plotting annual, seasonal and monthly anomalies. An anomaly is a measure of
deviation from the base value (long-term average precipitation) and represents
wetter (higher than base value) or dryer (lower than base value) meteorological
conditions than normal (base value) for different timescales. Similarly to climate
variability, changes in wet and dry meteorological spells can be divided into
interannual, interdecadal (15-35 years) and century-scale (50-150 year)
fluctuations. The Fourier series fitting method was used to estimate periodicities
(cyclic patterns) of these spells only in national-scale analysis of precipitation in
Finland on different timescales as:
=

+

(

)+

(

)

(18)

where a0 is the Fourier series base level, a1 is the cos function amplitude, b1 is the
sine function amplitude and w is the frequency. The wavelength (hereafter λ or
time cycle) was calculated as λ = 2π/w.
3.7.2 Regime shift detection (III-IV)
Past variations in observed temperature and precipitation and in simulated SHPs
were analysed in Papers III and IV by plotting anomalies, which are deviations
from the long-term average value (base value or normal climate condition). In
general, positive (negative) anomalies of observed temperature and precipitation
represent a warmer (colder/mild) and wetter (drier) climate than normal. For
simulated SHPs, positive (negative) anomalies also show high (low) mode. In
order to examine statistically significant (p<0.05) transitions in these anomalies
(e.g. from wet to dry climate), a regime shift indicator test described in Rodionov
(2004) was used. This test is dependent on the sequential t-test analysis of regime
shift (STARS). The Huber weight parameter (5 in Papers III and IV), cut-off
length (30 years in Papers III and IV as the standard period for climatology) and
target significance level (5% in Papers III and IV) are provided to the test by the
user. Using these parameters in a sequential approach, the test calculates the
regime shift index (RSI) and thereby identifies the timing of regime shifts. The
RSI describes a cumulative sum of normalised anomalies of datasets from the
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hypothetical mean level for the new regime, which is significantly different from
the mean level of the previous regime based on the Student’s t-test (Marty 2008,
Rodionov 2004).
3.7.3 Trend test (I-IV)
The Mann-Kendall (MK) non-parametric test (Kendall 1948, Mann 1945) was
used to detect statistically significant (p<0.05) trends in past climate conditions
(observed temperature and precipitation) and simulated SHPs. This test is
distribution free and robust to missing data and outliers (Helsel & Hirsch 1992).
However, the use of MK trend testing in meteorology and hydrology requires
serially independent datasets. The presence of serial correlations in
meteorological and hydrological time series adjusts the variance of the MK
statistic, without changing its central tendency and distribution type. Hence, the
MK test mostly detects statistically significant trends in positively autocorrelated
time series, whereas in fact none may exist (von Stroch 1995, Yue & Hashino
2003). To exclude such impacts of autocorrelation on the MK trend test, a prewhitening approach was suggested by von Stroch (1995). Based on this approach,
Yue et al. (2002) proposed a trend-free pre-whitening (TFPW) method for the
time series with statistically significant autocorrelation. Detailed procedures for
using the TFPW method are given in Yue et al. (2002). This method has been
used in numerous recent studies to detect statistically significant trends in
meteorological, hydrological and environmental time series (e.g. Aziz & Burn
2006, Irannezhad & Kløve 2015, jhajharia et al. 2011, Oguntunde et al. 2011,
Tabari et al. 2012, Yue et al. 2003). In Papers I-IV, the TFPW method was applied
to the time series with statistically significant positive autocorrelation; otherwise,
the MK trend test was used directly. The slope of detected statistically significant
trends was calculated using the Sen method (Sen 1968).
3.7.4 Correlation measurement (I-IV)
The Spearman’s correlation coefficient ( ) (e.g. Helsel & Hirsch, 1992) was used
to evaluate linkages between ACPs and different variables. The Spearman’s
coefficient ( ) was preferred to Pearson’s correlation coefficient (r) because it is
distribution free and considers non-linear relationships between the variables.
Besides, the Spearman’s correlation coefficient is a precise technique to
demonstrate connections between small datasets, since it gives smaller outliers
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(Helsel & Hirsch 1992). However, the Pearson’s correlation coefficient (r) was
used to measure correlations between different winter-related variables (ID nos.
1-20 in Table 4), which are shown in Table 5.
3.7.5 Sensitivity analysis (III)
To analyse the sensitivity of SHPs and CSCDs to a SAT change up to +4 °C and a
precipitation change of +30%, as the estimated upper range of projected changes
at mid-high latitudes in the NH by the IPCC Fourth Assessment Report
(Christensen et al. 2007), the Student’s t statistic for a change in mean (Fyfe &
Flato 1999) was applied as follows:
=(

−

)⁄

(19)

where Sref is mean value of snow fluxes or cover during the 30-year block
referring to the last normal climatological period (1961-1990), Sfut is the 30-year
is the pooled standard
mean for changed SAT and/or precipitation, and
deviation for the two 30-year periods.
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4

Results and discussion

4.1

Surface air temperature in Finland: 1961-2011 (I)

4.1.1 National-scale assessment
Interannual variability and trends
Mean annual SAT on a national scale of Finland measured in Paper I during the
period 1961-2011 varied from -0.3 °C (1985) to 3.9 °C (2011), with a long-term
average value (base value) of 2.1 °C (Figures 8a & b). Similarly, Mikkonen et al.
(2014) reported a base value of mean annual SAT on national scale of Finland of
about 2.1 °C during the period 1960-2010, in which 1985 and 2011 were the
coldest and warmest years, with mean annual SAT equal to -0.4 °C and 3.9 °C,
respectively. The mean annual SAT in Finland during the last 30-year period
(1981-2010) was about 0.4 °C higher than during 1971-2000 and approximately
0.7 °C higher than during 1961-1990 (e.g. Mikkonen et al. 2014, Pirinen et al.
2012). Besides, Mikkonen et al. (2014) found that 1960-1970 was the coldest
decade and 2000-2010 the warmest in Finland during 1961-2010, with a
difference of about 0.9 °C.
Mean annual SAT on national scale in Finland significantly (p<0.05)
increased, by 0.4±0.2 °C/decade, during 1961-2011 (Figures 8a & c). Similarly,
Mikkonen et al. (2014) found a significant (p<0.05) increasing trend of
0.3±0.1 °C/decade in mean annual SAT on national scale for Finland within the
last 40 years, while Tietäväinen et al. (2010) concluded that mean annual SAT in
Finland increased at a rate of 0.3±0.2 °C/decade (p<0.05) during the period 19592008. For Finland, the mean annual SAT warming during 1959-2008
(0.3 °C/decade) tripled compared with the warming of 0.1 °C/decade during
1906-2005 (Tietäväinen et al. 2010). However, the findings in Paper I suggest
that mean annual SAT warming in Finland during 1961-2011 (0.4 °C/decade) was
approximately four-fold that reported by Tietäväinen et al. (2010) for the period
1906-2005. Those authors also found that mean annual SAT warming in Finland
was about 0.7 °C/decade in the period 1979-2008. On global scale, the increasing
trend of 0.13 °C/decade in mean annual SAT during 1956-2005 was practically
double that reported during 1906-2005 (0.07 °C/decade) by Trenberth et al.
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(2007). All these warming trends confirm the claim by Trenberth et al. (2007) that
increases in mean annual SAT are larger at high northern latitudes.
Mean annual SAT on a national scale in Finland was most significantly
associated (rho = 0.58, p<0.05) with variations in the AO (Figures 8a & d). It was
also influenced by the NAO (rho = 0.38, p<0.05). These findings are in agreement
with those of other studies on the north of Europe, e.g. in Finland (George et al.
2004, Järvenoja 2005, Lee et al. 2000, Tuomenvirta & Heino 1996), Denmark
(Gormsen et al. 2005), the Baltic States (Bukantis & Bartkeviciene 2005, Jaagus
2006, Omstedt et al. 2004) and Sweden (Chen & Hellström 1999). Similarly to
this thesis, Thompson & Wallace (1998, 2000) concluded that annual mean SAT
over Eurasia is more strongly correlated with the AO than with the NAO. Serreze
et al. (2000) also reported that the NAO could be considered a major component
of the AO. Furthermore, Thompson et al. (2000) reported that mean annual SAT
in the NH is entirely dependent on variations in the AO describing the strength of
the circumpolar vortex (Thompson & Wallace 1998). Numerous studies have
reported that increasing trends in the AO index, e.g. 0.26 per decade by Wang et
al. (2005), explain the increase in mean annual SAT in the NH during recent
decades (e.g. Jaagus 2006, Ostermeier & Wallace 2003, Thompson et al. 2000).
Similarly, strong positive relationships between mean annual SAT and the AO
over the Fenno-Scandinavian region, northern Europe, Eurasia and the Baltic Sea
would explain why mean annual SAT warming in those areas was in accordance
with a shift in AO and NAO from the negative phase to the positive phase in the
early 1970s.
Seasonal analysis
Mean seasonal temperature at national scale of Finland indicated that winter
(DJF) was the coldest season, with a base value of -9.1°C, and summer (JJA) was
the warmest, with a base value of 13.8 °C (Figure 8b). The base values of mean
seasonal SAT for spring (MAM) and autumn (SON) were about 0.8 and 2.5 °C,
respectively. During 1961-2011, the mean seasonal SAT for winter ranged from 15.3 °C in 1966 to -3.4 °C in 2008; for spring from -1.8 °C in 1966 to 3.6 °C in
1989; for summer from 11.3 °C in 1962 to 16.0 °C in 1972; and for autumn from
-0.9 °C in 1974 to 5.6 °C in 2011 (Figure 8b). Comparing the coldest winter (15.3 °C) with the warmest summer (16.0 °C), there was clearly very high
variability, up to 31.3 °C, in seasonal mean SAT on a national scale in Finland in
the study period.
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Fig. 8. a) Time series of annual SAT in Finland during 1961-2011 with its trend line and
the most significant ACP (AO); b) maximum, minimum and base values; c) trends with
95% confidence intervals (CI); and d) most significantly correlated ACP (p<0.05) for
national-scale SAT in Finland on annual and seasonal timescales. Reprinted with
permission from John Wiley and Sons, Inc. (Paper I).
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Mean seasonal SAT on national scale in Finland showed statistically significant
(p<0.05) warming trends for both spring, by 0.4±0.2 °C/decade, and summer, by
0.3±0.2 °C/decade, during 1961-2011 (Figure 8c). Similarly, Tietäväinen et al.
(2010) found significant warming trends in spring and summer mean SAT of
0.2±0.1 and 0.1±0.1 °C/decade, respectively, during 1909-2008, but no clear
trends in winter and autumn mean SAT. Jylhä et al. (2004) also reported a total
increase in mean seasonal SAT in Finland in the period 1901-2000 of about
1.4 °C for spring and 0.7 °C for summer. In the period 1959-2008, the spring and
winter mean SAT in Finland is reported to have increased (p<0.05) by 0.3±0.3
and 0.7±0.6 °C/decade, respectively (Tietäväinen et al. 2010). However,
according to those authors mean seasonal SAT on national scale in Finland during
1979-2008 significantly increased in all summers by 0.4±0.4 °C/decade, in
autumn by 0.5±0.6 °C/decade and in winter by 1.4±1.2 °C/decade. The
discrepancies between the results reported in Paper I and those in the other studies
may be due to the different study periods considered.
In Finland, mean seasonal SAT for winter and spring was most significantly
correlated with the AO, with rho = 0.72 and 0.42, respectively (Figure 8d). In
addition, mean winter and spring SAT showed a significant positive correlation
with the NAO index. Such strong relationships clearly express the well-known
signature of the AO and NAO indices: controlling SAT variability in cold months
at high and medium latitudes over the Atlantic/European zone and Arctic region
(Thompson & Wallace 1998, 2000). In general, positive values of the AO and
NAO correspond to the strengthening of westerly circulation and a prevailing
mild maritime airflow over the north of Europe, particularly during cold months
(Thompson & Wallace 1998, 2000). For summer season in Finland, mean SAT
was most strongly associated with the EA pattern (rho = 0.43, p<0.05) (Figure
8d). This pattern (EA) generally describes the power of the westerly circulation
across central and southern Europe better than the NAO; hence, the EA pattern is
typically interpreted as a south-eastward shifted NAO. A composite analysis of
European surface wind with regard to the positive and negative phases of EA
pattern determined that the controlling anomalous surface wind over Finland
during summer under the positive phase of the EA is from the south, transporting
warm airflow towards the country, while the northerly wind in Finland under the
negative phase of the EA often results in below-average SAT across the country.
Mean autumn SAT in Finland showed the most significant relationship with the
EA/WR pattern (rho = -0.59, p<0.05) (Figure 8d). This negative correlation
expresses the natural behaviour of the negative EA/WR pattern in autumn, when
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south-easterly winds bring warm airflow from the centre of Russia towards
Finland (e.g. Barnston & Livezey 1987, Lim & Kim 2013).

Fig. 9. a) Annual mean SAT in Finland; b) its trend values (°C/decade); and c)
Spearman’s rank correlations with annual mean AO index (all statistically significant
at p<0.05). Reprinted with permission from John Wiley & Sons, Inc. (Paper I).

4.1.2 Spatial distribution
Annual interval
On spatial scale, mean annual SAT varied markedly across Finland in the study
period, with the highest values (4.5 to 6.0 °C) in south-western coastal areas and a
natural decrease towards the north of the country (-3.8 to -2.5 °C) (Figure 9a).
This agrees with findings by Pirinen et al. (2012) that mean annual SAT is higher
(between 5.0 and 7.0 °C) in south-west Finland than in the north of the country
(from -3.7 to -2.0 °C). During 1961-2011, all trends identified in Paper I in annual
mean SAT at gridded points throughout Finland were positive and statistically
significant (p<0.05) (Figure 9b). Higher rates of mean annual SAT warming
trends, ranging from 0.50 to 0.58 °C/decade, were observed in normally colder
parts located in the north of Finland, while lower rates, from 0.2 to 0.3 °C/decade,
were observed across warmer areas in the south of the country (Figure 9b).
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Fig. 10. Spatial distribution maps of mean SAT for a) winter (DJF); b) spring (MAM); c)
summer (JJA); and d) autumn (SON). Reprinted with permission from John Wiley &
Sons, Inc. (Paper I).

This finding agrees with results in Serreze et al. (2000). Similarly, Rigor et al.
(2000) observed warming trends in mean annual SAT ranging between 0.5 and
1.5 °C/decade for most parts of Finland in the period 1979-1997. However, other
previous studies found no clear trends in mean annual SAT in Lapland (northern
Finland) during 1876-1993 and 1946-1990 (Lee et al. 2000) or in Sodankylä
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(northern Finland) during 1910-1999 and for northern Finland during 1950-2000
(Mellert et al. 2008). For central and southern Finland, spatial analysis of SAT on
a global scale by Hansen et al. (1999) showed an increase about 0.3-1.0 °C during
the period 1950-1998, while Serreze et al. (2000) determined warming trends of
0.1-0.5 °C/decade for the period 1966-1995. Local-scale trend analysis of mean
annual SAT found similar significant warming of 0.35±0.05 °C/decade in the
Häme area in southern Finland during the previous 50 years (Jylhä et al. 2011).
As some old meteorological stations were located in city centres and/or industrial
parts of Finland, these warming trends found by different studies may have been
partially influenced by urban heat island (UHI) effects. Heino (1994) concluded
that increases in mean annual SAT at Kaisaniemi station in the south of Finland
resulting from UHI effects were largest in the early 1900s (0.7-0.8 °C). Solantie
(1978) also reported increases of about 0.2-0.5 °C in mean annual SAT at the
leeward side of some industrial cities in Finland during 1961-1975 relative to
1931-1960. However, variations and trends in mean annual SAT at all gridded
points within Finland showed the most significant positive correlations with the
AO variability. The highest correlations, ranging from 0.6 to 0.7, were found in
southern Finland and the lowest, ranging from 0.40 to 0.45, in north-eastern and
the most north-western areas (Figure 9c).
Seasonal interval
Spatial analysis of mean seasonal SAT in Finland revealed an average range of 12.5 to -2.0 °C for winter, -6.5 to 4.0 °C for spring, 7.0 to 16.1 °C for summer and
-5.0 to 7.0 °C for autumn (Figure 10). Mean SAT for each season was lower at
higher latitudes (northern Finland) and naturally increased towards lower latitudes
(the south of the country). Pirinen et al. (2012) reported a similar spatial
distribution of mean seasonal SAT over Finland. Only significant (p<0.05)
warming trends were found in mean seasonal SAT for all of winter, spring,
summer and autumn in different parts of Finland during 1961-2011 (Figure 11).
The significant winter mean SAT warming trend ranged from 0.4 to 0.9 °C/decade
and was mainly found across the upper parts of northern Finland (Figure 11a &
b). However, Rigor et al. (2000) showed SAT increases for winter (December to
February) for all of Finland during 1979-1997. This discrepancy could be due to
the different study periods considered. Similarly to the results in Rigor et al.
(2000) for spring mean SAT, significant trends were seen throughout almost all of
Finland in Paper I (Figure 11d), and these were all positive, from 0.3 to
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0.6 °C/decade, in the period 1961-2011 (Figure 11c). Mellert et al. (2008)
concluded that SAT for the periods April-June and May-September was
unchanged in northern Finland during 1951-1999. Rigor et al. (2000) reported
changes of about 0.00±0.50 °C/decade in SAT for summer and autumn in Finland
in 1979-1997, whereas Paper I showed summer warming mainly in southern,
western, north-western and lower areas of northern Finland, and autumn warming
across the south coast, most of the north-east and the north-west of the country,
with higher rates at higher latitudes during 1961-2011. Based on linear trends,
Hansen et al. (1999) reported that SAT positively changed in most parts of
Finland in the cold season (November-April) 1951-1999, but just in southern
Finland in the warm season (May-October).
The AO was the most significant ACP influencing mean SAT during winter in
most parts of Finland, and the NAO across a small area in the north-east of the
country (Figure 12b). In general, the highest positive correlations (rho = 0.70-0.8,
p<0.05) were observed in southern Finland (Figure 12a), where the AO was the
most influential. The main influencing ACP in southern and central Finland
during spring was the WP (negative correlations), while in northern areas it was
the NAO (positive correlation) and in south-western and western coast parts the
AO (positive correlation) (Figures 12c & d). Such strong relationships with the
AO and NAO confirm their natural signature over northern Europe: aboveaverage temperature in their positive phase, mainly during winter. A composite
analysis of the surface wind across Europe regarding WP phases showed that the
positive WP is usually associated with anomalous northerlies over Finland,
resulting in below-average SAT in Finland during spring and summer, while a
southerly wind across Finland was found to be connected to the negative phase of
the WP. However, in summer, the most significant (p<0.05) influencing ACPs
were the EA (positive correlation) in northern and central Finland, the WP
(negative correlation) in some areas of southern Finland and the Scandinavia
(SCA) pattern (negative correlation) in a small part of central and south-eastern
Finland (Figures 12e & f). A negative correlation between SAT and the SCA
pattern over the south and west of Europe has been reported; e.g. El Kenawy et al.
(2012) concluded that the above-average SAT in Spain during 1920-2006 was
negatively correlated with the SCA pattern, while Ramadan et al. (2012) showed
a similar correlation for summer season in western Lebanon and Toreti et al.
(2010) a weak negative correlation between summer SAT in Italy and the SCA
pattern. Significantly, the dominant ACP for all parts of Finland during autumn
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was the EA/WR pattern (negative correlation) (Figures 12g & h), expressing
south-eastern winds bringing warm airflow from central Russia to Finland.

Fig. 11. Spatial distribution of trends (a, c, e and g) and their statistical significance (b,
d, f and h) for winter (a & b), spring (c & d), summer (e & f) and autumn (g & h) mean
SAT in Finland during 1961-2011. Reprinted with permission from John Wiley & Sons,
Inc. (Paper I).

4.2

Precipitation patterns in Finland: 1911-2011 (II)

4.2.1 Nationwide analysis
Annual timescale
For the period 1911-2011, the average value (base value) of annual precipitation
on national scale in Finland, using records at 165 stations with more than 30 years
of data, was about 601 mm (Figure 13a). This is higher than the base value of 580
mm reported by Tuomenvirta & Heino (1996) for Finnish annual precipitation,
based on homogenised precipitation datasets from 24 stations in Finland. Paper II
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Fig. 12. Spatial distribution maps of Spearman’s rank correlations (a, c, e and g) with
the most influential ACPs (b, d, f and h) for winter (a & b), spring (c & d), summer (e &
f) and autumn (g & h) mean SAT in Finland during 1961-2011. All correlations are
significant (p<0.05). Reprinted with permission from John Wiley & Sons, Inc. (Paper I).

determined that 1941 was the driest year, with 350 mm of annual precipitation
(Figure 13a). Tuomenvirta & Heino (1996) also identified 1941, with annual
precipitation of 360 mm, as the driest year in Finland. The wettest year found in
Paper II was 2008, with annual precipitation of 792 mm (Figure 13a), while
Tuomenvirta & Heino (1996) reported 1974 as the wettest year, with annual
precipitation of 733 mm. This difference may be due to the different study periods
used, as 2008 was not covered by Tuomenvirta & Heino (1996). Analysis of
cyclic patterns in annual precipitation indicated that 1911-1964, with average
annual precipitation of 575 mm, was a dry period, and 1965-2011, with 631 mm,
was a wet period in Finland. Similarly, Heino (1994) reported an increase of
about 20-30 mm in annual precipitation between the latest normal climatological
period (1961-1990) and the previous climatological period (1931-1960). A wet
period between 1920 and 1940 in Finland was followed by dry years during the
1940s (Tuomenvirta & Heino 1996). Similarly, Paper II determined that 192266

1935 was mostly wetter than the 1940s (Figure 13a). By analysing annual
precipitation in Estonia, Latvia and Lithuania, Kriauciuniene et al. (2012) also
identified that the period 1922-1932 was wet across the Baltic States and 19331948 was dry.
Paper II revealed a statistically significant (p<0.05) increasing trend of
0.92±.50 mm/year in annual precipitation on a national scale in Finland during
1911-2011 (Figure 13a). This contradicts findings by Tuomenvirta (2004) of no
clear trend in annual precipitation on national scale in Finland during the 20th
Century (see also Hyvärinen 2003, Jylhä et al. 2004). This discrepancy may be
due to the very wet years in Finland between 2001 and 2011, which were covered
in Paper II (Figure 13a) but not in Tuomenvirta (2004). Many studies have
evaluated precipitation variability over different parts of world during the last
century (IPCC 2007, Groisman & Easterling 1994, Groisman et al. 1991, Nicholls
et al. 1996). A summary of the findings determined significant (p<0.05)
increasing trends in annual precipitation at high latitudes (55-85°N) (Dai et al.
1997), but decreasing trends in most of the Mediterranean region and the Middle
East region (Amanatidis et al. 1993, Brunetti et al. 2001a, Brunetti et al. 2001b,
Esteban-Parra et al. 1998, Feidas et al. 2007, Tabari and Hosseinzadeh Talayee
2011). Significant increasing trends in annual precipitation across Europe have
been seen in north-eastern and south-western areas. These increasing trends are
greater than 14 mm/decade across the Scandinavia and Baltic states and up to 70
mm/decade in the west of Norway (Hanssen-Bauer et al. 1995, Klok & Klein
Tank 2009). Compared with the period 1951-1975, BACC (2008) reported
spatially uneven increases in annual precipitation over the Baltic Sea Basin during
the period 1976-2000. The highest ratio of increase in annual precipitation was
found over Sweden and the eastern coast of the Baltic Sea, and the lowest in the
south of Poland (BACC 2008). During 1900-2000, mean annual precipitation
increased in Sweden by about 100 mm (SMHI 2001) and in Estonia (Jaagus
1999) and Russian Karelia (Filatov et al. 2001) by up to 100 mm.
The EA/WR pattern was the most significant ACP influencing annual
precipitation in Finland on national scale (rho = -0.41, p<0.05) in Paper II (Figure
13a). The positive EA/WR pattern describing the anomalous northerly and northwesterly airflow is the result of positive pressure anomalies over Europe and
northern China and negative pressure anomalies across the centre of the North
Atlantic and the north of the Caspian Sea.
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John Wiley & Sons, Inc. (Paper II).

(p<0.05) for national-scale precipitation over Finland on an (a) annual and (b & c) seasonal basis. Reprinted with permission from

Fig. 13. Base values, significant trends (p<0.05) with 95% confidence interval, time cycles and most significant associated ACPs

The positive phase of the EA/WR pattern generally brings a drier climate than
normal to Northern Europe during most times of the year (Krichak & Alpert
2005). Hence, the results in Paper II confirmed the negative correlations between
annual precipitation and variability in the EA/WR pattern across the north of
Europe. Beside the EA/WR pattern, annual precipitation in Finland showed a
significant negative relationship (rho = -0.35, p<0.05) with the SCA pattern. This
confirmed the natural signature of the SCA pattern. The negative (positive) phase
of the SCA pattern represents a low (high) pressure system over the Norwegian
Sea, Greenland and Scandinavian region, which brings wetter (drier) air to
Finland (Bueh & Nakamura 2007). As found in Paper II, Jaagus (2009) concluded
that both the EA/WR and SCA patterns significantly negatively (p<0.05)
influence precipitation over the Baltic countries, including Finland. Bueh &
Nakamura (2007) reported similar results.
Seasonal evaluation
Paper II showed that in Finland, summer was the wettest season, with average
precipitation of 210 mm during 1911-2011, while spring was the driest, with 193
mm (Figure 13b). Similarly, Tuomenvirta & Heino (1996) reported an average
value of 193 mm for summer as the wettest season in Finland during 1910-1995,
and 100 mm for spring as the driest. The results in Paper II indicated a time cycle
of 6 years in spring, summer and autumn precipitation nation-wide in Finland
(Figure 13c). These cycles identified the period 1919-1925 as wetter and the
period 1939-1943 as drier than normal in terms of spring, summer and autumn
precipitation in Finland. This was in agreement with Helama & Lindholm (2003),
who concluded that the years from 1922 to 1925 experienced very high early
summer (March-June) precipitation, but the years from 1940 to 1942 had very dry
conditions in the south-east of Finland. However, Helama & Lindholm (2003)
indicated that the time cycle for a wet-dry spell was 24-32 years for spring
precipitation and 21-33 years for summer precipitation in Finland, whereas for
winter precipitation in Finland, Paper II identified a time cycle of 198 years
(Figure 13c). Kriauciuniene et al. (2012) reported wetter winters (higher
anomalies) than the normal conditions (base value) since 1980 in all the Baltic
States. All inconsistencies between the results In Paper II and in previous works
can possibly be attributed to the different methods used for defining the base
value (normal precipitation) in the studies. For example, Kriauciuniene et al.
(2012) used mean precipitation during 1961-1990 for analysing precipitation in
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the Baltic States, while Paper II considered average national-scale precipitation in
Finland during 1911-2011. Since the period 1960-1990 was generally wetter than
the preceding years, their average value was greater than the base value of the
whole period (1911-2011). This greater base value shifted some wetter years with
less positive anomalies to the drier years and consequently changed wet and dry
spell estimations. Thus, the time cycle for a wet-dry mode in autumn precipitation
in Finland was estimated to be 6 years in Paper II, but that in the Baltic States was
estimated to be about 26-29 years by Kriauciuniene et al. (2012).
Paper II found only statistically significant (p<0.05) increasing trends in both
winter and summer precipitation, by 0.46±0.19 and 0.32±029 mm/year,
respectively, nationwide in Finland during 1911-2011 (Figure 13b). Previous
studies reported increases in winter and autumn precipitation at mid and high
latitudes of the NH through the last century, but in different spatial and temporal
patterns (Dore 2005). For 1901-2000, increases in winter and autumn
precipitation have been reported for Switzerland (Schmidli & Frei 2005), England
(Phillips & Denning 2007) and northern Europe (Uvo 2003). Meanwhile, for
Finland, climate models predict significant increases in seasonal precipitation for
winter (4-57%) and spring (1-37%) during 2040-2069 and for autumn (3-35%)
for the period 2070-2099, but no significant trend for summer precipitation (Jylhä
et al. 2004).
Paper II showed that winter precipitation nation-wide in Finland was
positively correlated with the NAO (rho = 0.55, p<0.05) and AO (rho = 0.52,
p<0.05) indices, but negatively with the SCA (rho = -0.48, p<0.05) and POL (rho
= -0.26, p<0.05) patterns. The NAO showed the strongest correlation, as in many
previous studies (Hurrell 1995, Hurrell & van Loon 1997, Jaagus 2009, Uvo
2003). Similarly to Jaagus (2009), Paper II showed spring precipitation in Finland
to be negatively associated with the EA/WR (rho = -0.33, p<0.05) and SCA (rho
= -0.32, p<0.05) patterns (Table 1). Spring precipitation in Finland also showed a
positive correlation (rho = 0.32, p<0.05) with the EA pattern. For summer,
precipitation showed statistically significant (p<0.05) negative associations with
the NAO (rho = -0.25), EA/WR (rho = -0.49), SCA (rho = -0.27) and POL (rho =
-0.40) patterns. Jaagus (2009) also indicated that summer precipitation across the
Baltic Sea region was negatively associated with the EA/WR and SCA patterns. A
significant (p<0.05) negative correlation was found between autumn precipitation
and the EA/WR (rho = -0.34) and SCA (rho = -0.40) patterns, while Jaagus
(2009) found autumn precipitation to be associated with the POL pattern.
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Fig. 14. Maps of a) interpolated base values; b) trends; c) most significant ACPs; and
d) Spearman’s rank correlations with the most influential ACPs for annual
precipitation at different stations in Finland. Reprinted with permission from John
Wiley & Sons, Inc. (Paper II).
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Fig. 15. Maps of a) base values; b) trends; c) most significant ACPs; and d)
Spearman’s rank correlations with the most influential ACPs for annual precipitation
at different stations in Finland. Reprinted with permission from John Wiley & Sons,
Inc. (Paper II).
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Seasonal analyses revealed that the NAO most strongly influences winter
precipitation variability, the EA/WR controls spring and summer precipitation,
and the SCA pattern is associated with autumn precipitation variability in Finland.
Similar findings have been reported in previous studies, e.g. Alexandersson &
Andersson (1995), Hurrell & van Loon (1997), Wibig (1999), Uvo (2003) and
Jaagus (2009). In nature, the positive phase of the NAO reflects the strengthening
of westerly airflow from the North Atlantic towards the European Atlantic sector,
bringing a wet climate to the Scandinavian region, particularly during winter. In
its positive phase, the EA/WR pattern generally corresponds to the anomalous
north-westerly and northerly airflows, resulting in below-average precipitation
over northern Europe during most of the year (Krichak & Alpert, 2005). In
addition, Paper II confirmed the natural signature of the SCA pattern on
precipitation variability over northern Europe: its positive (negative) phase
describes a high (low) pressure system with drier (wetter) climate than normal
over the Norwegian Sea, Greenland and Scandinavian region (Bueh & Nakamura,
2007).
4.2.2 Spatial variability and trends
Interannual assessment
Annual precipitation varied markedly over Finland. High annual precipitation
(651-700 mm) was observed in the south and centre of the country (Figure 14a)
and low annual precipitation over the western coast and northern parts (<550
mm). This spatial pattern was in agreement with results reported by FMI (2012),
Heino (1994) and Tveito et al. (1997). As the length of the study period differed
at the stations in Finland considered in this thesis (see Figure 4), Figure 14b
shows calculated trends in annual precipitation at each station based on its study
period (Figures 4a & b). All significant (p<0.05) trends in annual precipitation
found at different stations in Finland were positive (increasing), while the
negative (decreasing) trends were statistically non-significant (p>0.05) (Figure
14b). Dissimilar trends (increasing versus decreasing) at stations close to each
other may derive from their differing study periods. For Finland as a whole, high
rates of significant increases (p<0.05) in annual precipitation (2.11-3.50 mm/year)
were generally found at stations located in the upper centre and lower north of the
country (Figure 14b). Reuna (1994) reported increases in annual precipitation in
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the west and south of Finland in studies using areal precipitation data sets for the
period 1911-1993. Heino (1994) also reported increasing trends at some stations
in Finland during the last century. Furthermore, Irannezhad et al. (2014a) found
an increasing trend in annual precipitation over central Finland during 1959-2009.
Moreover, Nasrollahi et al. (2015) showed significant increasing trends in
precipitation over south-west coastal areas and northern Ostrobothnia (Oulu) in
Finland. The variability in annual precipitation across southern Finland and
northern Ostrobothnia was most significantly associated with the EA/WR pattern,
in eastern areas with the SCA pattern, and in northern areas with the AO and the
EA/WR patterns (Figure 14c). The highest negative correlations between annual
precipitation in Finland and the most influential ACP were generally found for
southern and south-western areas and the highest positive correlations for
northern and eastern parts of the country (Figure 14d).
Seasonal analysis
For winter, the highest range of precipitation (136-151 mm) was seen across the
south-west and north-west of Finland, while the lowest range (91-100 mm) was
found in the north-east and west of the country (Figure 15a). All statistically
significant (p<0.05) trends found in winter precipitation at different stations
throughout Finland were upward (increasing) (Figure 15b) during their study
period (Figures 4a & b). The rate of significant upward trends ranged from 0.25 to
2.58 mm/year (Figure 15b) based on different study periods at the stations (Figure
4b). Similarly, Tammelin et al. (2002) showed increases in winter precipitation
over the north of Finland during the last century. Irannezhad et al. (2014a) also
determined increasing trends in winter precipitation across central Finland during
1959-2009. Moreover, BACC (2008) concluded that the amount of winter
precipitation in the Baltic States and eastern Russia (covering Finland) was higher
during 1976-2000 than during 1951-1975. The variability and trends in winter
precipitation over different parts of Finland found in Paper II were most
significantly associated with variations in the NAO, AO and SCA patterns (Figure
15c). The highest significant positive correlations (p<0.05) were generally
observed at the stations located in southern, central and northern Finland (Figure
15d), where the NAO and AO indices were mostly influential, but the highest
negative correlations were mainly found only at some stations in the south and
north of the country, where the SCA pattern substantially affected winter
precipitation. These strong relationships clearly reveal the natural signature of the
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NAO and AO indices (positive correlations) and SCA pattern (negative
correlations) on winter precipitation over northern Europe.
The highest range of seasonal precipitation for spring was between 106 and
116 mm and occurred in southern, eastern and central Finland, while its lowest
range (65-77 mm) was observed in the upper parts of northern Finland (Figure
15e). Only a few stations in Finland showed significant trends in spring
precipitation (Figure 15f) and these were all positive rates, in the range from 0.19
to 1.24 mm/year, during their study period as represented in Figures 4a & b. The
highest rate of increasing trend in spring precipitation (0.75-1.24 mm/year) was
found for upper central and lower northern Finland (Figure 15f). However,
Irannezhad et al. (2014a) found no clear trends in spring precipitation in central
Finland during 1959-2009. On the other hand, BACC (2008) reported increases in
spring precipitation over most parts of the Baltic States. According to Paper II, the
most influential ACP on spring precipitation in the south-west coast area of
Finland was the EA/WR (negative correlation), in western parts it was the SCA
pattern, in the centre it was the EA pattern (positive correlation), in the east it was
the POL pattern (negative correlation) and in the north it was the NAO (positive
correlation) (Figures 15g and h).
The spatial distribution of summer precipitation over Finland is depicted in
Figure 15i. The highest range of summer precipitation (208-233 mm) was found
at most stations in the east and south-west of Finland and the lowest range (74113 mm) in north-western areas (Figure 15i). As in the spring season,
precipitation during summer increased only at a few stations in Finland, with a
range of rates from -1.5 to 1.5 mm/year according to their different study period
(Figures 4a & b). Statistically significant (p<0.05) decreasing trends in summer
precipitation were observed at some stations in the upper part of northern Finland
and at several stations across the south, south-west and lower north of the country
(Figure 15j). In agreement with the findings in Paper II, BACC (2008) reported
an increase in summer precipitation in southern Finland. Ylhäisi et al. (2010) also
concluded that summer (May-September) precipitation increased in south-western
and north-eastern Finland during the period 1908-2008. On the other hand,
Irannezhad et al. (2014a) showed no clear trends in summer precipitation for
central Finland during 1959-2009. In Paper II, summer precipitation in Finland
was most significantly influenced by the EA/WR pattern (Figure 15k). Similarly,
Irannezhad et al. (2014a) reported that summer precipitation in central Finland
showed the most significant negative correlation with the EA/WR pattern.
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Precipitation during autumn showed the highest range, from 190 to 201 mm,
across south-western and central Finland, while the lowest range (152-160 mm)
was observed over coastal areas in the west of the country (Figure 15m). For
autumn, precipitation showed only significant increasing trends, in the range
0.29-1.98 mm/year (Figure 15n), for the different study periods (Figures 4a & b)
and regions of Finland. The greatest increasing rate in trends (1.27-1.98 mm/year)
in autumn precipitation occurred only at two stations in the east of Finland
(Figure 15n). The strongest ACP affecting autumn precipitation in southern and
central Finland was the EA/WR pattern (negatively) and in some areas in the
south-east of the country it was the SCA pattern (negatively) (Figures 15o and p).
4.3

Snow resources in Finland: 1909-2008 (III)

4.3.1 Snowpack water availability
The application of the STARS algorithm revealed a sharp decline in annual peak
SWE since 1959 at the stations Kaisaniemi, Kajaani and Sodankylä in southern,
central and northern Finland, respectively (Figure 16a). Comparisons of the mean
value of annual peak SWE during 1909-1958 with that in the period 1959-2008
(Figure 16b) revealed sharp declines of about 58% (116.4 mm) at Kaisaniemi and
37% (108.9 mm) at the Sodankylä station. At Kajaani, the decline was about 18%
(37.5 mm). Averaged across all stations, the annual peak SWE declined by about
37% (86.9 mm) (Figure 16a). The range of annual peak SWE also changed after
1959. The highest value of annual peak SWE during 1909-1958 was 499.8 mm in
1933 at Sodankylä, 399.7 mm in 1924 at Kaisaniemi, and 339.7 mm in 1938 at
Kajaani; while in the period 1959-2008 it was 294.4 mm (41% decrease) in 2000
at Sodankylä, 164.7 mm (59% decrease) in 1982 at Kaisaniemi, and 287.0 mm
(15% decrease) in 1989 at Kajaani (Figure 16b). The lowest annual peak SWE
range was 53.43-148.3 mm for 1909-1958, but 6.1-106.4 mm for 1959-2008
(Figure 16b). Figure 16c shows the variability of annual peak SWE at all three
stations in four different 25-year periods: 1909-1933, 1934-1958, 1959-1983 and
1974-2008. For the first three periods, declines in mean, minimum and maximum
values of annual peak SWE were clear and continuous (Figure 16c). However, for
the last 25-year period, the mean and variability of annual peak SWE declined at
Kaisaniemi and increased at both Kajaani and Sodankylä (Figure 16c). As in
Paper III, previous studies have reported declines in peak annual SWE in Finland
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since 1950 (e.g. Jylhä et al. 2004, Kuusisto 2009, Venäläinen et al. 2001a,
2001b). Decreases in peak annual SWE in Finland are also expected for the future
(e.g. Jylhä et al. 2008, Räisänen 2008).
4.3.2 Continuous snow cover duration
The continuous duration of possible snow cover (CSCD0; ID no. 12 in Table 4)
became significantly (p<0.05) shorter at all three stations during 1909-2008, by
0.32±0.14 day/year at Kaisaniemi (Figure 17a), by 0.21±0.09 day/year at Kajaani
(Figure 17b) and by 0.24±0.11 day/year at Sodankylä (Figure 17c). This
shortening of CSCD0 was significantly associated with later start and earlier end
days, by 0.11±0.08 and 0.10±0.07 day/year, respectively, at Kajaani, but only
with earlier end day at Kaisaniemi and Sodankylä, by 0.24±0.08 and 0.18±0.08
day/year, respectively (Figures 17a-c). Similarly, a significant (p<0.05) shortening
in CSCD1 and CSCD3 (ID nos. 15 and 18 in Table 4) was found at all stations
(Figures 17d-i). These trends were significantly associated with the earlier end
day of CSCD1 and CSCD3 (ID nos. 17 and 20 in Table 4) at all stations (Figures
17d-i). The start day of both CSCD1 and CSCD3 followed significant (p<0.05)
increasing trends (later starting) at Sodankylä (Figures 17f & i), while it remained
unchanged at both Kaisaniemi and Kajaani (Figures 17d, e, g & h).
On average, the CSCD0 was about 182 days, generally from 29 October to 28
April, at Kaisaniemi, 209 days (17 October-13 May) at Kajaani and 234 days (8
October-29 May) at Sodankylä. At each station, CSCD1 (shallow snow cover)
and CSCD3 (deep snow cover) were obviously shorter than CSCD0. However,
the end day of CSCD1 and CSCD3 was almost similar to the CSCD0 end day at
each station and the shortening was associated with later starting days of CSCD1
and CSCD3. For example, at Sodankylä, CSCD1 was about 225 days (from 8
October to 28 May) and CSCD3 was about 215 days (11 days shorter) by starting
on 27 October and ending on 28 May (same end day). The CSCD1 was 161 days
(16 November-25 April) and the CSCD3 146 days (29 November-23 April) at
Kaisaniemi, while the corresponding values were 201 days (25 October-13 May)
and 192 days (2 November-12 May) at Kajaani.
All results given above show that the duration of continuous snow cover on
the ground in Finland has shortened during the past century. Tuomenvirta &
Heino (1996) also reported shortening of spring snow cover days in the south and
centre of Finland, but observed no clear change in the north of the country during
1938-1995. Model computations by Kellomäki et al. (2010) project a 5-8%
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decrease in average duration of snow cover in Finland by 2020, 10-12% by 2050
and 25-30% by 2010, relative to the period 1971-2000. Based on the snow cover
duration (SCD) data set observed for the period 1966-2007 by NOAA, the
strongest decreases in SCD have been in northern Europe, including Finland
(Brown & Mote 2008). Considering the modelled current climate (1970-1999) as
the reference for projecting future changes in SCD based on the IPCC S2
emissions scenario, Brown & Mote (2008) predicted significant decreasing trends
in SCD over Eurasia, particularly in Scandinavia, by 2020 and throughout Europe
by 2050. Comparing simulated SCD (number of days with SWE >1 mm) between
two different 30-year periods, 1961-1990 and 2071-2100, Jylhä et al. (2008)
predicted 45 to 60 days (20-40%) shorter SCD over northern Europe by 2100.
This shortening will be associated with large decreases in the number of days
with snow cover in autumn, winter and spring. Apart from in these model
computations, shortening of SCD has been also observed in many other parts of
the NH, e.g. in the north of European Russia and the mountains of southern
Siberia during 1966-2007 (Bulygina et al. 2009), in the Italian Alps in 1959-2009
(Valt & Cianfarra, 2010) and across the north-east and west of the Romanian
Carpathians during the period 1961-2000 (Bojariu & Dinu, 2007). Shorter
permanent snow cover duration may reflect later snow accumulation and earlier
snowmelt (Fyfe & Flato 1999, Groisman et al. 1994, Robinson & Dewey 1990).
The observed shortening in SCD is mainly larger in late than early winter,
resulting in earlier replenishment of groundwater recharge (Kellomäki &
Väisänen 1996, Rutulis 1989, Van der Kamp & Maathuis 1991). Shortening of the
snow cover period would change the distribution of soil temperature regime, with
effects such as decreases in the depth and duration of soil frost (Venäläinen et al.
2001a). This would have major economic and ecological consequences, e.g. the
cost of building and road construction. Besides, the albedo feedback from
shortening SCD would result in changes in global heat balance and consequently
warmer climate conditions (Groisman et al., 1994, Lemke et al., 2007).
4.3.3 Winter parameters and climate
Winter parameters: duration, start and end days
For the period 1909-2008, average winter duration was about 163 days (from 30
October to 11 April) at Kaisaniemi, 200 days (11 October-28 April) at Kajaani
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and 218 days (2 October-7 May) at Sodankylä (Figures 18a & c). At Kaisaniemi,
winter duration shortened markedly, by 0.16±0.13 day/year (p<0.05), during
1909-2008 (Figure 18a), but remained unchanged at the Kajaani and Sodankylä
stations (Figures 18a & c). The shortening of winter duration at Kaisaniemi was
associated with an earlier end day (0.08±0.07 day/year) (Figure 18a). Both start
and end days of winter showed no clear trends at Kajaani and Sodankylä (Figures
18a & b). At all stations, a negative correlation between annual winter duration
and start day was seen (r = -0.81 at Kaisaniemi; r = -0.67 at Kajaani; r = -0.71 at
Sodankylä) (Table 5). There was also a positive correlation between annual winter
duration and end day (r = 0.65 at Kaisaniemi, r = 0.73 at Kajaani; r = 0.74 at
Sodankylä) (Table 5).
The WYs with long and short winter duration at all stations are clearly
indicated in Figure 18. The correlations between annual variability in winter
duration, start day and end day at all three stations and major ACPs are shown in
Table 6. For all stations, the EA pattern was the most influential ACP for winter
end day (rho = -0.24, p<0.1 at Kaisaniemi; rho = -0.24, p<0.1 at Kajaani; rho = 0.35, p<0.05 at Sodankylä). At 5% significance level, the AO also influenced the
winter end day at Sodankylä (rho = -0.26). However, the EA/WR pattern was
most significantly associated with both winter duration (rho = 0.29) and start day
(rho = -0.40) at Sodankylä, but only with winter start day (rho = -0.22, p<0.1) at
Kajaani (Table 5).
It was found that winter duration at Kaisaniemi (southern Finland) had
shortened over the period 1909-2008, an effect which was associated with both
later start day (r = -0.81) and earlier end day (r = 0.65) (Table 5). Similar findings
have been made by Jones et al. (2002) for central and northern Europe using
long-term daily temperature data sets for central England, St. Petersburg in
Russia, and Stockholm and Uppsala in Sweden. That study used the same
definition of winter duration as the present study. Winter shortening can cause the
thermal growing season (continuous period with temperature >5°C) to lengthen
by several days, as observed in Finland (Carter 1998, Irannezhad & Kløve 2015),
due to later autumns combined with earlier springs. In boreal environments, these
changes influence the hydrological cycle, with e.g. less SWE (e.g. Venäläinen et
al. 2001a, 2001b) and reductions in snowmelt flux (Veijalainen et al. 2010). This
in turn alters the regional water balance, e.g. less base flow and water shortages in
summer (Okkonen & Kløve, 2010), consequently affecting key hydrological
processes influencing ecosystems (Richardson et al. 2013) such as
evapotranspiration and soil moisture (Christidis et al. 2007). However, changes in
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climate conditions (precipitation and temperature) within wintertime could
exacerbate, mitigate or prevent these impacts of water resource shortages in
snow-dominated regions.
Winter temperature and precipitation
Only at Kaisaniemi, mean winter SAT showed a significant increasing trend
(0.01±0.01 °C/year) over the period 1909-2008 (Figure 19a). Winter precipitation
significantly (p<0.05) decreased, by 1.85±074 mm/year at Kaisaniemi (Figure
19d), 0.71±0.45 mm/year at Kajaani (Figure 19e) and 1.17±0.52 mm/year at
Sodankylä, during 1909-2008 (Figure 19f). Warm-cold and wet-dry winters at all
stations studied are clearly shown by the positive and negative anomalies in
interannual winter SAT and precipitation (Figures 19a-f). The average mean
winter SAT and precipitation for the whole study period (1909-2008) were,
respectively, about -2.7 °C and 365.9 mm at Kaisaniemi (Figures 19a-d), -5.8 °C
and 277.6 mm at Kajaani (Figures 19b-e) and -8.4 °C and 297.7 mm at Sodankylä
(Figures 19c & f). At all stations, the AO demonstrated very high positive
correlations with the mean winter SAT (rho = 0.60 at Kaisaniemi; rho = 0.57 at
Kajaani; rho = 0.56 at Sodankylä) (Figures 19a-c). In addition, the AO was the
most significant ACP affecting variations in winter precipitation at Kajaani (rho =
0.38) (Figure 19e), but the EA/WR and WP patterns showed negative correlations
with winter precipitation at Kaisaniemi (rho = -0.29) (Figure 19d) and at
Sodankylä (rho = -0.30) (Figure 19f). Other possible significant correlations
between the winter climate (SAT and precipitation) and major ACPs are shown in
Table 4.
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Fig. 16. a) Regime shift in annual peak SWE; b) variability in annual peak SWE during
the full length of the study (1909-2008) and in its first 50 years (1909-1958) and second
50 years (1959-2008); and c) variability in annual peak SWE during four different 25year periods (1909-1933, 1934-1958, 1959-1983 and 1984-2008) at all three stations
studied. Reprinted with permission from John Wiley & Sons, Inc. (Paper III).
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Fig. 17. Interannual variability and significant trends (days/year, p<0.05) in continuous
snow cover duration, start and end days of possible, shallow, and deep snow cover
(CSCD0, CSCD1 and CSCD3) at Kaisaniemi (first column), Kajaani (second column)
and Sodankylä (third column) during 1909-2008. Reprinted with permission from John
Wiley & Sons, Inc. (Paper III).

Fig. 18. Interannual variability and significant trends (days/year, p<0.05) in winter
parameters (duration, start and end days) at a) Kaisaniemi; b) Kajaani; and c)
Sodankylä during 1909-2008. Reprinted with permission from John Wiley & Sons, Inc.
(Paper III).
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Most previous studies have reported no clear trends in winter (DecemberFebruary) mean SAT on a national scale in Finland during the 20th Century (Jylhä
et al. 2004, Tietäväinen et al. 2010, Tuomenvirta & Heino 1996). However,
McCabe & Wolock (2010) reported a significant increase (0.35±0.05 °C) in
winter (November-March) mean SAT in the period 1905-2002 at latitudes
between 60°N and 70°N, covering Finland. These contrasting results may derive
from the use of different data types (e.g. stationary or gridded) and processing
approaches (e.g. local or national and regional scales, differing definitions of
winter and differing study periods). A separate analysis of trends in SAT over a
fixed period (December-February defined as winter) in Paper III showed an
increasing trend of 0.02±0.02 °C/year at Kaisaniemi during 1909-2008, but no
clear trend at Kajaani and Sodankylä. Based on all predicted IPCC climate change
scenarios (S1FI, S2, B2 and 3), Jylhä et al. (2004) projected increases ranging
from 3.7 to 10.9 °C in mean SAT for the winter season (December-February) in
Finland for the 30-year period 2070-2099 relative to the baseline period 19611990. Such changes in winter SAT would crucially alter the hydrological regime
in snow-dominated basins. Winter warming would lead to a higher fraction of
winter precipitation falling as rain rather than snow and consequently more
frequent rain or snow events (Knowles et al. 2006), although this was not
observed in the present thesis. There could also be other effects, such as increases
in the amplitude and recurrence of winter snowmelt flux or meltout (Mote et al.
2005), reduced peak SWE (McCabe & Wolock 2010, Mote 2003) and shorter
snow cover duration (as later formation and earlier disappearance) (Bulygina et
al. 2009), most of which were observed in this thesis. These impacts mainly
contribute to increases in the winter percentage of total WY discharge (Stewart et
al., 2005, Das et al. 2009), decreases in the volume of summer streamflows
(Service, 2004, Luce & Holden 2009) and earlier peak river discharge (Service
2004). However, analysis of global warming impacts on snow resources by
considering observed and projected changes in winter precipitation (rain plus
snow) pattern is complicated, particularly for northern regions (Groisman et al.
1993, Räisänen 2008).
This thesis found decreasing trends in winter precipitation over the past 100
years at all three meteorological stations studied in Finland, with the highest rate
in the south. For precipitation in the climatological winter season (DecemberFebruary), significant (p<0.05) decreasing trends only were found at both
Kaisaniemi and Kajaani. However, there were significant (p<0.05) trends in
winter (December-February) precipitation at different stations in Finland during
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their study periods which were all positive (increasing), but the decreasing trends
were statistically non-significant (p>0.05) (see Section 4.2.2). This inconsistency
can derive from the use of different data sets; daily precipitation measured at the
three stations studied against spatially interpolated monthly precipitation time
series applied in Section 4.2.2. Previous studies have also reported that
precipitation in the winter season (December-February) on national scale in
Finland increased during the past 100 years (e.g. Hyvärinen & Korhonen 2003).
Besides, other studies have shown increases in winter precipitation at mid- and
high latitudes of the NH during the 20th Century with different temporal and
spatial patterns (Dore 2005), such as Schmidli & Frei (2005) for Switzerland,
Phillips & Denning (2007) for England and Uvo (2003) for northern Europe.
Recent new climate models for Finland are projecting a 6-37% increase in winter
(December-February) precipitation for the period 2070-2099, based on average
precipitation during the period 1961-1990 (Jylhä et al. 2004). Increasing trends in
winter precipitation over the north and centre of Europe are also projected in
future (e.g. Christensen & Christensen 2007). Such projected increases, without
considering winter SAT warming, would enhance snowfall and consequently
provide adequate snow accumulation on the ground. However, associated
warming complicates the actual projection of increasing or decreasing snow
resources in future.
Winter precipitation forms
Evaluating the ratios of winter snowfall and rainfall to precipitation (S/P and R/P,
respectively) indicated that snow (rain) typically constituted 47% (53%) of winter
precipitation at Kaisaniemi, 73% (27%) at Kajaani and 77% (23%) at Sodankylä
over the past 100 years. The century-long average value of winter snowfall
(rainfall) was about 174.6 mm (191.3 mm) at Kaisaniemi, 203 mm (75 mm) at
Kajaani and 227.8mm (67 mm) at Sodankylä (Figures 19g-l). Winter snowfall
decreased by 1.53±0.43 mm/year at Kaisaniemi, 0.56±0.29 mm/year at Kajaani,
and 1.25±0.46 mm/year at Sodankylä, during 1909-2008 (Figures 19j-l), while
winter rainfall remained unchanged at all stations (Figures 19g-i). In addition, the
S/P ratio for wintertime showed a decrease of about 0.20±0.08 at Kaisaniemi and
0.15±0.06 at Sodankylä during the 100 years from 1909 to 2008 (data not shown).
Interannual variations in winter rainfall were positively associated with the AO at
all three stations, with rho ranging from 0.29 to 0.37 (Figures 19g-i). Winter
snowfall variability was connected to variations in the AO at Kaisaniemi (rho = 84

0.38), the SCA at Kajaani (rho = -0.27), and the EA at Sodankylä (rho = -0.28), as
shown in Figures 19j-l and Table 6.
A reduction in winter snowfall over the past 100 years was found at all three
Finnish meteorological stations studied here, with the highest rate at Kaisaniemi
in the south. In addition, the ratio of snowfall to precipitation (S/P) during winter
was found to decrease in both northern and southern Finland (data not shown).
Similarly, McCabe & Wolock (2010) found decreases of about 0.2 in S/P ratio
during winter (November-March) for the period 1905-2002 at high latitudes (60°65°N) covering central and southern Finland. In addition, previous studies have
reported decreases in both winter and annual S/P ratios during the past century
over different areas in the NH. For winter, S/P decreases have been observed in
New England (41°-47°N) in the United States between 1949 and 2000
(Huntington et al. 2003) and at latitudes from 25°N and 65°N during 1905-2002
(McCabe & Wolock 2010). For annual S/P, decreases have been observed in
Canada, south of 55°N latitude, from 1980 to 1990 compared with the period
1950-1979 (Karl et al. 1993), in New England during 1949-2000 (Huntington et
al. 2003) and across the north-western United States in the period 1949-2004
(Knowles et al. 2006). These reductions in S/P could be explained by decreases in
snowfall that may be proportionately larger than changes in rainfall. Significant
decreasing trends in snowfall during the second half of the 20th Century over the
NH have reported by numerous studies, e.g. over the Italian Alps (Valt &
Cianfarra 2010), southern Canada (Akinremi et al. 1999), the north-eastern
United States (Burakowski et al. 2008, Hayhoe et al. 2007), New England
(Hamilton et al. 2003) and the western United States (Knowles et al., 2006). In
contrast, McCarthy et al. (2001) suggested increasing trends in snowfall over
many northern temperate latitudes. However, climate models project that winter
(November-March) snowfall over Finland in 2050-2099 will be smaller than in
1950-1999 (Räisänen 2008). Less snowfall as the main cause of snowpack
formation would lead to reduced water resources stored as snow.
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Fig. 19. Annual anomalies and significant trends (per year, p<0.05) in wintertime
climatology (first row: SAT, second row: precipitation, third row: rainfall, and fourth
row: snowfall) with correlation and time series of most influential ACPs at Kaisaniemi
(first column), Kajaani (second column) and Sodankylä (third column), during 19092008. Reprinted with permission from John Wiley & Sons, Inc. (Paper III).

Winter snowpack water equivalent, snowmelt flux and refreezing
As a century-long average, the wintertime peak SWE showed the highest amount
at Sodankylä (235 mm) and the lowest at Kaisaniemi (142 mm) (Figures 20a-c).
Trend analyses showed that the peak SWE during winter has decreased in
Finland, by 1.74±0.42 mm/year at Kaisaniemi, 0.66±0.38 mm/year at Kajaani and
1.36±0.50 mm/year at Sodankylä (Figures 20a-c). The wintertime peak SWE
showed the most significant association with the AO at Kaisaniemi (rho = -0.47),
but with the EA/WR pattern at both Kajaani (rho = -0.23, p<0.1) and Sodankylä
(rho = -0.26) (Figures 20a-c, Table 6). Besides, clear trends in the date of
wintertime peak SWE were found at all three stations. Trend analysis revealed an
earlier wintertime peak SWE about 31±15 days at Kaisaniemi, 13±10 days at
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Kajaani and 17±11 days at Sodankylä over the past 100 years (Figures 20d-f). The
peak wintertime SWE generally occurred around 19 January at Kaisaniemi, 1
March at Kajaani and 23 March at Sodankylä (Figures 20 d-f).
On average, total wintertime meltout (or snowmelt flux) over the full length
of the study period (1909-2008) was about 71 mm at Kaisaniemi, 76 mm at
Kajaani and 43 mm at Sodankylä (Figure 21a-c). At all stations studied, no clear
trends were found in wintertime meltout (or snowmelt flux) during 1909-2008
(Figures 21a-c). The wintertime meltout (or snowmelt flux) and mean SAT were
significantly correlated at all three stations (Table 5). At Kaisaniemi and
Sodankylä, strong relationships were also found between wintertime meltout (or
snowmelt flux) and rainfall (Table 5). Only at Kaisaniemi, the variability of
wintertime meltout (or snowmelt flux) was significantly associated with variation
in the AO index (rho = 0.29) (Figure 21a, Table 6).

Fig. 20. Annual anomalies, variability and significant trends (per year, p<0.05) in peak
SWE and its date with correlation and time series of ACPs at Kaisaniemi (first
column), Kajaani (second column) and Sodankylä (third column) stations during 19092008. Reprinted with permission from John Wiley & Sons, Inc. (Paper III).

Wintertime refreezing of liquid water inside the snowpack followed a decreasing
trend (p<0.05) of 0.005±0.004 mm/year during 1909-2008 at Kaisaniemi, but no
clear trends at northern stations (Figures 21d-f). The AO was the most significant
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ACP associated with wintertime refreezing at both Kaisaniemi (rho = -0.61) and
Kajaani (rho = 0.41), while the WP pattern was the most significant at Sodankylä
(rho= -0.28) (Figures 21d-f; Table 6). The base value of total wintertime
refreezing was about 1.26 mm at Kaisaniemi, 39 mm at Kajaani and 26 mm at
Sodankylä (Figures 21d-f). The wintertime refreezing inside the snowpack at all
stations showed significant correlations with wintertime SAT, with wintertime
rainfall at both Kaisaniemi and Sodankylä and with wintertime precipitation at
Kajaani and Sodankylä (Table 5).

Fig. 21. Annual anomalies and significant trends (per year, p<0.05) of wintertime
meltout (or snowmelt flux) and refreezing with correlation and time series of ACPs at
Kaisaniemi (first column), Kajaani (second column) and Sodankylä (third column)
stations during 1909-2008. Reprinted with permission from John Wiley & Sons, Inc.
(Paper III).

According to the results in Paper III, peak SWE during winter has declined in
Finland, with the highest rate at Kaisaniemi in the south of the country (1.74±0.42
mm/year) during 1909-2008. This reduction in SWE at the southern station was
only associated with a decreasing trend in refreezing of liquid water in the
snowpack during winter. Solantie (2000) found no clear linear trends in snow
depth for Finland. Considering the period 1961-1990 as a baseline, Kuusisto
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(2009) reported significant linear decreasing trends in SWE during 1950-2008 for
most of Finland, and increasing trends for most of the past century (e.g. Jylhä et
al. 2004, Venäläinen et al. 2001a, 2001b). Paper III revealed no clear trends in
meltout (or snowmelt flux) at all three stations during the study period (19092008). In contrast, McCabe & Wolock (2010) showed that meltout (or snowmelt
flux) from snowpack during winter (November-March) had increased over
latitudes between 60°N and 65°N, including Finland, during 1905-2002. The
increases in snowpack meltout (or snowmelt flux) during winter have led to
decreases in the fraction of snow accumulation on the ground over the NH
(McCabe & Wolock 2010, Räisänen 2008). For Finland, Hyvärinen (2003)
reported that snowpack meltout (or snowmelt flux) in the middle of winter has
intensified over southern and western parts due to increases in winter SAT. In
addition, SAT warming may result in less refreezing of liquid water confined in
snowpack (Vehviläinen 1992). These impacts of winter warming on the physical
processes involved in snowpack (meltout/snowmelt flux and refreezing) cause the
water content of snowpack (SWE) to decline. Climate models project a significant
reduction in SWE over the NH during the 21st century, especially at high latitudes
(Räisänen 2008). For Finland, a decrease of about 30±15 mm in SWE (during
March) is predicted for the period 2050-2099, based on data for 1950-1999
(Räisänen 2008). Lower refreezing rate of liquid water inside the snowpack
would lead to a rise in meltout (or snowmelt flux) and consequently less
snowpack water availability (i.e. SWE), which would result in a thinner snow
cover on the ground (Nijssen et al. 2001). Thus, decreases in soil frost depth
could result from the lower insulation effect of the thinner snow cover (e.g.
Venäläinen et al. 2001a, 2001b). Moreover, increases in snowpack meltout (or
snowmelt flux) would increase infiltration and thereby increase soil moisture
(Kellomäki et al. 2010), leading to higher groundwater levels during winter
(Kellomäki & Väisänen 1996). This would lead in turn to a lower groundwater
level peak in late spring and an increased risk of summer droughts in river
systems (Okkonen & Kløve, 2010).
Winter temperature-precipitation-snowfall and peak SWE correlations
Winter SAT and precipitation showed moderate correlations at all stations studied,
with r = 0.25-0.45 (Figures 22a, e and i). Winter snowfall showed a negative
relationship with winter SAT at Kaisanimei (r = -0.24), while it was positive at
both Kajaani (r = 0.33) and Sodankylä (r = 0.36) (Figures 22b, f and j). However,
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winter snowfall was positively correlated with winter precipitation at all stations
studied (r = 0.78 at Kaisaniemi; r = 0.84 at Kajaani; r = 0.93 at Sodankylä) (see
also Figures 22b, f and j). Wintertime peak SWE showed strong positive
relationships with winter precipitation at all three stations (r = 0.66-0.92, p<0.01),
and moderate correlations with SAT at both Kaisaniemi (r = -0.38) and Sodankylä
(r = 0.17) (Figures 22c, g and k). As winter snowfall and peak SWE were strongly
correlated with winter precipitation at all three stations, links between winter
snowfall and peak SWE were robust (r = 0.90-0.98, p<0.01) at all stations
(Figures 22d, h and l).

Fig. 22. Correlations of daily wintertime SAT, precipitation, snowfall and peak SWE at
Kaisaniemi (a-d), Kajaani (e-h) and Sodankylä (i-l). Reprinted with permission from
John Wiley & Sons, Inc. (Paper III).

4.3.4 Climate factors controlling snow resources
In general, winter precipitation and mean SAT were found to be the dominant
climate drivers of the overall decreasing trend in snow resources in Finland
during the past century. At Kaisaniemi (southern Finland), both winter SAT
warming and decreases in winter precipitation resulted in a reduction in snowpack
water availability (SWE). Winter SAT warming led to decreases in winter
snowfall (negative correlation, r = -0.24), thereby decreasing SWE (r = -0.48)
(Table 5). Similarly, decreases in winter precipitation caused decreases in winter
90

snowfall (r = 0.78), and consequently led to SWE declines (r = 0.67). The
correlation coefficient for wintertime peak SWE with winter snowfall and
refreezing was 0.97 and 0.55, respectively. In both central (Kajaani) and northern
(Sodankylä) Finland, a decreasing trend in winter precipitation was the main
climate factor resulting in snow water resource reductions. Decreases in winter
precipitation led to less winter snowfall (r = 0.84 at Kajaani and r = 0.93 at
Sodankylä) and thereby declining SWE at both stations (r = 0.66 at Kajaani; r =
0.92 at Sodankylä). The correlation coefficient for winter SWE with winter
snowfall was 0.90 at Kajaani and 0.98 at Sodankylä (Table 5). A similar analysis
for the western US by Hamlet et al. (2005) concluded that winter warming has
decreased snow water resources at most places since 1950, while increases in
precipitation have compensated for this loss in some locations like the southern
Sierra Nevada mountains. Likewise, Mote (2006) reported the sensitivity of
snowpack water resources in western North America to climate warming. For the
eastern Swiss Alps, Marty & Meister (2012) found declines in S/P ratio, snowfall
and SWE during the melt season over last 30 years because of SAT warming of
2.5 °C in spring and summer. McCabe & Wolock (2010) also showed that
decreases in March snow cover area over the NH since 1970 have been correlated
with winter warming.
All CSCDs showed positive relationships with winter duration at all three
stations (Table 5). Strong positive correlations were of course also found between
the CSCD start day and winter start day, and between the CSCD end day and
winter end day at each station (Table 5). At Kaisaniemi, all CSCDs and their end
days showed stronger correlations with the SHPs (e.g. with SWE, r = 0.51-0.79)
than with climate variables (e.g. with SAT, -0.58< r <-0.29) (Table 5).
Conversely, both SHPs and climate variables showed practically identical effects
on the CSCDs and their end days (Table 5). However, the CSCDs were associated
with both winter precipitation and SAT at Kaisaniemi, while they showed great
sensitivity to only winter precipitation at both Kajaani and Sodankylä. At all three
stations, CSCDs as expected showed positive correlations with winter snowfall
(Table 5). Similarly, Brown & Mote (2008) concluded that decreases in SCD over
the mid-latitudinal coastal margin of continents, covering Kaisaniemi, were
associated with SAT warming. They also concluded that the variability in SCD
over continental interior areas (like Kajaani and Sodankylä) was mainly sensitive
to changes in precipitation, and not SAT. Likewise, previous studies have shown
that SAT warming is the main driver of decreases in SCD over the northern
Rocky Mountains (Clow 2010, Das et al. 2009, Pederson et al. 2010).
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Table 5. Statistically significant (p<0.05) Pearson’s correlation coefficients (r) for different winter-related variables at the

Kais.

Stat.

0.73

0.56

-0.38

0.43

0.49

-0.31

0.42

0.39

-0.24

0.39

12

13

14

15

16

17

18

19

20

0.60

11

0.37

-0.31

0.44

-0.36

0.62

-0.44

-0.70

0.51

0.24

0.56

0.33

0.60

0.35

0.17

0.44

0.17

10

0.17

0.33

9

0.33

0.40

0.45

4

0.65

0.42

-0.38

0.65

3

8

0.31

6

-0.23

-0.81

2

7

0.27

5

4

-0.67

3

1

2

1

Index

Wiley & Sons, Inc. (Paper III).

0.39

0.33

0.40

0.33

0.41

-0.23

0.44

0.32

0.66

0.38

0.84

0.75

0.28

0.38

-0.30

0.45

5

-0.29

0.23

0.19

0.27

0.71

0.72

-0.27

0.26

6

0.57

-0.23

0.48

0.58

0.42

0.57

0.45

0.30

0.90

0.46

0.78

-0.24

0.46

-0.18

0.41

7

0.18

-0.27

-0.18

0.32

0.35

0.44

0.20

0.63

0.39

8

0.39

0.29

0.39

0.29

0.37

0.26

0.50

0.44

-0.46

-0.79

0.40

-0.24

0.42

9

0.65

0.41

0.64

0.38

0.62

0.43

0.36

0.55

0.22

0.97

0.67

-0.38

0.43

0.37

10

Kais.

0.50

-0.27

0.48

0.47

-0.28

0.50

0.44

-0.44

0.61

0.43

0.47

-0.16

0.40

0.31

-0.23

-0.66

0.60

11

0.69

-0.41

0.69

0.69

-0.46

0.76

0.69

-0.75

0.56

0.58

0.53

0.56

0.37

-0.29

0.42

-0.42

0.57

12

0.51

-0.46

0.61

-0.52

-0.78

-0.37

-0.21

-0.17

-0.20

0.51

-0.46

13

0.96

0.55

0.99

0.59

0.72

0.48

0.75

0.61

0.71

-0.23

0.36

-0.48

0.55

0.40

14

0.59

-0.68

0.85

0.59

-0.82

0.62

-0.43

0.69

0.53

0.51

0.53

0.51

0.26

-0.37

0.32

-0.36

0.46

15

0.80

-0.67

-0.76

0.47

-0.34

-0.24

0.39

-0.31

16

0.98

0.55

0.64

0.93

0.66

0.54

0.78

0.63

0.74

-0.23

0.38

-0.54

0.47

0.35

17

0.57

-0.86

0.59

-0.49

0.76

0.54

-0.25

0.51

0.39

0.54

0.57

0.17

0.55

-0.22

0.25

-0.48

0.39

-0.22

0.40

18

-0.81

0.63

-0.50

0.24

-0.18

-0.25

-0.25

-0.19

0.20

-0.26

19

0.67

0.97

0.66

0.89

0.63

0.56

0.79

0.66

0.74

-0.25

0.37

-0.58

0.43

0.35

20

Kisaniemi (Kais.), Kajaani (Kaj.) and Sodankylä (Sod.) stations studied. Underlined if p<0.1. Reprinted with permission from John
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Sod.

0.49

-0.25

0.46

0.48

-0.25

0.46

16

17

18

19

20

0.39

-0.37

0.47

-0.40

0.56

0.33

0.56

0.32

0.55

0.20

0.43

15

0.61

0.46

0.61

-0.24

0.58

0.57

0.53

14

0.45

0.09

-0.28

0.38

13

-0.37

0.52

12

0.36

0.32

-0.65

0.69

0.46

0.93

11

0.44

0.26

0.40

0.92

0.20

0.55

0.46

0.25

10

9

8

0.36

0.25

-0.18

6

7

0.18

5

0.30

0.74

3

4

-0.71

2

1

0.40

0.32

0.66

0.47

0.66

-0.23

0.61

0.63

0.56

0.29

0.98

0.35

0.22

-0.21

-0.21

-0.18

0.33

0.32

0.32

0.30

0.33

0.29

0.43

0.67

0.47

0.66

-0.20

0.58

0.64

0.54

0.26
0.50

0.53

-0.29

0.55

0.52

-0.34

0.59

0.50

-0.20

0.70

-0.22

0.60

0.70

-0.40

0.75

0.71

-0.68

0.33

-0.25

0.54

-0.37

0.97

0.58

0.97

0.68

0.72

-0.46

0.80

0.72

-0.74

0.66

-0.56

1.00

0.61

0.61

-0.79
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Table 6. Spearman’s correlation coefficient (rho) for different winter-related variables (ID nos. 1-20 in Table 4) and ACPs at the

Sod.

Kaj.

Kais.

Station

4

AO

POL

SCA

EA/WR

PNA

WP

EA

NAO

AO

POL

SCA

EA/WR

PNA

WP

EA

NAO

-0.40

-0.26

-0.35

0.56

0.42

0.57

0.35

0.60

-0.26

0.35

-0.26

-0.29

5

7

-0.23

-0.30

0.29

-0.28

0.28

0.36

-0.27

-0.22

-0.24

0.38

0.37

-0.25

6

-0.38

-0.24

-0.24

3

AO

-0.22

2

-0.28

0.29

1

POL

SCA

EA/WR

PNA

WP

EA

NAO

ID

0.29

-0.24

8

10

0.25

11

12

0.36

-0.27

-0.26

-0.28

0.41

-0.26

-0.23

0.23

0.27

-0.23

-0.28

0.22

0.26

0.23

-0.61 -0.47 -0.34 -0.41

0.35

-0.25 -0.24

-0.37 -0.23

9

p<0.1. Reprinted with permission from John Wiley & Sons, Inc. (Paper III).

-0.22

-0.26

-0.28

-0.29

13

15

0.36
-0.27

0.32

-0.35 -0.26

-0.44 -0.33

-0.37

-0.25

-0.46 -0.44

0.25

-0.40 -0.25

-0.22 -0.24

14

-0.38

0.27

-0.24

-0.24

16

18

0.32
-0.23

-0.34 -0.33

-0.45 -0.22

-0.33

-0.25

-0.64 -0.60

0.27

-0.25

-0.33 -0.31

17

-0.23

0.30

0.22

-0.27

19

-0.34

-0.47

-0.33

0.22

-0.25

-0.66

0.23

-0.23

-0.37

20

Kisaniemi (Kais.), Kajaani (Kaj.) and Sodankylä (Sod.) stations. Significant correlations (p<0.05) denoted as bold and underlined if

4.3.5 Effects of atmospheric circulation patterns
This thesis identified clear relationships between winter climate variability in
Finland (Section 4.3.3) and different ACPs. It is broadly accepted that such
relationships reflect atmospheric circulation effects on climate conditions over
various time scales (e.g. Bartolini et al. 2009, Hurrell 1995, Rodwell et al. 1999,
Wibig 1999). About 50% of winter climate variability in Europe is commonly
related to the NAO (Cassou et al. 2003, Hurrell & Deser 2009), which is
considered to be the main component of the AO (Thompson & Wallace 1998,
2000). This thesis indicated that winter mean SAT in Finland has significant
positive correlations with both the NAO (rho = 0.35-0.42) and AO (rho =0.560.60) indices. Similar relationships have been found on both national and spatial
scale in Finland (Section 4.1), at Pääjärvi in the south of Finland (George et al.
2004) and in Lapland in the north (Lee et al. 2000). Furthermore, Tuomenvita &
Heino (1996) concluded that the positive phase of the NAO is significantly
associated with the recent winter (December-February) warming in Finland. For
winter precipitation, the present study determined that winter conditions in central
Finland are positively associated with the AO, while those in southern and
northern Finland are negatively associated with the EA/WR and the EA patterns,
respectively. Similarly, Section 4.2 of this thesis showed that national-scale winter
(December-February) precipitation throughout Finland is moderately associated
with all NAO, AO, SCA and POL patterns. It also showed that the most effective
ACP for winter precipitation is the AO in central Finland, the EA pattern in
northern areas close to Sodankylä and the NAO in southern Finland. Effects of
ACPs, particularly the NAO, on variations in European precipitation have been
reported by many studies (e.g. Bartolini et al. 2009, Jaagus 2009, Türkes & Erlat
2003, Uvo 2003).
In the present thesis, associations between ACPs and snow-related variables
at each weather station were practically similar to their associations with winter
SAT and precipitation. At Kaisaniemi in southern Finland, winter snowfall,
rainfall, peak SWE, date of peak SWE, snowpack refreezing and meltout (or
snowmelt flux) showed significant relationships with the AO index as the most
influential ACP on winter SAT. At both Kajaani (central Finland) and Sodankylä
(northern Finland), winter snowfall, peak SWE and snowpack refreezing were
significantly associated with the same patterns affecting winter precipitation
(SCA, EA, EA/WR and AO), while winter rainfall was correlated with the AO,
which influenced winter SAT at both stations. By the same analyses, Huntington
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et al. (2003) determined that winter S/P ratios in New England (US) are
significantly associated with the NAO index and PNA pattern, which both
considerably affect temperature variability, but not precipitation changes
(Bradbury et al. 2003). Similarly, McCabe & Dettinger (2002) found close
correlations between SWE on 1 April in the western US and the Pacific Decadal
Oscillation (PDO); see also Cayan (1996), Mote (2003), Pederson et al. (2004),
and Mote et al. (2005). In Norway, the SWE at high elevations is negatively
associated with high values of NAO, while at low elevations it is positively
associated (Skaugen et al. 2012), with low values of the NAO index showing
positive relationships with the SWE at all elevations.
Bamzai (2003) concluded that variations in snow cover in the NH are
significantly related to the variability in the AO index. In Greenland, Johannessen
et al. (2005) found significant relationships between the NAO and winter snow
cover. Clark et al. (1999) reported that the positive phase of the NAO is
associated with SAT warming and snow cover decline in central Europe. They
also found NAO to be associated with SAT variability over most of Eurasia, but
to have insignificant effects on snow cover in that region. In the Romanian
Carpathians, Micu (2009) showed negatively weak correlations between snow
cover duration and the NAO index, particularly in December-March; see also
Birsan & Dumitrescu (2014). Petkova et al. (2005) identified no clear
relationships between the NAO index and snow cover duration in the Bulgarian
mountains. Furthermore, López-Moreno & Vicente-Serrano (2007) found that the
positive phase of the NAO provides favourable weather types for increasing snow
accumulation on the ground in the Spanish Pyrenees. For Finland, George et al.
(2004) showed negative correlations between the number of days with snow in
Pääjärvi (southern Finland) and the NAO index. This relationship was
accompanied by positive linkages of both winter temperature and precipitation to
the NAO index. This thesis indicated that continuous duration of possible snow
cover (CSCD0) in both northern (Sodankylä) and central (Kajaani) Finland was
associated with the same influential ACPs (the EA and SCA patterns,
respectively). The EA and SCA patterns also influenced end and start days of
CSCD0 at Sodankylä and Kajaani. At Kaisaniemi, the CSCD0 was correlated
with the AO index, which also affected winter SAT and the end day of CSCD0. At
all three stations, similar behaviour to the CSCD1 was found for continuous
duration of both shallow and deep snow cover (CSCD1 and CSCD3,
respectively), while their start and end days showed significant relationships with
the influential ACPs on winter SAT.
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4.3.6 Snow resource under projected climate change
Sensitivity analysis of nine snow-related variables (ID nos. 6-12, 15 and 18 in
Table 4) to projected climate change conditions (up to +4 °C in annual SAT
and/or +30% in annual precipitation) for all three stations is shown in Figure 23.
Comparison of results with the SAT varied and the precipitation held constant
(Figures 23a-c) indicated that warming had large effects on decreases in CSCD0,
winter snowfall, peak SWE and date of peak SWE at all three stations. The
decreases were very sharp up to an annual warming of 2-2.1 °C. A SAT warming
of more than 2-2.1 °C gave a small shortening in CSCD1 and CSCD3 at all
stations. The reduction in wintertime refreezing was sharp at Kaisaniemi in
response to warming up to 2-2.1 °C; moderate at Kajaani relative to warming up
to 4 °C, and significant at Sodankylä associated with warming of 2.1-4 °C.
However, winter rainfall and meltout (or snowmelt flux) showed only slight
sensitivity to SAT warming at all stations (Figures 23a-c).
With the precipitation varied and SAT held constant, sensitivity analysis
showed rapid increases in both winter snowfall and peak SWE at all three stations
for an increase of up to 6-9% in annual precipitation (Figures 23d-f). Similarly,
this range of increase in annual precipitation (up to 6-9%) had a significant
positive (but smaller) effect on CSCD1, CSCD3 and winter rainfall at all stations.
The sensitivity of CSCD0 to increases in annual precipitation was smaller than
that of CSCD1 and CSCD3 at all stations (Figures 23d-f). At Kaisaniemi,
wintertime refreezing gave no change in signal because of increases in annual
precipitation, while it rapidly intensified at both Kajaani and Sodankylä by
increasing annual precipitation by up to 15%. At all stations studied, wintertime
meltout (or snowmelt flux) and date of peak SWE showed almost no sensitivity to
increases in annual precipitation.
With concurrent SAT warming and increases in annual precipitation, both
winter precipitation forms, rainfall and snowfall, showed rapid increases for
annual warming and precipitation increases of up to 0.8-1 °C and 4.5-7.5%,
respectively (Figures 23g-i). For variables related to snowpack storage (ID nos. 810 in Table 4), wintertime peak SWE at all three stations gave the largest
increasing signal to temperature warming up to 0.8 °C and precipitation increases
up to 6% (Figures 23g-i). Wintertime refreezing continuously showed declines at
Kaisaniemi, but rapid increases due to SAT warming up to 1-1.1 °C and
precipitation increases up to 7.5-9% at both the Kajaani and Sodankylä stations.
Averaged for all stations, date of peak SWE showed significant decreases with
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annual SAT and precipitation increases (Figures 23g-i). For variables related to
continuous duration of snow cover (ID nos. 12, 15 and 18 in Table 4), CSCD0
showed a small reduction at all stations in response to SAT warming and
concurrent annual precipitation increases, while CSCD1 and CSCD3 showed
almost no sensitivity to these changes in climate conditions.

Fig. 23. Responses in simulated winter rainfall, snowfall, peak SWE and its date,
duration of different continuous snow covers, refreezing and meltout/snowmelt flux (t
statistics) to (a-c) only annual SAT warming +4 °C; (d-f) only increasing annual
precipitation of 30%; and (g-i) concurrent annual warming of +4 °C and increasing
annual precipitation of 30% at all three stations studied. Reprinted with permission
from John Wiley & Sons, Inc. (Paper III).

With a simulated future change in SAT and precipitation, variables such as winter
snowfall, refreezing, peak SWE and its date showed greater sensitivity
(reductions) to SAT than precipitation. With increasing SAT, the change in winter
snow cover was rapid until 2-2.1 °C warming was reached. After this threshold,
the variables were related to the snow cover duration; CSCD0 showed a high
shortening sensitivity, but CSCD1 and CSCD3 followed a small shrinking.
Holding temperature constant and increasing annual precipitation up to 7.5-9%
resulted in rapid increases in winter rainfall, snowfall, peak SWE and refreezing.
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In contrast with increases only in SAT, CSCD1 and CSCD3 showed greater
sensitivity (lengthening) than CSCD0 to increases only in annual precipitation. In
response to warming and concomitant increasing precipitation, rapid increases
were found for winter rainfall, snowfall and peak SWE at all three stations.
Similarly, Räisänen (2008) projected that warmer future winter temperature, if
acting alone (considering precipitation constant), will lead to less snowfall and
higher snowpack meltout (or snowmelt flux) during 2050-2099 than in 1950-1999
in Finland. Both of these factors will cause the winter SWE to decline, even if
winter precipitation increases. Räisänen (2008) also reported increases in winter
total precipitation resulting in higher SWE in Finland, if winter SAT is considered
unchanged (constant). Besides, Räisänen (2008) concluded that a combination of
the increases in SAT and total precipitation will slightly increase winter SWE
over Finland.
4.4

Hydrological view of snow resource changes in Finland (IV)

4.4.1 Snowmelt flux and snowpack outflow
At all three stations studied in Paper IV, in the south, centre and north of Finland,
the simulated snowmelt flux (or meltout) was linearly related to the observed SAT
above 9.6 °C (Figure 24b). This linear relationship may be explained by the
maximum liquid water retention capacity of snowpack (WSPmax), which is
directly related to the liquid water of ice in the snowpack. For observed SAT
higher than 9.6 °C, the available liquid water amount in the snowpack (SL0) was
equal to the WSPmax and there was no refreezing (SF). Hence, the snowmelt flux
(or meltout) (ML) was equal to the surface snowmelt in the snowpack (SM)
obtained by the SAT-based linear equation (Eq. 6). In general, all simulated
snowmelt flux (or meltout) took place in the observed SAT range 0.17-18.87 °C
without any refreezing (Figure 24b). The simulated maximum daily snowmelt
flux (or meltout) showed a range from 34.4 to 44.7 mm and occurred when the
observed SAT was between 17.0 and 19.6 °C. Above 18.9 °C, there was no
snowmelt flux (or meltout) because the SWE was always equal to zero.
According to Figure 24b, the simulated maximum daily snowmelt flux (or
meltout) at Kajaani was about 34.4 mm at 18.87 °C, and the simulated snowmelt
flux (or meltout) was always equal to 0 above this observed SAT.
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The outflow was generated from different processes and sources depending on the
SAT variability. For observed SAT below 0.14 °C, the snowfall always fully
accumulated on the ground without melting, as the snowmelt base temperature
range was 0.14-1.58 °C. In other words, rain was the only source of liquid water
for any refreezing process when the observed SAT was below 0.14 °C. At
observed SATs from -0.10 to 0.14 °C, the snowpack always included enough
liquid water originating only from rainfall to exceed WSPmax. Hence, the
snowpack outflow in this SAT range (from -0.10 to 0.14 °C) was generated by the
liquid water, which was equal to the rainfall minus the refreezing and WSPmax. At
the station in question, for SATs between the snowmelt base temperature (e.g.
0.14 °C at Kajaani) and the snowmelt flux (or meltout) base temperature (e.g.
0.17 °C at Kajaani), the simulated refreezing and snowmelt flux (or meltout) were
always equal to 0 and therefore the simulated outflow was generated by the
rainfall plus surface snowmelt minus WSPmax, as shown in Figure 24c for
Kajaani. The outflow was produced by rainfall plus simulated snowmelt flux (or
meltout) when the observed SAT range was between the snowmelt flux (or
meltout) base temperatures (e.g. 0.17 °C at Kajaani) and the SAT when the
maximum daily snowmelt flux (or meltout) occurred (e.g. 18.87 °C at Kajaani),
see Figure 24c. The outflow started at a lower SAT (e.g. -0.10 °C at Kajaani) than
the snowmelt flux (or meltout) base temperature (e.g. 0.17 °C at Kajaani), but
both outflow and snowmelt flux (or meltout) ended at the observed SAT
corresponding to the simulated maximum daily snowmelt flux (or meltout) (e.g.
18.87 °C at Kajaani), as seen in Figure 24c. In other words, the outflow period
was always longer than the snowmelt flux (or meltout) period. However, the SAT
of simulated maximum daily snowmelt flux (or meltout) is mainly dependent
upon the geographical location of study and could also change under warming
trends.
4.4.2 Magnitude of snowpack peak outflow
The simulated peak outflow from the snowpack depended on observed SAT and
simulated snowmelt flux (or meltout) but not on rainfall at Sodankylä and Kajaani
stations, located in northern and central Finland, respectively. For the simulated 1day peak outflow (S.1 D.P.O.) at the Kaisaniemi station in southern Finland,
rainfall was the main component. The linear relationships between simulated peak
outflow and simulated snowmelt flux (or meltout)and observed SAT were clear,
and increased when longer time sums were used (Figure 25). Rainfall (daily or
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longer rain duration) did not affect the simulated peak outflow from snowpack at
Kajaani and Sodankylä. According to the data for all three stations, the simulated
10-day peak outflow (S.10 D.P.O.) represented the best statistically significant
linear relationship with simulated snowmelt flux (or meltout) (e.g. R2 = 0.90 at
Kajaani) and observed SAT (e.g. R2 = 0.89 at Kajaani). Furthermore, considering
longer time peak outflows such as 15, 20, 25 and 30 days (not shown), the R2
values did not increase significantly and the results indicated that the 10-day
snowpack peak outflow could be used to describe high peak outflow years in
Finland.

Fig. 24. Relationship between the observed daily SAT at Kajaani and a) observed daily
precipitation; b) simulated daily snowmelt flux or meltout; and c) simulated daily
snowpack outflow. Reprinted with permission from Elsevier (Paper IV).

The simulated annual 1-day peak outflow significantly (p<0.05) decreased by
0.044 mm/year at Kaisaniemi during 1845-2011 and by 0.065 mm/year at
Sodankylä during 1908-2011, but it showed no clear trend at Kajaani during
1903-2008 (Figure 25a). Considering simulated annual 3-day peak outflow, no
significant decreasing trend was found at Kajaani, but at Kaisaniemi and
Sodankylä it decreased by 0.17 and 0.24 mm/year (p<0.05), respectively. The
simulated annual 5-day peak outflow at Kajaani showed no clear trend, while
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there was a decreasing trend of 0.27 mm/year (p<0.05) at Kaisaniemi and 0.39
mm/year (p<0.05) at Sodankylä. A significant (p<0.05) decreasing trend in
simulated annual 10-day peak outflow was found at all three stations, of 0.21
mm/year at Kajaani, 0.46 mm/year at Kaisaniemi and 0.72 mm/year at Sodankylä
(Figure 25b). The base value of simulated annual 10-day peak outflow was 130.9
mm at Kajaani, 119.8 mm at Kaisaniemi and 158.3 mm at Sodankylä. At Kajaani,
the period 1904-1947 was indicated as high mode of simulated annual 10 days
peak outflow anomalies, with an average value of 10.7 mm, and the period 19482008 as low mode, with an average value of -10.8 mm (Figure 25c). At
Kaisaniemi, 1845-1877 was the low mode (-10.1 mm) of simulated annual 10-day
peak outflow anomalies, 1878-1937 was high mode (39.8 mm) and 1938-1959
was low mode (-20.2 mm). However, the period 1960-2011, with an average
value of -36.1 mm, was in lower mode than the low mode period between 1938
and 1959. At Sodankylä, 1958 was the turning year from high mode, with an
average value of 32.4 mm during 1908-1958, to low mode, with an average value
of -27.5 mm during 1959-2011.
Paper IV demonstrated significant (p<0.05) decreasing trends in annual 1-day
peak outflow from snowpack at both Kaisaniemi and Sodankylä during the past
100 years. At these stations, the turning year from high to low mode of annual 1day snowpack peak outflow was about 1960, which was also the turning year
from high to low mode of peak annual SWE at Sodankylä and from low to lower
mode of peak annual SWE at Kaisaniemi. Similar behaviour was found at
Kajaani, but the turning year from high to low mode of both annual 1-day
snowpack peak outflow and peak annual SWE was around 1938. This different
turning year at Kajaani may relate to the shift from wet to dry climate in 1939 and
the significant decreasing trend in observed total annual precipitation found at this
station. It can be concluded that in Finland during the 20th Century, the high and
low modes of annual 1-day snowpack peak outflow were associated with the high
and low modes of peak annual SWE, respectively. On the other hand, annual 10day snowpack peak outflow as the indicator of high peak outflow years in Finland
also showed significant decreasing trends at all three stations studied during the
last century. The shift from high to low mode of annual 10-day snowpack peak
outflow also occurred in the same year as the shift from peak annual SWE from
high to low mode in 1937 at Kaisaniemi and in 1959 at Sodankylä. At Kajaani,
the shift year from high to low mode for annual 10-day snowpack peak outflow
was 1947, while for peak annual SWE it was 1938. This 10-year lag time at
Kajaani may relate to the cyclic pattern found in observed mean annual
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temperature, which unevenly affects the snowmelt flux (or meltout) as the most
important process controlling the 10-day peak outflow from snowpack in Finland.
Hence, all these decreases and regime shifts in the quantity of 1- to 10- day
snowpack peak outflow over time were mainly due to declines in peak annual
SWE. Similarly, Veijalainen et al. (2010) reported that decreased SWE caused
snowmelt flux (or meltout) to decline, thereby reducing peak outflow from
snowpack in Finland. Such declines in peak outflow from snowpack would lead
to a substantial decrease and/or shift from high to low mode in peak discharge of
northern rivers. For example, Bates et al. (2008) and Veijalainen et al. (2010)
reported significant decreases in surface runoff in northern Europe and Finland,
respectively, during the last century.
4.4.3 Timing of snowpack peak outflow
The timing of simulated 1-day peak outflow significantly (p<0.05) decreased by
0.11 day/year at Kajaani during 1903-2008, 0.27 day/year at Kaisaniemi during
1845-2011 and 0.18 day/year at Sodankylä during 1908-2011 (Figure 27a). Based
on the positive linear relationship found between daily peak outflow and
snowmelt flux (or meltout) at both Kajaani and Sodankylä, most 1-day peak
outflow events occurred during May, when warmer weather caused higher
snowmelt flux (or meltout) amounts. At Sodankylä, only two simulated 1-day
peak outflow events occurred during November-January (in the hydrological
years 1936 and 1939), while seven such events occurred at the Kajaani study site
(Figure 27a). At Kaisaniemi, the timing of simulated 1-day peak outflow varied
from November to June because, as mentioned before, rainfall was the most
important part of simulated 1-day peak outflow.
The timing of simulated 10-day peak outflow exhibited a significant (p<0.05)
decreasing trend of 0.075 day/year at Kajaani during 1903-2008, 0.25 day/year at
Kaisaniemi during 1845-2011 and 0.21 day/year at Sodankylä during 1908-2011
(Figure 27b). At all three stations, most 10-day peak outflows occurred during
April-June. At Kajaani, only one 10-day peak outflow event occurred, in
December 2006, i.e. hydrological year 2007 (Figure 27b). There were some 10day peak outflow events during November-April after 1960 at the Kaisaniemi
study site (Figure 27b).
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Fig. 25. Correlations for magnitude of simulated annual (M.S.A.) 1-, 3-, 5- and 10-day
peak outflow (D.P.O. = Day Peak Outflow) with the simulated annual correspondingday snowmelt flux or meltout (C.D.Mf. = Corresponding Day Snowmelt flux), rainfall
(D.D.R. = Corresponding Day Rainfall) and observed mean annual (O.M.A.)
corresponding-day SAT (C.D.M.T. = Day Mean SAT) at Kajaani. Non-significant
correlations (p>0.05) are given in grey panels. Reprinted with permission from
Elsevier (Paper IV).

A significant shift in stream flow seasonality is one of main hydrological
responses to climate change in snow-dominated regions (Barnett et al. 2005;
Parry et al. 2007). Paper IV showed that both annual 1- and 10-day snowpack
peak outflow shifted to earlier at all stations studied in Finland over the past 100
years. Similarly, Korhonen & Kuusisto (2010) reported earlier peak river
discharge during spring in Finland using observational records of river discharge
in Finland during 1912-2004. Irannezhad et al. (2014b) also reported earlier peak
snowpack outflow in northern Finland by evaluating shifts in the timing of spring
flood discharge in three natural rivers during 1967-2011. Other studies have
reported earlier snowmelt runoff in different parts of the world due to climate
change, e.g. in the Japanese Alps region (Yamanaka et al. 2012), across the
western United States (McCabe & Clark 2005, Stewart et al. 2004, 2005) and in
Lithuania (Meilutytė-Barauskienė & Kovalenkovienė 2007). The shifts in peak
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annual snowpack outflow to earlier would increase the risk of winter flooding, as
seen more frequently at Kaisaniemi than at Kajaani and Sodankylä during recent
decades, declining spring and early summer groundwater levels, leading to early
summer drought, and decreased summer river discharge (e.g. Middelkoop et al.
2001, Okkonen & Kløve 2010).

Fig. 26. (a & b) Trends in magnitude of simulated annual (M.S.A.) 1- and 10-day peak
outflow (D.P.O. = Day Peak Outflow) at Kaisaniemi, Kajaani and Sodankylä study sites
and (c) anomalies for magnitude of simulated annual 10-day peak outflow (M.S.A.10
D.P.O.) in the water years from 1904 to 2008 at Kajaani station. Reprinted with
permission from Elsevier (Paper IV).
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Fig. 27. Variations and trends in the timing of simulated annual (T.S.A.) (a) 1-day and
(b) 10-day snowpack peak outflow (D.P.O. = Day Peak Outflow) at Kaisaniemi, Kajaani
and Sodankylä stations. Reprinted with permission from Elsevier (Paper IV).

106

5

Conclusions and future recommendations

Improving knowledge on the impacts of climate variability and change on
snowpack accumulation and processes is essential for sustainable planning and
management of water resources, especially in snow-rich regions such as Finland.
This thesis provides detailed pictures at national and spatial scale of historical
trends in SAT and precipitation over Finland in relation to ACPs (Papers I & II). It
also improves understanding of climate change impacts on snowpack
accumulation and melt processes in Finland (Papers III & IV), particularly during
winter (Paper III). Besides, the work investigated SHPs in Finland to highlight the
role of snow in seasonal hydrology and water resources in the country, as
snowmelt flux usually represents a major water resource for different ecosystems
and human activities and also controls peak river discharge in cold climate
regions. The results showed increases in annual mean SAT and precipitation in
Finland in association with the AO and EA/WR patterns, respectively, and
declines in SWE. All such changes in climate, and consequently in snow
resources, resulted in significantly lower and earlier snowpack peak outflow in
Finland. Based on the results and knowledge obtained in Papers I-IV, the key
conclusions are as follows:
1.

Paper I: On a national scale in Finland, significant warming trends were
found in mean annual SAT (0.4±0.2 °C/decade), spring SAT
(0.4±0.2 °C/decade) and summer SAT (0.3±0.2 °C/decade) during the period
1961-2011. The AO was the most influential ACP for mean annual SAT (rho
= 0.58, p<0.05), largely due to the strong influence of the AO over the
country during winter and spring. Summer SAT was positively correlated
with the EA pattern, while autumn SAT was negatively correlated with the
EA/WR pattern. Spatial analysis revealed increases in mean annual SAT for
almost all of Finland, in strong association with the AO index. Seasonal SAT
for winter increased significantly over upper parts of north-eastern and northwestern Finland, for spring across most of the country, for summer in central,
north-western, southern and south-western zones and for autumn in some
areas of central, south-eastern, south-western and northern Finland. Winter
SAT was significantly influenced by the AO in most of Finland, and by the
NAO in north-eastern parts. The NAO was also important for spring SAT in
the north of the country, whereas the WP pattern mainly controlled spring
SAT in the rest of Finland. Summer SAT in northern and central Finland was
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2.
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closely related to the EA pattern and in southern parts to the WP pattern,
which is associated with anomalous southerly or northerly flows over the
country. Autumn SAT in the whole of Finland was significantly associated
with the EA/WR pattern. Overall, Paper I demonstrated climate warming in
Finland during recent decades and revealed that annual and cold season SAT
in the country is significantly influenced by the AO and NAO indices, while
warm season SAT is significantly influenced by the EA, EA/WR and WP
patterns.
Paper II: Statistically significant increasing trends were observed in annual
(0.92±0.50 mm/year), winter (0.46±0.19 mm/year) and summer (0.32±0.29
mm/year) precipitation on national scale in Finland for 1911-2011. Annual,
spring and summer precipitation in all of Finland were negatively associated
(p<0.05) with the EA/WR pattern. However, the NAO positively influenced
(p<0.05) and the SCA negatively influenced (p<0.05) winter and autumn
precipitation across the country (p<0.05). In terms of spatial differences, only
increasing trends in annual precipitation over northern and central Finland
were statistically significant. Increasing trends in seasonal precipitation for
winter were found at different stations in Finland, with the highest rates in the
north, for spring at few stations in the north and east, for summer at stations
in the centre and south and for autumn at stations located in the east of the
country. Annual precipitation was significantly associated with the EA/WR
pattern in the south of Finland and northern Ostrobothnia, and with the SCA
pattern in the centre and east of the country. Seasonal and monthly analysis
gave similar results for spatial variations. Winter precipitation was
significantly influenced by the NAO in southern and partly northern Finland
and by the AO in central parts. Spring precipitation was significantly
influenced by the EA/WR pattern in southern Finland, the SCA pattern in
western areas, the POL pattern in Eastern parts, the EA pattern in central
areas and the NAO in some stations in the south and north of Finland.
Summer precipitation was significantly influenced by the EA/WR pattern in
most of Finland and by the POL pattern in south-western areas. Autumn
precipitation was significantly influenced by the EA/WR pattern in large
areas of Finland and by the SCA pattern in some stations in the west and
south-east of the country. In general, Paper II demonstrated wetter than
normal climate conditions throughout Finland during recent decades and
showed that precipitation in the country is controlled by several ACPs (NAO,
AO, EA/WR, EA, SCA and POL), and not just NAO as previously assumed.

3.

Papers III & IV: The results indicated good performance of the SHPsMod
model in simulating SHPs, during both calibration and validation phases, in
northern, central and southern Finland with differing mean annual SAT and
precipitation conditions. Analyses of simulated SHPs revealed both declines
in peak annual SWE and shortening in CSCDs in Finland during 1909-2008.
Such changes in the south of Finland were significantly associated with the
same ACP affecting winter SAT (the AO), and those in the centre and north of
Finland with ACPs affecting winter precipitation (EA, EA/WR and AO).
Accordingly, snow resource decline in southern Finland was mostly the result
of reduced snowfall owing to both winter warming and decreased
precipitation, but in central and northern parts only to decreases in winter
precipitation. Consequently, snowpack peak outflow decreased and shifted
towards earlier in the year during the past century because snowmelt flux (or
meltout) much more than rainfall influences snowpack peak outflow in
Finland. However, sensitivity analyses highlighted the important role of
increases in precipitation (up to 30%) in offsetting impacts of SAT warming
(up to 4 °C) on the snow resource and CSCDs in Finland.

Future research
In future studies, more precise models with rigorous calibration and uncertainty
assessment schemes need to be implemented in simulating SHPs in boreal
environments under climate variability and change. Applying global optimisation
algorithms for parameter estimation within the model calibration procedure
(Ebtehaj et al. 2010, Duan 2003, Jung et al. 1912, Moradkhani & Sorooshian
2008, Moradkhani et al. 2005a, 2012) instead of local optimisation will provide
acceptable and physically meaningful ranges for the estimated parameters on the
global scale. Beside the parameters, selection of appropriate simulating
approaches and structures (e.g. common sequential data assimilation methods: the
ensemble Kalman filter, the ensemble square root filter and the particle filter) can
play a key role in advancing uncertainty assessment of hydrological models
(DeChant & Moradkhani 2014, Leisenring & Moradkhani 2011, Moradkhani et
al. 2005b, Nahafi et al. 2011, Parrish et al. 2012). To reduce the structural
hydrological model uncertainty, multi-modelling based on Bayesian methods (e.g.
Bayesian model averaging) is also common practice in the literature (DeChant &
Moradkhani 2014, Madadgar & Moradkhani 2015, Najafi & Moradkhani 2015).
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Use of remote sensing datasets (e.g. magnitude and timing of snowmelt flux or
meltout) in calibration procedures may improve the performance of snowpack
models. Evaluating observational records of river discharge in snow-dominated
regions would identify the impacts of less and earlier snowpack peak outflow on
seasonal cycles in hydrology in cold climate zones. Studies on associations
between river regime discharges and ACPs in boreal regions are needed to
identify interlinkages between ACPs, climate variability, SHPs and Nordic
hydrology. Identification of such relationships would be beneficial for both
climate risk management and sustainable water resources planning and
management in cold climates, e.g. for monitoring and forecasting of hydroclimate
extremes such as droughts and floods. Investigation of processes and factors
controlling the quality of snowpack outflow in temperate areas under climate
change is an interesting subject for future studies. Besides, evaluating responses
of geothermal regime, soil frost and freeze-thaw processes to changes in snow
cover depth would help improve knowledge of climate change impacts in boreal
regions. Finally, the socio-economic implications of snow resource changes in
cold climate environments are worthy of study.
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