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ABSTRACT: Annual and seasonal variations in surface air temperature (SAT) during the period 1961-2011 were analysed
using daily mean temperature data sets from regular grid points (10 x 10km?) throughout Finland. The Mann—Kendall
nonparametric test was used to detect significant historical trends in SAT and Spearman’s correlation coefficient (p) to test the
relationships between SAT patterns and various atmospheric circulation patterns over the northern hemisphere. The results
showed that mean annual SAT in Finland increased (p < 0.05) by 0.4 +0.2 °C per decade during the study period and that the
SAT was significantly (p =0.58, p <0.05) positively correlated with the Arctic Oscillation (AO) index. However, there were
spatial differences within Finland for both the trends and relationships with the atmospheric circulation. Analysis of seasonal
mean SAT identified significant (p <0.05) warming trends for both spring (by 0.4 +0.2 °C per decade) and summer (by
0.3 +0.2°C per decade). Winter and spring mean SATs were most strongly (p < 0.05) correlated with the AO index (p=0.72
and 0.42, respectively), while the most significant teleconnection pattern for mean SAT in summer was the East Atlantic (EA)
pattern (p =0.43, p <0.05); and in autumn the EA/West Russia (WR) pattern (p =—0.59, p <0.05). These results provide a
detailed spatial picture of climate warming in Finland in recent decades and reveal that interannual variation of the SAT in
Finland is closely linked with a number of atmospheric circulation patterns, not just the AO and North Atlantic Oscillation
(NAO). Annual and cold-season SAT are mainly influenced by the AO and NAO, whereas the EA, EA/WR, Scandinavia (SCA)
and West Pacific (WP) patterns play an important role for warm-season SAT.
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community in the context of developing local and regional
adaptation strategies to climate and environmental change.

Many studies have focused on analysis of SAT varia-
tions and trends on regional and local scale over different
periods and time scales, e.g. in all of Europe (Klein Tank
etal., 2005; Moberg et al., 2006), Italy (Toreti et al.,
2010), Spain (Ileana and Castro-Diez, 2010), Poland
(Degirmendzi¢ et al., 2004), France (Chaouche et al.,
2010), Germany (Wulfmeyer and Henning-Miiller, 2006),
Switzerland (Rebetez and Reinhard, 2008) and Greece
(Feidas et al., 2004). Although these studies related to
different countries and regions of Europe, all agreed with
the reported warming trend of around 0.80 °C during the
last century over most of Europe (IPCC, 2001, 2013). In
general, the variations and trends in SAT in different areas
of the world are strongly related to large-scale atmospheric
circulation patterns and interactions between land/ocean
surfaces and the atmosphere (e.g. Chen, 2000; Slonosky
etal.,2001).

Atmospheric circulation patterns are often defined as
repetitive, persistent and large modes of pressure anoma-
lies determining the main air mass flow influencing cli-

1. Introduction

Analysis of variations and trends in surface air temperature
(SAT) has received considerable attention during recent
decades, as SAT critically influences the natural envi-
ronment and human activities (e.g. agriculture, forestry,
hydrology and human health). According to the Fifth
Assessment Report (ARS) of the Intergovernmental Panel
on Climate Change (IPCC), the global climate system has
warmed during recent decades (IPCC, 2013). Although
analysis of global mean SAT is very important, the find-
ings obtained do not show a uniform pattern over space and
time (Jones and Moberg, 2003). Besides, it is now broadly
accepted that evaluation of historical trends or future pro-
jections of SAT on large scale (global or continental) is
not very useful for sustainable planning on regional and
local scale, particularly in the area of water resources man-
agement (e.g. Barsugli ef al., 2009; Raucher, 2011). Thus,
the assessment of variations and trends in SAT on local or
regional scale is a subject of great interest for the scientific
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mate conditions over a large geographical region (Hurrell,
1995; Chen and Chen, 2003). The patterns normally



M. IRANNEZHAD et al.

describe the long-term behaviour in the natural occurrence
of chaotic variations in the atmospheric and climate sys-
tems of Earth (Thompson and Wallace, 2000). They also
reflect shifts in atmospheric waves and jet streams (Hur-
rell and Van Loon, 1997; Thompson and Wallace, 2001),
thereby controlling the global climate system (Nicholls
et al., 1996). In general, atmospheric circulation patterns
are described by climate teleconnection indices. Numer-
ous studies have reported the main components and char-
acteristics of climate teleconnection indices (e.g. Glantz
et al., 2009) and their linkages to SAT variability in dif-
ferent areas of the world, e.g. Trigo et al. (2002) for all
Europe, Efthymiadis et al. (2007) for the Greater Alpine
region of Europe, Cahynovd and Huth (2009) for cen-
tral Europe, Xoplaki et al. (2003) for the Mediterranean
region, Rodriguez-Puebla ef al. (2010) for the Iberian
Peninsula, Hoy ef al. (2013) for northern Asia, Tuomen-
virta et al. (2000) for the Nordic and Arctic regions and
Omstedt et al. (2004) for the Baltic Sea region.

For mean annual temperature on the national scale
in Finland, Heino (1994) found no clear trends dur-
ing the 20th century; Tuomenvirta and Heino (1996)
reported increases during the 1980s and 1990s; Jylhi ef al.
(2004) reported warming of about 0.7 °C for 1901-2000;
and Tietdviinen ef al. (2010) determined rising trends of
about 0.93+0.72°C for 1909-2008 and 2.05+ 1.07°C
for 1979-2008. In terms of spatial analysis, only a few
studies have investigated trends in SAT in different areas
of Finland, e.g. Lapland (northern Finland) (Lee et al.,
2000; Vajda and Venildinen, 2003); Padjitvi in southern
Finland (George et al., 2004) and all different parts of
Finland (Solantie and Drebs, 2001). However, those stud-
ies focused mainly on variations in Finnish SAT, and not
on trends and changes over time, with the North Atlantic
Oscillation (NAO) being the only atmospheric circula-
tion pattern identified as having a relationship with SAT.
Hence, the dependency of variations and trends in Finnish
SAT on various atmospheric circulation patterns remains
to be studied.

The overall aim of this study was to analyse interannual
variations and trends in annual and seasonal mean SAT
throughout Finland in relation to a number of well-known
atmospheric circulation patterns in the northern hemi-
sphere. Specific objectives included: (1) assessment of
annual and seasonal variations and trends in SAT in Fin-
land and (2) identification of atmospheric circulation pat-
terns with a strong influence on SAT patterns in Finland.

This article is laid out as follows: Section 2 describes the
data and analytical methods used and Section 3 presents
the results obtained, which are discussed in Section 4.
Section 5 summarizes the findings in a list of conclusions.

2. Data and methods
2.1.

Finland is located in the Fenno-Scandinavian region
of northern Europe (Figure 1). The Baltic Sea, the
Scandinavian mountain range, the Atlantic Ocean,

Study area and data descriptions
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continental Eurasia and latitudinal gradient are the main
factors controlling climate conditions in Finland (Atlas of
Finland, 1987; Kédyhko, 2004). Based on Koppen—Geiger
climate classification system, Finland is characterized by
a cold climate with no dry season (Df), with moderate
summers (Dfb) along a small part of the southern coast and
short summers (Dfc) in large areas of the country (e.g. Peel
et al., 2007; Chen and Chen, 2013). As Finland is a long
country in the south—north direction (about 1320 km),
the latitudinal gradient in SAT is strong, particularly
during winter, which impacts on snowpack accumulation
and snowmelt processes. The range in mean annual SAT
in Finland during 1971-2000 was —2.0 to 5.0°C, and
the range in mean annual precipitation 450.0—700.0 mm
(Drebs et al., 2002).

Daily mean SAT data spatially interpolated onto regular
grid (10x 10km?) points over Finland for the period
1961-2011 were obtained from PalTuli-Spatial Data
for Research and Teaching through the CSC-IT Cen-
tre for Science Ltd website (http://www.csc.fi/english).
The regular grid points of 10X 10km? 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 measure-
ments at 100—200 stations scattered over whole Finland
(Figure 1(b)). The westernmost and easternmost coor-
dinates 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 coordi-
nates 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 arithmetically averaged value of all gridded mean
daily SAT data during the study period (1961-2011)
was used. The calendar-based year (January to Decem-
ber) and climatological seasons (winter =December,
January and February; spring =March, April and May;
summer =June, July and August; autumn = September,
October and November) were considered in this study as
annual and seasonal time scales, respectively.

Daily temperature 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 pre-
viously been applied for research projects by Venildinen
and Heikinheimo (2002), Vajda and Venéldinen (2003),
Venildinen et al. (2005), Vajda (2007) and Tietdvdinen
etal. (2010). Although using the spatial interpolation
model can extend information about climatic variables to
areas with no observations, the uncertainties in produced
data sets resulting mainly from the number and distribu-
tion of the available measuring stations should be kept in
mind and acknowledged.
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Figure 1. (a) Study area and the regular grid points (10 x 10 km?) covering daily temperature data sets throughout Finland obtained from the CSC-IT
Centre for Science (PalTuli), (b) daily temperature measurement stations over Finland used for calculation of gridded data sets and (c) temporal
variations in number of daily temperature measurement stations in Finland during 1961-2011.

The geographical distribution of the available SAT
observation stations over Finland considered by the FMI
for creating the daily mean SAT gridded data set used
by this study is represented in Figure 1(b). The temporal
variations in the number of stations are also represented in
Figure 1(c). Since the distribution of the stations is fairly
even and the density is pretty high for capturing tempera-
ture variations, the quality of gridded data set is considered
good. It is necessary to mention that the homogeneity and
accuracy of this produced daily mean SAT gridded data
set were evaluated during creation of PalTuli database
(Venildinen et al., 2005). The interpolated SAT data set
was also validated against the observed monthly mean
SAT time series during 1971-2000 by Tietdviinen et al.

© 2014 Royal Meteorological Society

(2010). The coefficient of determination (R*) between the
estimated and measured SAT values ranged from 0.96 in
July to 0.99 in November. Hence, this study was motivated
to use the daily mean SAT gridded data set allowing better
presentations of the spatial patterns in temperature over
Finland and its relationship with atmospheric circulation
patterns.

In the study, 11 atmospheric circulation patterns were
chosen to be evaluated in relation to the SAT variability
over Finland (Table 1). All these are defined as Northern
Hemisphere (NH) patterns by the Climate Prediction Cen-
ter (CPC, 2011) of the National Oceanic and Atmospheric
Administration (NOAA) of the United States. The CPC
calculates the standardized monthly values of atmospheric
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Table 1. Summary of the northern hemisphere atmospheric circulation considered in this study.

Atmospheric circulation Abbreviation  Centre/s of circulation References

pattern

Arctic Oscillation AO A dipole between the polar cap area and the Thompson and Wallace (1998)
adjacent zonal ring centred along 45°N

North Atlantic Oscillation NAO Stykkisholmur (Iceland) and Ponta Delagada Barnston and Livezey (1987)
(Azores)

West Pacific WP Kamchatka (Russia) and a centre between Wallace and Gutzler (1981)
western North Pacific and south-east Asia

Pacific/North America PNA Hawaii, the intermountain area of North Barnston and Livezey (1987)
America, the southern part of the Aleutian
Islands (North Pacific Ocean) and the south-east
United States

East Pacific/North Pacific EP/NP Alaska—Western Canada, the central north Barnston and Livezey (1987)
Pacific and the east of North America

Pacific transition PT Intermountain area of the United States, CPC (2011)
Labrador Sea (North Atlantic), Gulf of Alaska
and the eastern US

Tropical/North Hemisphere =~ TNH Hudson Bay (Canada) and Gulf of Alaska CPC (2011)

Polar/Eurasia POL North-east China, Europe and North Pole CPC (2011)

Scandinavia SCA Mongolia, Scandinavia and Western Europe Barnston and Livezey (1987)

East Atlantic/West Russia EA/WR West of Europe, Caspian Sea in winter and Barnston and Livezey (1987)
Russia, north-west Europe and Portugal in spring
and autumn

East Atlantic EA North—south dipoles over the North Atlantic Barnston and Livezey (1987)

circulation patterns. This study used monthly values for the
period January 1961 to December 2011, which are avail-
able online (NOAA Database, 2012). A comprehensive
bibliography of atmospheric circulation patterns is pro-
vided by Glantz et al. (2009). The annual and seasonal
values of atmospheric circulation patterns were calculated
in this study as the average of monthly values during the
calendar-based year and the climatological seasons.

2.2. Trend and correlation analyses

The nonparametric Mann—Kendall test (Mann, 1945;
Kendall, 1975) was used to detect statistically significant
(p <0.05) historical trends in mean SAT on annual and
seasonal time scales. The test is recommended by the
World Meteorological Organization (WMO) for the deter-
mination of historical trends in climatological time series
and is independent of the probability distribution in data
sets (Helsel and Hirsch, 1992). The Sen method (Sen,
1968) was used to estimate the magnitude of significant
trends, and their 95% confidence intervals were calcu-
lated to acknowledge uncertainties (Helsel and Hirsch,
1992).

To measure correlations between interannual variations
in SAT and atmospheric circulation patterns, Spearman’s
rank correlation (p) was used here instead of Pearson’s
correlation coefficient (7), as it assumes no normality or
other special distribution functions for variables (Helsel
and Hirsch, 1992). In addition, the p is considered as
an effective, accurate and useful technique to show
relationships between data sets with small sample size
as the method is robust against outliers (Helsel and
Hirsch, 1992). The Pearson’s correlation coefficients
between SAT on the country scale of Finland and different

© 2014 Royal Meteorological Society

atmospheric circulation patterns are given in Table B1
(Appendix B). However, the use of the Spearman cor-
relation coefficient, compared with that of different
Pearson correlation coefficient, does not give significant
different results and does not change the conclusion
at all.

3. Results
3.1. SAT in Finland

Mean annual SAT on the country scale during the full study
period (hereafter the base value) was 2.1 °C (Figure 2(a)
and (b)), with the highest mean annual SAT for all
of Finland being 3.9°C (2011) and the lowest 0.3°C
(1985) (Figure 2(b)). The Mann—Kendall nonparametric
test indicated a significant (p <0.05) increasing trend of
0.4+ 0.2°C per decade in mean annual SAT for Finland
during the period 1961-2011 (Figure 2(a) and (c)). Mean
annual SAT in Finland on the country scale showed its
strongest significant relationship with the Arctic Oscilla-
tion (AQO) pattern (p =0.58 and p < 0.05) (Figure 2(a) and
(d)). It was also influenced by the NAO (p=0.38) at 5%
significance level (Table 2).

Long-term average values (base values) of mean SAT
for different seasons are presented in Figure 2(b). Trend
analysis of the country-scale mean seasonal SAT showed
a statistically significant (p <0.05) increasing trends in
both spring (by 0.5+0.4°C per decade) and summer
(by 0.3+0.2°C per decade), while no clear trend was
found for other seasons (Figure 2(c)). For winter and
spring, mean SAT on the country scale was most strongly
associated with the AO index, with p=0.72 and 0.42,

Int. J. Climatol. (2014)
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Figure 2. (a) Time series of annual surface air temperature in Finland during 1961-2011 with its trend line and the most significant atmospheric
pattern (AO), (b) maximum, minimum and base values, (c) trends (p < 0.05) with 95% confidence intervals (CI) and (d) most significantly correlated
atmospheric circulation patterns (p < 0.05) for national-scale mean surface air temperature in Finland on annual and seasonal timescales.

respectively; for summer with the East Atlantic (EA) pat-
tern (p =0.43, p < 0.05) and for autumn with the EA/West
Russia (WR) pattern (=-0.59, p<0.05) (Table 2).
Country-scale mean SAT for winter, spring and autumn
seasons was also correlated with the NAO index (Table 2).
All significant relationships between seasonal mean SAT
on the country-scale and atmospheric circulation patterns
are shown in Table 2.

© 2014 Royal Meteorological Society

3.2.  Spatial distribution of SAT

3.2.1. Interannual timescale

The base values of mean annual SAT varied markedly over
Finland, with higher values in the southwestern coastal
areas naturally decreasing towards the north of the country
(Figure 3(a)). All trends detected in mean annual SAT at
gridded points across Finland were positive (warming) and

Int. J. Climatol. (2014)
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Table 2. Correlation (p) between national-scale mean surface air temperature (SAT) in Finland and atmospheric circulation patterns.

Time scale Value NAO EA WP EP/NP  PNA EA/WR SCA TNH POL PT AO
Annual p 038 025 -024 —0.04 —0.23 —0.09 —0.11 0.58
)4 0.01 0.07 0.09 0.78 0.11 0.53 0.44 0.00
Seasonal ~ Winter p 0.63 0.02 0.16 0.01 0.27 —-0.19 0.24 0.02 0.72
p 0.00 0.87 0.27 0.96 0.05 0.17  0.08 0.87 0.00
Spring p 040 0.13 -0.39 0.10 -0.01 —0.26 —0.10 —-0.07 0.42
p 0.00 0.38 0.00 0.47 0.93 0.05 0.47 0.61 0.00
Summer p 0.09 043 -033 -0.31 0.12 —0.26 0.30 0.09 0.28
p 0.52  0.00 0.02 0.03 0.39 0.07 0.03 0.51 0.05
Autumn p 040 0.24 0.05 -0.31 0.08 —0.59 0.20 -0.01 0.27
p 0.00 0.09 0.72 0.03 0.59 0.00 0.15 0.97 ONOS
Significant correlations (p < 0.05) are given in bold. See Table 1 for abbreviations.
(@) (b) (©
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Figure 3. (a) Annual mean SAT in Finland, (b) its trend values in °C per decade and (c¢) Spearman’s correlation coefficients with the annual mean
AO index; all statistically significant at p < 0.05 level.

significant (p < 0.05) (Figure 3(b)). In general, high rates
of significant warming trends (0.50—0.58 °C per decade)
in mean annual SAT were observed over northern Fin-
land, where the long-term averages showed negative values
(Figure 3(b)). The lowest rate of SAT warming (0.2—-0.3 °C
per decade) was mainly found over the south-east of Fin-
land (Figure 3(b)). The AO index was the most influential
teleconnection pattern on variations in mean annual SAT
over all parts of Finland (p < 0.05). The significant posi-
tive correlation with the main influencing teleconnection
(AO) showed the highest values (0.60—0.70) in the south
of Finland and lowest (0.40—0.45) in the north-east and
most north-west areas (Figure 3(c)).

3.2.2.  Seasonal variability

Spatial analysis of seasonal mean SAT data for Finland
indicates an average range of —12.5 to —2.0°C for winter
(Figure 4(a)), —6.5 to 4.0°C for spring (Figure 4(b)),
7.0 to 16.1°C for summer (Figure 4(c)) and —5.0
to 7.0°C for autumn (Figure 4(d)). In general, the
warmest range in mean SAT for winter (—5.0 to —2.0 °C),

© 2014 Royal Meteorological Society

spring (2.5-4.0°C), summer (14.5-16.1°C) and autumn
(7.0-8.5°C) seasons was observed over the south and
south-west coast of Finland (Figure 4). The coldest range
for winter (—14.5 to —12.5°C), spring (—6.5 to —=3.5°C),
summer (7.0-10.0°C) and autumn (=5.0 to —0.2°C)
was seen in most north-western Finland (Figure 4). The
seasonal SAT in Finland showed a very high variability,
up to 30.5°C (from —14.5 to 16.1°C), during the full
length of study period (1961-2011).

The trend analysis showed only significant (p <0.05)
increases (warming) in mean SAT for all of winter, spring,
summer and autumn seasons over different parts of Finland
during 1961-2011 (Figure 5). The significant warming
trends in wintertime mean SAT ranged from 0.4 to 0.9 °C
per decade (Figure 5(a)) and were found mainly over
the upper areas of northern Finland (Figure 5(b)). During
spring, statistically significant trends (p < 0.05) were seen
almost over all parts of the country (Figure 5(d)), all posi-
tive in the range 0.3—0.6 °C per decade during 1961-2011
(Figure 5(c)). Summer mean SAT showed significant
(p» <0.05) warming along the south, south-west and west

Int. J. Climatol. (2014)
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Figure 4. Spatial distribution maps of mean SAT for (a) winter, (b) spring, (¢c) summer and (d) autumn over Finland.

coast of Finland, as well as in part of eastern and northern
Finland (Figure 5(f)). The general range of increasing
trends in summer mean SAT was between 0.2 and 0.3 °C
per decade during the study period (Figure 5(e)). For
autumn, mean SAT showed significant increasing (warm-
ing) trends (range 0.2—0.5°C per decade) (Figure 5(g))
over the south-west coast, northeast, upper parts of the
north-west, eastern parts of the centre and small area in
the south east (Figure 5(h)).

The main atmospheric circulation patterns influencing
mean SAT during winter were the AO over most parts of
Finland, and the NAO across a small area in the north-east
of the country (Figure 6(b)). In general, the highest sig-
nificant positive correlations (p <0.05 and p 0.70-0.8)
were observed in southern Finland (Figure 6(a)), where the

© 2014 Royal Meteorological Society

AO was most influential. In spring, the main influencing
teleconnection pattern in southern and central Finland
was the West Pacific (WP) (negative correlations), in
northern areas the NAO (positive correlation) and in
south-western and western coast parts the AO (positive
correlation) (Figure 6(c) and (d)). In summer, the most
significant (p <0.05) influencing patterns were the EA
(positive correlation) in northern and central Finland,
the WP (negative correlation) in some areas of south-
ern Finland and the Scandinavia (SCA) (negative correla-
tion) in a small part of central and south-eastern Finland
(Figure 6(e) and (f)). Significantly, the dominant atmo-
spheric circulation pattern for all parts of Finland was
the EA/WR pattern (negative correlation) (Figure 6(g)
and (h)).
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Figure 5. Spatial distribution maps of trends (a, ¢, e and g) and their statistical significance (b, d, f and h) for (a and b) winter, (c and d) spring, (e
and f) summer and (g and h) autumn mean surface air temperature in Finland during 1961-2011.

4. Discussion

4.1.  SAT changes
4.1.1. Annual trends

This study revealed a warming trend in mean annual SAT
for the whole of Finland of 0.40 +0.20°C per decade
(p <0.05) during 1961-2011. Similarly, Tietdvéinen et al.
(2010) reported increases in mean annual temperature
on the country scale for Finland of about 0.7 +0.4°C
per decade for the period 1979-2008, 0.3 +0.2°C per
decade for 1959-2008 and 0.1+0.1°C per decade
for 1909-2008. Jylhd et al. (2004) reported that mean
annual SAT in Finland had increased by 0.7 °C during
the 20th century (1901-2000). Furthermore, Tuomenvirta
(2004) reported statistically significant (p <0.05) trends
in mean annual SAT in Finland of 0.08 °C per decade for
1901-2000, 0.8 °C per decade for 1976—2000 and 0.7 °C
per decade for 1976-2002. All these warming trends
show a similar pattern to the best estimates of increases in
global mean SAT, i.e. about 0.7 +0.2°C for 1906—2005
(IPCC, 2007). On the global scale, Trenberth et al. (2007)
concluded that the SAT increase during 1956-2005
(0.2°C) was practically double that during 1906-2005
(0.1 °C). For Finland, Tietiviinen et al. (2010) concluded
that warming during 1959-2008 (0.3 °C per decade) had
tripled compared with the period 1906—2005 (0.1 °C per
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decade). However, this study suggests that warming in
Finland during 1961-2011 (0.4 °C per decade) was about
fourfold that reported by Tietdvdinen et al. (2010) for
1906-2005. Those authors also determined the warming
trend on the country scale to be about 0.7 °C per decade for
the period 1979-2008. All these findings are in agreement
with the conclusion that SAT increases are larger at high
northern latitudes (Trenberth et al., 2007).

In this study, mean annual SAT in Finland ranged from
—0.3°Cin 1985 t0 3.9°C in 2011, with a long-term aver-
age value (base value) of 2.1 °C for 1961-2011. On the
country scale, Tuomenvirta and Heino (1996) reported the
base value of 2.9 °C for the period 1901-1995 and 2.8 °C
for the normal period 1961-1990. Similar to this study,
they found that the coldest and warmest years in Fin-
land were 1985 and 1989, respectively, during the period
from 1971 to 1995 (Tietdviinen et al., 2010). Pirinen et al.
(2012) concluded that mean annual SAT in Finland dur-
ing the last 30-year period (1981-2010) was approxi-
mately 0.4 °C higher than during 1971-2000, and about
0.7 °C higher than during 1961-1990. Moreover, Venélii-
nen et al. (2005) found that 1961-1970 was the coldest
decade for Finland and 1991-2000 the warmest during
1961-2000, with a difference of about 1.0°C in mean
annual SAT. However, the studies by Tuomenvirta and
Heino (1996) and Tietdviinen ef al. (2010) indicated that
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Figure 6. Spatial distribution maps of Spearman’s correlation coefficients (a, ¢, e and g) with the most influential atmospheric circulation patterns (b,
d, f and h) for (a and b) winter, (c and d) spring, (e and f) summer and (g and h) autumn mean surface air temperature in Finland during 1961-2011.
All correlations are significant at p < 0.05. EP, East Pacific; NP, North Pacific.

the warmest years in Finland during the first half of the
20th century were 1938 and 1934, while the coolest ones
were 1902, 1915 and 1941. Similarly, based on the anal-
ysis of mean annual SAT, Tuomenvirta (2004) reported
that the coldest years in Finland during 1847-2002 were
1867 (=3.4°C), 1888 (—2.7°C), 1915 (2.6 °C) and 1902
(—2.5°C), while the warmest years were 1938 (2.4 °C),
1989 (2.2°C) and 2000 (2.2°C).

With regard to the spatial distribution of SAT through-
out Finland, the findings in this study confirmed results
in Pirinen ef al. (2012) that mean annual SAT was lower
(range —3.7°C to —2.0°C) in northern Finland than in
south-western coastal areas (5.0—7.0 °C). This agrees with
the fact that SAT generally increases from high to low lati-
tudes. In this study, significant increasing trends (p < 0.05)
in mean annual SAT were found for all of Finland. In
general, higher rates of warming were observed in nor-
mally colder areas located in northern Finland (higher
latitudes) and lower rates in warmer areas in southern
Finland (lower latitudes); see also Figure 1 in Serreze
et al. (2000). Small areas of north-eastern and most of
north-western Finland showed the highest rate of warming,
0.50-0.58 °C per decade during the full length of the study
(1961-2011). The lowest rate of warming (0.15-0.25°C
per decade) was found in some parts of southern and
south-eastern Finland (Figure 3(b)). Similarly, Rigor et al.
(2000) reported increases in annual SAT ranging from 0.5
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to 1.5°C per decade over a large area of Finland dur-
ing 1979-1997. The study by Lee et al. (2000) found no
clear trends in mean annual SAT in Lapland (northern Fin-
land) during the periods 1876—1993 and 1946—1990, but
a warming trend of 0.3 °C per decade during 1901-1945.
Mellert et al. (2008) also reported no significant (p < 0.05)
trends in mean annual SAT for northern Finland. In agree-
ment, Fgrland ef al. (2002) found no clear increase in
annual SAT over Sodankyld (northern Finland) during
1910-1999.

In a world-wide spatial analysis of temperature, Hansen
et al. (1999) reported 0.3—1.0 °C warming in central and
southern Finland during 1950—1998. Serreze et al. (2000)
also determined SAT increases of 0.1-0.5°C per decade
for central and southern Finland during 1966-1995.
On a local scale, similar warming (by 0.35+0.05°C
per decade) was reported by Jylhd efal. (2011) in the
Héme area of southern Finland for the last 50 years. As
some old meteorological stations were located in city
centres or industrial areas of Finland, the Urban Heat
Island (UHI) effect may have influenced the determina-
tion of SAT in those parts. Heino (1994) reported that
the annual SAT increase due to UHI was largest in the
beginning of 1900s (0.7-0.8 °C) at the Kaisaniemi station
in southern Finland. Solantie (1978) reported increases
of about 0.2—-0.5°C in SAT on the leeward side of some
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industrial cities for the period 1961-1975 relative to
1931-1960.

4.1.2. Seasonal trends

This study found seasonal SAT increases on the coun-
try scale in spring (0.4 +0.2 °C per decade) and summer
(0.3+0.2°C per decade) during 1961-2011. Similarly,
Tietdvdinen et al. (2010) determined significant increases
in both spring and summer mean temperatures in Fin-
land during 1909-2008, but no clear change in winter
and autumn mean SAT. The spring mean SAT increased
in Finland during 1959-2008, while the summer mean
increased over the period 1979—-2008. Furthermore, Jylha
etal. (2004) reported statistically significant (p <0.05)
SAT increases for spring (1.4 °C) and summer (0.7 °C) dur-
ing 1901-2000. However, Tietdviinen et al. (2010) found
increases of 0.7 + 0.6 and 1.4 + 1.2 °C per decade in mean
SAT for winter season in Finland during 1959-2008 and
1979-2008, respectively. They also reported increasing
trend by 0.5+0.6°C per decade in Finland during the
period 1979-2008.

Lee et al. (2000) reported no clear trends in seasonal
SAT for Lapland in northern Finland during 1946—1990
and summer warming of 0.4 °C per decade (p < 0.05) dur-
ing 1901-1945. Rigor et al. (2000) showed SAT increases
for winter (December to February) all over Finland during
1979-1997. However, this study indicated winter warm-
ing in small parts of north-east and north-west Finland.
This discrepancy could be due to the different study peri-
ods considered. Spring warming found on the south coast
of Finland by this study was similar to that reported by
Rigor et al. (2000). Mellert et al. (2008) concluded that
SAT for the periods April to June and May to Septem-
ber was unchanged in northern Finland during 1951-1999.
While Rigor etal. (2000) reported changes of about
0.00 + 0.50 °C per decade in SAT for summer and autumn
in Finland during 1979-1997, this study found summer
warming mainly in southern, western, north-western and
lower areas of northern Finland; and autumn warming over
the south coast, most north-east and north-west of coun-
try, 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 to April) 1951-1999, but just over
southern Finland in the warm season (May to October).

4.2.
4.2.1.

Influential atmospheric circulation patterns
The Arctic and the NAOs

The AO and NAO indices are two predominant atmo-
spheric circulation patterns controlling wintertime
SAT variability over high and medium latitudes in the
Atlantic/European zone and Arctic region. The AO index
indicates the strength of circumpolar vortex (Thompson
and Wallace, 1998), and the NAO index describes the
intensity of westerly airflow from the North Atlantic to the
Atlantic European sector. Their positive values correspond
to the strengthening of westerly circulation and prevailing
of mild maritime airflow across the northern Europe in the
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cold season. During the second half of the 20th century,
most significant strengthening of the westerly circulation
was observed in February (Jaagus, 2006). The changes in
March was also substantial, but not in January. Besides, no
clear changes were found in the intensity of the westerlies
during the summertime (Jaagus, 2006).

Changes in westerly circulation have been expressed by
increasing trends in both of the AO (0.26 per decade) and
NAO (0.20 per decade) indices (Wang et al., 2005). Many
studies have concluded that these increasing trends in the
AO and the NAO indices over the cold half-year explain,
to a large extent, the annual SAT warming across the
northern hemisphere during recent decades (e.g. Thomp-
son et al., 2000; Ostermeier and Wallace, 2003; Jaagus,
2006). Thompson and 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 ef al., 1997). Besides,
Serreze et al. (2000) reported that the NAO could be con-
sidered a major component of the AO. Hence, the annular
mode of atmospheric circulation as well as the annual SAT
over the NH is considered to be based entirely on variations
in the AO (Thompson et al., 2000).

The results from this study indicate that variations in
the annual, winter and spring SATs over Finland dur-
ing 1961-2011 are very much affected by the increasing
trends in the AO index expressing the strengthening of the
westerly circulation. The annual, winter and spring SAT's
also showed statistically significant positive relationships
with the NAO, but weaker than with the AO. The AO index
was positively associated with the variations in annual and
winter SATs over all parts of Finland, while the spring
SAT was positively correlated with the NAO index across
the upper centre and north of country. The findings of this
study are in agreement with other studies over northern
Europe, e.g. over Finland (Tuomenvirta and Heino, 1996;
Lee et al., 2000; George et al., 2004; Jiarvenoja, 2005),
Sweden (Chen and Hellstrém, 1999), Denmark (Gormsen
et al., 2005) and the Baltic States (Omstedt et al., 2004;
Bukantis and Bartkeviciene, 2005; Jaagus, 2006). All these
studies agree that recent annual and wintertime warm-
ing over the Fenno-Scandinavian region, northern Europe,
Eurasia and the Baltic Sea region are associated with a shift
in AO and NAO from the negative phase to the positive
phase in the early 1970s.

4.2.2.  The EA/WR pattern

EA/WR pattern represents the meridional circulation for
Finland that usually decreases with the strengthening of
the 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 Rus-
sia, north-west Europe and the coast of Portugal, in spring
and autumn. Barnston and Livezey (1987) referred to the
EA/WR pattern as Eurasia-2 (EU2). Krichak et al. (2002)
observed a positive trend in EA/WR pattern during recent
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decades that could have played a key role in the climate
over Eurasia, in addition to the AO and NAO. The effects
of EA/WR pattern on SAT in Europe, particularly over the
Nordic countries, throughout a year have received little
attention. The positive values of the EA/WR pattern are in
accordance with the anomalous northerly and northwest-
erly 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 correla-
tions) in large portions of western Russia, north-east Africa
and the Arctic area and warm SAT anomalies (positive cor-
relations) in east Asia (e.g. Barnston and Livezey, 1987;
Lim and Kim, 2013).

This study found that EA/WR pattern negatively
influenced changes in SAT during autumn, April, May,
August, September and November (Table Al in Appendix
A) across Finland during the study period (1961-2011).
This result expresses the nature of the EA/WR pattern
during autumn when south-eastern winds mainly transport
warmer airflow from central Russia to Finland. Ramadan
etal. (2012) showed negative relationships between
SAT and the EA/WR pattern over western Lebanon
(north-eastern Africa in eastern Mediterranean; see also
Krichak et al., 2002) during 1900-2008. Similarly, Lim
and Kim (2013) reported negative correlations between
the EA/WR pattern and winter (December to February)
SAT variations over the Arctic region during 1979-2011.
On the other hand, the EA/WR pattern was positively
correlated with winter SAT over eastern Asia, including
China south of 50°N, Korea and Japan, during the same
period (Lim and Kim, 2013). However, the findings of
this study confirm the known signature of the EA/WR
pattern on SAT variations in Europe and Eurasia reported
by previous studies.

4.2.3. The SCA pattern

Using rotated principal component analysis (RPCA),
Barnston and Livezey (1987) studied anomalies in mean
monthly 700 mb height over the extratropical NH, which
resulted in identification of the SCA pattern [referred to
as EU1 (Eurasian Type 1) pattern]. Its main centre of
action was located over the Scandinavian Peninsula and
a segment of the Arctic Ocean over Siberia. The other
two action centres, with opposite sign of anomalies, were
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 Green-
land, the Scandinavian Peninsula and the Greenland and
Norwegian Seas (Bueh and Nakamura, 2007). Hence, it is
clear that there is a positive correlation between the SCA
pattern and SAT of summertime months over Finland.
The finding of this study indicated positive correlations
between SAT variations in Finland and the SCA pattern for
June, July, August, September, November and December
on the country scale (Table Al in Appendix A). On the
other hand, a negative correlation between SAT and the
SCA pattern over the south and west of Europe has been
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reported;, e.g. El Kenawy et al. (2012) concluded that the
above-average SAT over Spain during 1920-2006 was
negatively correlated with the SCA pattern; Ramadan et al.
(2012) showed a similar correlation for summer season in
western Lebanon and Toreti ef al. (2010) a weak negative
correlation between summer SAT in Italy and the SCA
pattern.

4.2.4. The EA pattern

Wallace and Gutzler (1981) originally defined the EA pat-
tern as a teleconnection with four different centres of pres-
sure; two low pressures in the west of the British Islands
and over the centre of Serbia, and two high pressures
in the southwest of the Canary Islands and between the
Black and Caspian Seas, respectively (Panagiotopoulos
et al., 2002; CPC, 2011). The EA pattern was based on
the normalized 500 hPa geopotential height anomalies at
these four pressure centres. Barnston and Livezey (1987)
introduce the EA pattern as the second prominent mode of
low-frequency variability across the North Atlantic con-
sisting of a north—south dipole of anomaly centres extend-
ing from the east to west of the North Atlantic. The EA
generally represents better the intensity of the westerly cir-
culation over the centre and south of Europe than the NAO
does. Its anomaly centres are also located south-eastward
of the approximate nodal lines of the NAO; thus, the EA
pattern is usually interpreted as a south-eastward shifted
NAO pattern.

The positive phase of the EA pattern is associated with
the above-average surface temperatures in Europe includ-
ing Finland in all months, and this positive relationship is
most significant in summer. The EA pattern is mainly the
airflow coming from the Biscayan to the centre of Europe.
Its positive phase resulted in 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. Similar to this signature, this study 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 shows that the
dominating anomalous surface wind over the 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 EA, which
is often linked to below-average surface temperatures in
Finland.

4.2.5. The WP pattern

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 (Wal-
lace and Gutzler, 1981). As the known signature of pat-
tern, its positive phase is associated with warmer SAT
anomalies at mid-latitudes of the western North Pacific
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in summer and winter, and with colder SAT anomalies in
eastern Siberia in all seasons. However, our study showed
that Finnish SAT during May and July (Table Al in
Appendix A) and during spring (centre and south of the
country) summer (southern areas) were negatively corre-
lated with the WP pattern. Similar composite analysis as
with the EA shows that the positive phase of the WP pattern
is usually associated with anomalous northerly wind over
Finland, which causes below-average temperatures over
Finland in spring and summer. The opposite (southerly
wind over Finland) was found to be linked to the negative
phase of WP. It may also be possible that the colder SAT
anomalies in eastern Siberia during the negative phase of
the WP played a role for the SAT in these months/seasons,
but the mechanisms through which this is realized remain
to be investigated.

5. Conclusions

Analysis of spatial and temporal mean temperature vari-
ations in Finland using daily mean temperature data sets
from regular grid points (10x 10km?) for the period
1961-2011 revealed long-term changes over time and
interannual fluctuations linked to atmospheric circulation
patterns. The following main conclusions can be drawn:

1. Mean temperature in Finland significantly (p <0.05)
increased during the period 1961-2011, by an esti-
mated 0.4+0.2°C per decade for the whole year,
by 0.4+0.2°C per decade for the spring and by
0.3 +0.2°C per decade for the summer. The AO was
the most influential atmospheric circulation pattern for
the mean annual temperature in Finland (p =0.58 and
p <0.05), largely due to the strong influence of the
AO during winter and spring. The summer mean tem-
perature was positively correlated with the EA pat-
tern, whereas the autumn temperature was significantly
associated with the EA/WR pattern.

Appendix A

2. Seasonal SAT for spring significantly increased
(warmed) in almost all of Finland, that for summer
in south-western, southern, north-western and central
Finland; for autumn in some parts of northern, central,
south-west and south-east Finland and for winter over
upper areas of north-east and north-west Finland.
In terms of regional differences in the significant
(p <0.05) relationship between SAT and atmospheric
circulation pattern, the mean annual temperature was
positively associated with the AO over all Finland.
In terms of seasonal differences, winter temperature
was significantly influenced by the AO in most areas
of Finland and by the NAO in north-eastern parts.
The NAO was important for spring temperature in
northern Finland, whereas the WP mainly controlled
temperature in the rest of the country. Summer tem-
perature in the north and centre was closely linked to
the EA pattern, and in the south to the WP pattern,
which is associated with anomalous southerly or
northerly flows over the country. Finally, the EA/WR
pattern dominated autumn temperature in the whole of
Finland.

Acknowledgements

Funding for this research was provided by the Min-
istry of Agricultural and Forestry in Finland (TUVE
project), University of Oulu Graduate School (UniOGS)
and Maa- ja Vesitekniikan Tuki r.y. (Grant no. 29861).
The authors acknowledge the CSC-IT Centre for Science
Ltd for providing gridded daily mean temperature data
sets for Finland and the Climate Prediction Center (CPC)
at the National Oceanic and Atmospheric Administration
(NOAA) of the United States for making available online
the standardized monthly values of climate teleconnection
patterns used in this study. Dr. Tinghai Ou is thanked for
his help with the composite analysis.

Table Al. Spearman correlation (p) between monthly SAT on a national scale of Finland and atmospheric circulation patterns.

Month NAO EA WP EP/NP PNA EA/WR SCA TNH POL PT AO
January 0.49 0.28 0.06 -0.34 -0.04 0.15 0.01 -0.17 0.02 0.56
February 0.59 -0.07 -0.02 -0.07 —-0.04 0.09 -0.22 0.10 0.13 0.64
March 0.67 —0.06 —0.11 0.11 -0.15 —0.05 0.01 0.07 0.66
April 0.31 0.12 -0.07 0.02 —-0.06 -0.37 0.13 0.08 0.24
May 0.29 0.15 —-0.28 0.08 0.08 —0.43 0.21 -0.13 0.23
June 0.38 0.10 —0.15 —0.17 0.14 —0.26 0.56 0.24 0.39
July 0.10 0.46 -0.59 —0.36 0.30 -0.23 0.41 —0.01 0.29
August 0.08 0.21 -0.18 —0.16 -0.02 -0.39 0.40 0.24 -0.04 0.03
September 0.23 0.38 -0.14 -0.25 0.10 —0.52 0.26 0.07 0.14 0.34
October 0.45 0.26 0.07 -0.43 0.05 —0.58 0.12 -0.07 0.43
November 0.37 0.11 0.01 0.03 -0.15 -0.35 0.41 0.13 0.36
December 0.39 -0.03 0.27 -0.09 0.08 0.29 0.42 0.29 0.58

Significant correlations (p < 0.05) are given in bold. See Table 1 for abbreviations.
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Appendix B

Table B1. Pearson correlation (r) between SAT on a national scale of Finland and atmospheric circulation patterns.

Time scale NAO EA WP EP/NP PNA EA/WR  SCA TNH POL PT AO
Annual 0.40 0.25 -0.27 —0.05 -0.20 —0.04 -0.03 0.60
Seasonal Winter 0.61 0.03 0.18 0.04 0.22 -0.17 0.19 0.03 0.66
Spring 0.39 0.13 -0.43 0.11  -0.02 -0.23 —0.09 —0.08 0.47
Summer 0.12 044 -037 -0.29 0.10 —0.19 0.38 0.09 0.21
Autumn 0.38 0.29 0.07 -0.41 0.09 —0.56 0.18 0.02 0.35
Monthly January 0.55 0.28 0.01 -0.29 -0.05 0.13 0.07 -0.09 0.00 0.54
February 0.58 -0.06 -0.01 0.04 -0.01 0.05 —0.26 0.12 0.16 0.63
March 0.70 -0.05 -0.11 0.08 -0.10 —0.08 0.01 0.06 0.65
April 0.35 0.10 -0.13 0.02 -0.04 -0.35 0.19 0.08 0.31
May 0.36 0.11 -0.25 0.01 0.08 -0.49 0.22 -0.14 0.21
June 0.36 0.11 -0.11 -0.20 0.07 -0.32 0.56 0.24 0.38
July 0.11 0.52 -0.62 —-0.27 0.27 -0.24 0.46 —0.05 0.24
August 0.09 0.16 -0.19 -0.19 -0.06 -0.33 0.50 024 -0.03 0.07
September  0.26 038 -0.11 -0.28 0.12 —0.61 0.25 0.07 0.19 0.30
October 0.51 0.27 0.15 =039 -0.02 —0.55 0.13 -0.07 0.43
November  0.35 0.11 0.01 -0.03 -0.16 -0.34 0.43 0.18 0.34
December 0.43 0.02 0.22 —0.06 0.05 0.29 0.46 0.30 0.57

Significant correlations (p < 0.05) are given in bold. See Table 1 for abbreviations.
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