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In the article titled “Spatio-temporal Variability and Trends
in Extreme Temperature Events in Finland over the Recent
Decades: Influence of Northern Hemisphere Teleconnection
Patterns” [1], errors were found in the MATLAB code of the
calculations of two extreme temperature indices related to
warm and cold spell durations: WSDI and CSDI. The au-
thors discovered these mistakes when they reused the same
MATLAB code for computing some results for their new
study and they found that there is significant lengthening in
warm spells in Finland during 1961-2011, while no clear
changes are found in cold spells. The authors apologized for
these errors and they provided us with the corrected revised
article below to correct all the tables, figures, and text related
to these two extreme temperature indices.

Abstract

Fifteen temperature indices recommended by the ETCCDI
(Expert Team on Climate Change Detection and Indices)
were applied to evaluate spatiotemporal variability and trends
in annual intensity, frequency, and duration of extreme
temperature statistics in Finland during 1961-2011. Statisti-
cally significant relationships between these high-resolution
(10 km) temperature indices and seven influential Northern
Hemisphere teleconnection patterns (NHTPs) for the in-
terannual climate variability were also identified. During the
study period (1961-2011), warming trends in extreme

temperatures were generally manifested by statistically sig-
nificant increases in cold temperature extremes rather than in
the warm temperature extremes. As expected, warm days and
nights became more frequent, while fewer cold days and
nights occurred. The frequency of frost and icing days also
decreased. Finland experienced more (less) frequent warm
(cold) temperature extremes over the past few decades.
Significant lengthening in warm spells was observed in
Finland during 1961-2011, while no clear changes are found
in cold spells. Interannual variations in the temperature in-
dices were significantly associated with a number of NHTPs.
In general, warm temperature extremes show significant
correlations with the East Atlantic and the Scandinavia
patterns and cold temperature extremes with the Arctic
Oscillation and the North Atlantic Oscillation patterns.

1. Introduction

In recent decades, changes in climatic extremes have received
considerable attention in international communities due to
potential effects of floods, droughts, hurricanes, severe cy-
clonic storms, heat waves, and cold spells (e.g., [1-5]). Previous
studies showed that changes in extreme temperatures are
consistent with the climate warming at the global scale [6-8].
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However, the intensity and spatial pattern of such changes are
different around the world (e.g., [9, 10]). Hence, updated and
systematic analysis of changes in the past extreme tempera-
tures at the country scale plays a key role in defining national
climate change adaptation strategies.

The most recent global analysis of trends in extreme
temperatures shows decreases (increases) in cold (warm)
extreme indices over majority of regions since 1900
(e.g., [7]). Similarly, Alexander et al. [6] reported that the
annual occurrence of cold (warm) nights has decreased
(increased) over 70% of the global land area during
1951-2003. For Europe, increases in warm days and nights,
while decreases in cold days and nights, have also been
determined for the last 50 years [11]. A recent analysis of
trend detection in European extreme temperatures [2]
confirms more warm days and nights as well as fewer cold
days and nights over time during the 20th century. They
also concluded increases (decreases) in the intensity and
frequency of high- (low-) temperature extreme events.
Besides, there has been a growing interest in identifying
spatiotemporal changes in extreme temperatures at the
country scale (e.g., [12-14]). For Finland, however, only
few studies have investigated changes in some extreme
temperature indices, all focusing on several important
meteorological stations (e.g., [2, 9, 15]). Hence, a com-
prehensive evaluation of fine resolution spatial patterns of
variability and trends in extreme temperatures over Fin-
land is well motivated.

Atmospheric circulation is one of the key physical
processes causing the variability and changes in extreme
temperatures [16] and mainly follows a number of preferred
modes [17]. Such atmospheric circulation modes are gen-
erally described by teleconnection patterns (e.g., Arctic
Oscillation, AO), which are defined as persistent, recurrent,
and large-scale modes of atmospheric pressure anomalies.
The intensity of teleconnection patterns over a particular
geographical area during a specific period of the year is often
expressed by numerical indices of well-known atmospheric
circulation modes. Previous studies have reported most
influential teleconnection patterns and their connections to
surface air temperature (SAT) variability on regional, na-
tional, and global scales (e.g., [18-21]). A number of studies
have particularly focused on links between changes in ex-
treme temperatures and teleconnection patterns in different
parts of the world (e.g., [22-24]).

In a previous study, Irannezhad et al. [25] focused only
on long-term variations and trends in annual, seasonal, and
monthly mean temperatures in Finland and their connec-
tions to different Northern Hemisphere teleconnection
patterns (NHTPs). However, the present study aims at
characterizing the fine resolution spatial variability and
trends in extreme temperatures in Finland during 1961-2011
and improving our knowledge on the roles of NHTPs in
controlling such changes. Specific objectives of the present
study are to (1) determine trends in a set of extreme tem-
perature indices; (2) evaluate spatial variations and changes
in these indices throughout the country; and (3) explore
relationships between the temperature indices and a number
of well-established NHTPs.
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2. Materials and Methods

2.1. Study Area and Data Description. Finland is a northern
European country, extended ~1320km in the south-north
direction between 60 and 70°N across the northwest of the
Eurasian continent, close to the northern part of the Atlantic
Ocean (Figure 1). The Arctic Ocean, the Atlantic Ocean, the
Baltic Sea, the Scandinavian mountain range, latitudinal gra-
dients, and continental Eurasia are the most important geo-
graphical factors influencing climate conditions over Finland.
Temperature in Finland is generally moderate compared with
the other geographical areas at the similar latitudes [26] and
naturally decreases from south to north. The K6ppen-Geiger
climate classification system categorizes Finland as lying in the
temperate of boreal zone, with no dry season (Df) [27].

For this study, daily minimum and maximum SAT time
series spatially interpolated onto 3322 regular grid (10*10 km?)
points across Finland for the years 1961-2011 (Figure 1(c))
were obtained from PalTuli-Spatial Data for Research and
Teaching at the CS-IT centre for Science Ltd. website: http://
www.csc.fi/english. The Finnish Meteorological Institute
(FMI) used daily minimum and maximum SAT measure-
ments at 100-200 meteorological stations properly uniformly
scattered throughout Finland (Figure 1(d)) as input to a spatial
model [28] developed based on the kriging approach [29] to
generate the Finnish daily gridded SAT datasets. As external
forcing factors, the spatial model took into account the geo-
graphical coordinates, land elevation, the percentage of sea,
and lakes at each grid cell [28, 30]. The effects of environmental
changes (including urbanisation) on actual SAT records in
densely populated areas (typically located in southern Finland)
were also eliminated during the producing of gridded datasets
[31, 32]. Interannual variations in the number of SAT mea-
surement stations used by the FMI for creating the gridded
minimum and maximum daily SAT time series for the period
1961-2011 are shown in Figure 1(e). The accuracy and ho-
mogeneity of the gridded daily minimum and maximum SAT
data generated were qualified during the establishment of the
PalTuli database. For more details of the gridding, see Ven-
aldinen et al. [33]. The gridded time series of the PaiTuli
database have previously been applied in some studies, for
example, Tietdvdinen et al. [30], Aalto et al. [34], Irannezhad
and Kleve [35], and Gao et al. [36].

The World Meteorological Organization (WMO) Expert
Team on Climate Change Detection and Indices (ETCCDI)
recommends a suite of indices derived from daily SAT for
evaluation of changes in extreme temperature regimes (for the
complete list and detailed descriptions of the extreme tem-
perature indices, please check the ETCCDI webpage http://
etcedi.pacificclimate.org/list_27_indices.shtml). Zhang et al.
[37] also gives a review on such indices for detecting
changes in extreme daily temperatures. The extreme
events defined by the ETCCDI generally occur several
times through a season or year. This yields more robust
statistical features than other measures of extremes, which
are far enough into the tails of distribution and may not be
seen in quite some years [6]. Application of such pre-
defined extreme temperature indices also allows compa-
rability between observational and modelled SAT across
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FIGURE 1: (a) Location of the study area, (b) different regions in Finland, (c) regular grid points (10 x 10 km?) covering daily minimum and maximum
temperature datasets across Finland obtained from PaiTuli, (d) daily temperature measurement stations in Finland used for calculation of the gridded
time series, and (e) temporal variability in the number of daily temperature measurement stations in Finland over 1961-2011.



different parts of the world [5]. Thus, this study uses fifteen
extreme temperature indices (Table 1) recommended by
the ETCCDI, with the base period of 1961-2011. Prior to
calculating these fifteen indices at national scale, maxi-
mum (minimum) daily temperatures nationwide over
Finland were computed as the average values of daily
maximum (minimum) temperature at all 3322 grids
across the country for each day throughout the period
1961-2011.

For describing the modes of atmospheric circulations, this
study considers seven influential teleconnection patterns for
climate variability in the Northern Hemisphere based on
previous studies. These include the North Atlantic Oscillation
(NAO), the Arctic Oscillation (AO), the East Atlantic (EA), the
West Pacific (WP), the East Atlantic/West Russia (EA/WR),
the Scandinavia (SCA), and the Polar/Eurasian (POL) patterns.
The key characteristics of these seven NHTPs are summarized
in Table 2. At the National Oceanic and Atmospheric Ad-
ministration (NOAA) of the US, the Climate Prediction Centre
(CPC) calculates standardized monthly values of these NHTPs
since 1950 (available online at: http://www.cpc.ncep.noaa.
gov/data/teledoc/telecontents.shtml). Corresponding to dif-
ferent extreme temperature indices, the present study calcu-
lates winter (Dec-Feb), summer (Jun-Aug), and annual (Jan-
Dec) ACPs for the years between 1961 and 2011 as the mean of
their standardized monthly values (Table 2).

2.2. Statistical Analyses. The Mann-Kendall (MK) non-
parametric test [44, 45] was applied for detecting statisti-
cally significant (p <0.05) trends in extreme temperatures.
To identify relationships between extreme temperature
indices in Finland and NHTPs during 1961-2011, Spear-
man’s rank correlation (p) was used. However, for auto-
correlated time series, the trend free prewhitening (TFPW)
method [46] to detect significant (p <0.05) trends and the
residual bootstrap (RB) approach [47] with 5000 in-
dependent replications to estimate the standard deviation of
the p values were applied. Using the Sen method [48], the
present study calculated the slope of detected significant
trends as an estimate of the trend. To assess the un-
certainties associated with the estimated trends, their 95%
confidence intervals were calculated [49].

3. Results

3.1. Country Scale Assessment of Extreme Temperatures.
Number of warm days (TX90p) and nights (TN90p) on the
country scale significantly increased by 0.8+0.4 and
1.440.7 (% per decade, p <0.05) during 1961-2011, but
cold days (TX10p) and nights (TN10p) decreased by
1.24£0.7 and 1.3+0.7 (% per decade, p<0.05), re-
spectively (Figures 2(a)-2(d)). The maximum number of
events during a year for warm days was about 70 days
(19.2%) in 2007 (Figure 2(a)); for warm nights was almost
63 days (17.3%) in 2011 (Figure 2(b)); and for cold days and
nights was correspondingly equal to 80 (21.9%) and 73 (20%)
days, both in 1985 (Figures 2(c) and 2(d)). The EA pattern
was the most influential NHTP for variations in both warm
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days (p=0.33) and nights (p=0.52) and the AO for vari-
ability in both cold days (p =-0.66) and nights (p =—0.64)
(Table 3).

On country scale, significant decreasing trends were
detected in frost (FD) and icing (ID) days during
1961-2011, at the rates of —4.7+2.7 and -3.6+3.2
(days/decade, p<0.05), respectively (Figures 3(a) and
3(b)). The base value was 200.1 days for the annual FD
and about 117 days for the annual ID (Table 3). The
annual FD varied from 172 days in 2000 to 230 days in
1968 (Figure 3(a)), and the annual ID ranged between 77
days in 1975 and 148 days in 1980 (Figure 3(b)). Such
variations in the annual FD and ID were most signifi-
cantly correlated with the NAO (p=-0.28) and the AO
(p=-0.49) patterns, in turn (Table 3).

Diurnal temperature range (DTR) has slightly decreased
by 0.09 +£0.08 (°C/decade, p <0.05), while maximum Tmin
(TNx) has increased by 0.30+0.20 ("C/decade, p<0.05)
(Figures 3(c) and 3(d)). On average, the annual DTR was
about 8.2°C and ranged from 7.3°C in 2008 and 9.4°C in 1963
(Figure 3(c)). The NAO was the strongest (p < 0.05) NHTP
affecting the variability of DTR, with p=-0.35 (Table 3).
With the base value of 14.9°C, the annual TNx varied be-
tween 11.7°C in 1962 and 18.5°C in 2003 and showed the
strongest relationships with the EA pattern (p=0.55,
P <0.05) (Figure 3(d)). Other indices related to the extreme
temperature intensity (TXx, TXn, TNn, and ETR in Table 1)
and frequency (SU25 in Table 1) showed no clear trends
(Table 3). For such extreme temperatures, wintertime-
dependent indices (TXn and TNn) were most signifi-
cantly associated with the NAO index and summertime
indices (TXx and SU25) with the SCA pattern (Table 3).
However, no clear connections between ETR and NHTPs
were found (Table 3).

On average, annual warm (WSDI) and cold (CSDI)
spells were 13.7 and 13.6 days, respectively (Table 3). The
longest WSDI (CSDI) was 39 (37) days in 1973 (1985), and
the shortest 6 days in 1968 and 1987 (1993 and 2000). The EA
pattern was the most influential NHTP for the WSDI var-
iability (p=0.53), while the CSDI showed strongest re-
lationships with the AO (p =-0.39) (Table 3). Besides, trend
analysis indicates statistically significant lengthening
(1.6+1.1 days/decade, p<0.05) in WSDI, but no clear
changes in cold spells (Table 3).

3.2. Spatial Distribution of Warm and Cold Temperature
Indices. In general, TXx was warmer (ranging 28.0-
30.0°C) over the southern, eastern, and western Finland
(Figure 4(a)), while TNx was warmer (ranging 17.3-18.5°C)
mostly in the east of country (Figure 4(c)). The warmest
range for both TXn (from —-14.0 to —10.0°C) and TNn (from
—23.0 to —20.0°C) was seen over the southwest coastal areas
of Finland (Figures 4(b) and 4(d)). The highest range for
DTR was 8.3-9.5°C largely observed in the north, centre,
west, and south (Figure 4(e)), and for ETR was between
60.8 and 66.0°C seen over the northern, central, and eastern
parts (Figure 4(f)). Both FD and ID were more frequent at
the higher latitudes, with the highest range of 225-250
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TaBLE 1: Definitions of selected daily extreme temperature indices and their period of Northern Hemisphere teleconnection patterns

(NHTPs) for this study.

ID number  ID Indicator name Definition Units  Period for NHTPs

1 TXx Maximum Tmax Maximum value of daily maximum temperature (TX) °C  Summer (Jun-Jul-Aug)
2 TXn Minimum Tmax Minimum value of daily maximum temperature °‘C  Winter (Dec-Jan-Feb)
3 TNx Maximum Tmin Maximum value of daily minimum temperature (TN) °C ~ Summer (Jun-Jul-Aug)
4 TNn Minimum Tmin Minimum value of daily minimum temperature ‘C  Winter (Dec-Jan-Feb)
5 DTR Diurnal temperature range Annual mean difference between TX and TN °C Annual (Jan-Dec)

6 ETR  Extreme temperature range Annual difference between TXx and TNn °C Annual (Jan-Dec)

7 FD Frost days Annual count of days when TN <0°C Days Winter (Dec-Jan-Feb)
8 ID Icing days Annual count of days when TX <0°C Days Winter (Dec-Jan-Feb)
9 SU25 Summer days Annal count of days :v2h5eré TX (daily maximum) Days Summer (Jun-Jul-Aug)
10 TX10p Cold days Percentage of days when TX < 10th percentile %  Winter (Dec-Jan-Feb)
11 TX90p Warm days Percentage of days when TX >90th percentile %  Summer (Jun-Jul-Aug)
12 TN10p Cold nights Percentage of days when TN < 10th percentile %  Winter (Dec-Jan-Feb)
13 TN90p Warm nights Percentage of days when TN >90th percentile %  Summer (Jun-Jul-Aug)

. Annual count of days with at least six consecutive

14 WSDI Warm spell duration days when TX > 90th percentile Days Summer (Jun-Jul-Aug)
15 CSDI Cold spell duration Annual count of days with at least six consecutive Days Winter (Dec-Jan-Feb)

days when TN < 10th percentile

TaBLE 2: Summary of the Northern Hemisphere teleconnection patterns (NHPs) affecting climate variability in Finland considered in this

Natural signature over Finland in positive phase

Reference

study.

NHTP Centre(s) of circulation
Nor.t h Atlantlc Ponta Delagada (Azores) and
Oscillation Stykkisholmur (Iceland)
(NAO) Rl

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

East Atlantic North-south dipoles across the
(EA) North Atlantic

Kamchatka (Russia) and a centre
between the western, North
Pacific, and South Asia and East
Asia
Western Europe, northwest
Europe, and Portugal in spring
and autumn; Caspian Sea in

West Pacific
(WP)

East Atlantic/
West Russia

Strong westerly circulation bringing warmer and
wetter weather than normal

Low pressure in the Arctic and high pressure at
midlatitudes, leading to warmer and wetter weather
than normal

Intensive westerly circulation, causing the weather to
be warmer and wetter than normal

North-south dipole anomalies causing the weather to
be wetter than normal in February and colder than
normal in spring and summer

Northerly and northwesterly circulation across the
Baltic Sea, resulting in milder and drier weather than

Barnston and Livezey [38],
Irannezhad et al. [35, 39]

Thompson and Wallace
[40], CPC [11], Irannezhad
et al. [35, 39]
Barnston and Livezey [38],
CPC [41], Irannezhad et al.
[35, 39]

Irannezhad et al. [35, 39]

Barnston and Livezey [38],
Lim and Kim [42],

(EA/WR) . . normal Irannezhad et al. [35, 39]
winter and Russia
L . . . . . Barnston and Livezey [38],
Scandinavia West of Europe, Mongolia, and ~ High pressure over Scandinavia, bringing milder and
(SCA) Scandinavia drier weather than normal Bueh and Nakamura [43],
Irannezhad et al. [35, 39]
Polar/Eurasia North Pole, Europe, and Strong polar vortex resulting in milder and drier =~ CPC [41], Irannezhad et al.
(POL) northeastern China, weather than normal [35, 39]
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FIGURE 2: Time series with trend line and most influential NHTP for (a) TX90p, (b) TN90p, (c) TX10p, and (d) TN10p, on the country scale
in Finland during 1961-2011.

TaBLE 3: Base value (average during 1961-2011), statistically significant (p < 0.05) trends, and Spearman rank correlation (p) with NHTPs
for daily extreme temperature indices given in Table 1.

ID number 1D Unit Base value Trend (/decade, p<0.05) NAO EA WP EA/WR SCA  POL AO

1 TXx °C 26.7 — -0.05 0.21 -0.06 -0.02 0.39 0.28 0.01
2 TXn °C -20.0 — 0.35 -0.21  -0.15 0.01 -0.22 -0.16  0.32
3 TNx °C 14.9 0.3+0.2 0.01 0.55 -0.22 —-0.37 011  -0.02 0.18
4 TNn °C -29.3 — 047 -012 -0.04 0.10 =019 =022  0.41
5 DTR °C 8.2 —-0.09+£0.08 —-0.35 -0.23 0.07 0.33 0.17 019 —0.28
6 ETR °C 56.0 — -0.10 0.07 0.21 0.14 0.06 0.06 -0.13
7 FD days 200.1 -4.7+2.7 —-0.28 -0.04 -0.21 0.04 0.08 0.22 -0.11
8 ID days 117.0 -3.6+£3.2 —-0.39 -0.05 -0.12 -0.18 010 -0.07 -—0.49
9 SU25  days 5.3 — 0.01 027 -013 -0.07 0.39 0.21 0.07
10 TX10p % 10.0 -1.2+0.7 —0.64 -0.01 0.09 -0.23 0.28 0.11 —0.66
11 TX90p % 10.0 0.8+0.4 0.07 0.33 —0.28 -0.17 0.27 0.20 0.21
12 TN10p % 10.0 -1.3+0.7 —-0.62 -0.03 -0.14 -0.16 0.23 017  —0.64
13 TN90p % 10.0 1.4+£0.7 -0.05 052 —-042 —-048 0.07  -0.10 0.11
14 WSDI  days 13.7 1.6+1.1 0.01 053 —-0.29 —0.30 0.11 0.09 0.27
15 CSDI  days 13.6 — -030 -0.01 -0.13 -0.11 0.15 0.08 —0.39

If significant (p < 0.05), p is given in bold.

(Figure 5(a)) and 165-205 (Figure 5(b)) days, respectively. (Figure 5(c)). All TX10p, TX90p, TN10p, and TN9Op
In contrast, the highest frequency range (15-20 events) of ~ obviously ranged between 9.5 and 10.0% of days during
summer days (SU25 in Table 1) was found in the south a year (~35-37 days) scattered over Finland (not shown).
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FIGURE 3: Time series with trend line and most influential NHTP for (a) FD, (b) ID, (c) DTR, and (d) TNXx, on the country scale in Finland

during 1961-2011.

The longest warm and cold spells ranging from 15.2-16.5
and 13.3-14.7 days, respectively, were observed in the
southern areas of Finland (Figures 5(d) and 5(e)).
Significant (p<0.05) spatial trends determined in
TXx, TXn, TNx, and TNn during 1961-2011 were all
positive (Figures 6(a)-6(d)). Such warming trends in TXx
were observed over small areas in southern and western
Finland (Figure 6(a)); in TXn across the large parts of
the northern and western Finland (Figure 6(b)); in TNx
mostly throughout the entire country except central parts
(Figure 6(c)); and in TNn mainly over the southern,

western, and northern Finland (Figure 6(d)). For both
diurnal (Figure 6(e)) and extreme (Figure 7(a)) tempera-
ture ranges (DTR and ETR), significant decreases are
primarily observed over the northern parts and south-
western coastal areas of Finland. During 1961-2011, the
range of such trends was from —0.50 to —0.25 (°C/decade)
for DTR (Figure 6(e)) and from -3 to —1 (°C/decade) for
ETR (Figure 7(a)). The highest rate of decreasing trends
in FD (5.3-10.6 days/decade) was seen over some areas
in the southern, eastern, western, and central Finland
(Figure 7(b)). For ID, significant decreasing trends, ranging
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from —1.2 to —7.2 (days/decade), were largely observed over
the west and north of the country (Figure 7(c)). All sig-
nificant trends in SU25 found mainly in the southern
Finland were positive, ranging between 1.6 and 3.2
(days/decade) (Figure 7(d)). Both TX10p (Figure 7(e)) and
TN10p (Figure 8(b)) showed decreases over most parts
of Finland, but both TX90p (Figure 8(a)) and TN90p
(Figure 8(c)) revealed increasing trends. WSDI signifi-
cantly increased over the western parts of Finland
(Figure 8(d)), while decreases in CSDI were mainly found
in the northeast and southwest areas (Figure 8(e)).

TXx showed significant positive correlations with the
SCA pattern in the north, centre, east, and upper west of
Finland, with the EA pattern over the lower parts of western
Finland and with the POL pattern in the south of Finland
(Figure 9(a)). The EA and SCA patterns were also the most
influential NHTPs for TNx and SU25 in most parts of Fin-
land, respectively (Figures 9(b) and 9(c)). Besides, TX90p

showed strong positive correlations with the EA pattern in the
northern and centre of Finland, while with the SCA pattern in
other parts of the country (Figure 9(d)). Both TN90p and
WSDI in the northern Finland were significantly associated
with the EA pattern (Figures 9(e) and 9(f)). However, the
EA/WR pattern was the most significant NHTP affecting
TN90p in most parts of the central, eastern, and western
Finland (Figure 9(e)). On the contrary, in such areas, the EA
showed the strongest correlations with WSDI (Figure 9(f)).
Moreover, the POL pattern was the most influential NHTP
for variations in SU25 and WSDI in small parts of south-
western Finland (Figures 9(c) and 9(f)).

In general, variations in cold temperature extreme
indices (TXn, TNn, FD, ID, TX10p, TN10p, and CSDI) in
Finland were significantly correlated with the NAO and AO
(Figure 10). The AO showed negative associations with ID
and TX10p over most parts of Finland (Figures 10(d) and
10(e)). It (AO) also influenced TN10p in the country except
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FIGURE 5: Spatial distribution maps of base values for (a) FD, (b) ID, (c) SU25, (d) WSDI, and (e) CSDI in Finland during 1961-2011.

the eastern parts of the northern and central Finland, where
the NAO was the most influential NHTP (Figure 10(f)).
Likewise, the NAO and AO were the strongest NHTPs
affecting FD and CSDI, respectively, in the southern,
western, eastern and central Finland (Figure 10(c) and
10(g)). The NAO, besides, was in strong associations with
TXn in most parts of eastern, western, northern, and
southern Finland, while TXn in central areas were sig-
nificantly linked to the AO index (Figure 10(a)). Similarly,
TNn strongly correlated with the AO index in small areas
mainly scattered over the eastern, western, southern,
central, and western parts of northern Finland, while the
NAO was the most influential NHTP for TNn throughout
other areas of the country (Figure 10(b)).

DTR was negatively correlated with the NAO mostly
in the northern and central Finland, while positively with
the EA/WR pattern in the western, southern, and eastern

areas (Figure 11(a)). On the contrary, ETR showed
positive correlations with the WP pattern in the northern,
western, and southern Finland; with the EA pattern in
central and western parts; and the EA/WR pattern in
small areas throughout the north of the country
(Figure 11(b)).

4. Discussion

4.1. Changes in Extreme Temperatures. Study of changes in
intensity, frequency, and duration of extreme temperatures in
response to climate warming has received a substantial at-
tention around the world in recent years (e.g. [2, 6, 7]). Using
daily extreme temperature indices recommended by
ETCCD], this paper evaluated interannual variability and
trends in warm and cold extreme events in Finland during
1961-2011. Intensification of warm extreme temperatures in
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Finland was generally manifested by significant increasing
trends detected in TNx over most parts of the country. For
cold extreme temperatures, warming trends revealed by the
TXn and TNn indices were largely seen over the southwest
and north of Finland. Difference in the rate of such in-
creasing trends in warm and cold extreme temperatures
caused DTR and ETR indices to decline, particularly over
the southwestern and northern Finland. Such decreases in
DTR and ETR are generally referred to increases in the cold
temperature extreme indices. In fact, extreme temperature
warming in Finland results primarily from rises in the cold
temperature extreme indices than in the warm ones.
Similarly, Alexander et al. [6] reported warming trends in
minimum temperature extremes were greater than in
maximum temperature extremes over many parts of the
world. Chen et al. [2] also concluded that the intensity of
extreme temperatures has increased over the northern

Europe associated with mean temperature rise over the
20th century. Likewise, previous studies reported statisti-
cally significant warming trends over Finland during the
last century (e.g., [25, 50]).

This study determined that warm temperature ex-
tremes have become more frequent in Finland over
1961-2011, reflected by the statistically significant in-
creasing trends in warm days (TX90p) and nights
(TN9Op). Also, lower frequency of cold temperature ex-
tremes were manifested by statistically significant de-
creasing trends in frost (FD) and icing (ID) days as well as
cold days (TX10p) and nights (TN10p). Similar to these
findings, Alexander et al. [6] concluded more (less) fre-
quent warm (cold) days and nights at the global scale. For
the north of Chen et al. [2] also determined increases
(decreases) in the frequency of high- (low-) temperature
extreme events during 1901-2000.
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On national scale, there were significant increases in
warm spells during 1961-2011, but no clear changes in cold
spells. However, spatial trend analysis indicates significant
decreases in cold spells in the northeast and southwest of
Finland. Similarly, Alexander et al. [6] reported that cold
(warm) spells over Finland have slightly shortened
(lengthened) over the period 1951-2003. For the northern
Finland, Chen et al. [2] concluded significant lengthening in
the warm spells only during the winter season
(December-February) over the years 1901-2000, while
shortening in the cold spells in the summer (June-August)
and autumn (September-November) seasons. Such results
reveal that extreme temperature events might spatially and
temporally be inhomogeneous.

4.2. Influence of Northern Hemisphere Teleconnection
Patterns. The present study indicates that warm

temperature extreme events (TXx, TNx, SU25, TX90p,
TN90p, and WSDI) were mostly controlled by the EA and
SCA patterns. Similarly, Irannezhad et al. [25] concluded
that the EA and SCA patterns are the first and second most
significant NHTPs positively influencing variability in
temperature over summer season in Finland. The EA pattern
is originally defined by Wallace and Gutzler [51] as a tele-
connection with four different action centres: two low
pressures in the west of the British Islands and over central
Serbia and two high pressures in the southwest of the Canary
Islands and between the Caspian and Black Seas, respectively
[52]. It principally describes the airflow coming from the
Biscayan towards the centre of Europe. Hence, the EA
positive phase results in a negative pressure anomaly over
the western Ireland and a positive pressure anomaly from
the western to the eastern Atlantic, which brings warmer
airflow than normal to Finland. Irannezhad et al. [25] also
showed that the predominant surface wind over Finland
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during summer under the positive EA is from the south
direction, which brings warm air from the southern Europe
to Finland and thereby controlling warm extreme temper-
ature events over the country. For the SCA pattern, the main
action centre is located over Scandinavia and large parts of
the Arctic Ocean in the north of Siberia, while two other
centres are across the west of Europe and the west of China.
The positive (negative) SCA refers to high- (low-) pressure
system throughout Greenland, Norwegian Sea, and Scan-
dinavia [43] resulting in warmer (colder) climate in, par-
ticularly during warm months of the year, Finland [25].
Cold temperature extreme indices (including TXn,
TNn, FD, ID, TX10p, TN10p, and CSDI) showed most
significant correlations with the AO and the NAO patterns.
Similar to this study, Irannezhad et al. [25] identified the
AO and the NAO pattern as the most influential NHTPs for
variability in the mean temperature over Finland, partic-
ularly during winter. The AO describes the power of

circumpolar vortex [40], and the NAO index expresses the
intensity of westerly airflow from the North Atlantic to the
Atlantic European sector [53]. Their positive (negative)
phase corresponds to the strengthening (weakening) of
westerly circulation and prevailing of mild maritime (cold)
airflow over the northern Europe, particularly during
wintertime (e.g., [20, 54, 55]). Over Eurasia, Thompson
etal. and Wallace et al. [40, 51] showed temperature is more
strongly connected to the AO than to the NAO. Serreze
et al. [56] concluded that the NAO could be considered as
a major component of the AO. Previous studies reported
shift in both AO and NAO from the negative to the positive
phase in the early 1970s (e.g., [54, 57, 58]). Wang et al. [59]
also found statistically significant increasing trends in both
AO (0.26 per decade) and NAO (0.20 per decade) during
recent decades. Strengthening of westerly circulation, such
increases in AO, and NAO indices are generally responsible
for recent winter temperature warming and consequently
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increases in the cold temperature extremes over the
northern Europe.

This study found that EA/WR pattern negatively affected
variations in DTR largely over the southern, eastern, and
western Finland. Irannezhad et al. [25] concluded that the
EA/WR pattern significantly influenced temperature in
Finland during all seasons except summer. This NHTP
(EA/WR) describes the meridional circulation for Finland
that generally declines with the strengthening of westerly
airflow. The positive EA/WR value is accompanied by the
anomalous northerly and northwesterly airflow, while its
negative value corresponds to the anomalous southerly and
southeasterly circulation. Hence, the positive EA/WR phase
associated with cold temperature in large parts of western
Russia, northeast Africa, and the Arctic area, while warm

temperature in east Asia (e.g., [38, 42]). Besides, observed
significant increasing trend in EA/WR pattern during recent
decade [60] can play a critical role in the climate variability
over northern Europe throughout a year, which has received
little attention in research communities.

WP pattern was the most influential NHTP for ETR
variability mostly in the northern, southern, and eastern
Finland. For this NHTP (WP), the positive phase results in
warmer than normal climate at midlatitudes of the western
North Pacific during summer and winter but colder climate in
the east of Siberia in all seasons [51]. Irannezhad et al. [25]
reported that the positive WP is usually associated with
anomalous northerly airflow over Finland, causing negative
temperature anomalies in the country during spring. How-
ever, the colder climate in the east of Siberia during the
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negative phase of the WP pattern seems to play a role in
spring temperature variability in Finland, but the mechanisms
through which this is identified remain to be determined.

5. Conclusions

The present study evaluated the impacts of seven well-
known large-scale atmospheric circulation patterns, often
referred to as Northern Hemisphere teleconnection patterns
(NHTPs), on temperature statistics in Finland with a focus
on extreme events in recent decades. Using daily gridded
maximum and minimum temperature time series across
Finland for the period 1961-2011, variations and trends in
the fifteen temperature indices recommended by the
ETCCDI were evaluated. The connections of these indices to
the seven NHTPs were also identified. Major conclusions are
drawn as follows:

(1) Significant increases in extreme temperatures were
mainly revealed by warming trends in the TNx, TNn,
and TXn indices. Different rates of the increasing
trends in warm and cold extreme temperatures
principally caused both diurnal (DTR) and extreme
(ETR) temperature ranges to decline over the
southwest and north of Finland. In general, all ex-
treme temperature warming trends were associated
with significant increases in the mean temperature
over the country. However, warming trends in ex-
treme temperatures were largely attributed to in-
creases in cold temperature extremes rather than in
warm temperature extremes.

(2) Significant increasing trends were determined in the
numbers of warm days and nights, but the number of
cold days and nights showed significant decreasing
trends. Both the numbers of frost and icing days have
also decreased. Hence, warm temperature extreme
events have become more frequent in Finland in
recent decades, while the opposite occurred for cold
temperature extreme events.

(3) For the whole country, warm spells lengthened over
time, while cold spells showed no clear changes.
Similarly, spatial trend analysis determined length-
ening trends in warm spells mainly over the western
half of Finland. In contrast, shortening in cold spells
has been observed over the northeast and southwest
areas of Finland, which indicates the nonlinearity of
the climate dynamics and demonstrates the com-
plexity of extreme climate events.

(4) Temperature extremes over Finland were influenced
by a number of NHTPs such as the EA, SCA, AO,
WP, and POL patterns. In general, warm tempera-
ture extremes were associated with the EA and SCA
patterns, while cold temperature extremes with the
AO and NAO patterns.
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