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Abstract: In northern regions, like Finland, peak river discharge is principally controlled by maxi-
mum snowmelt runoff during spring (March-May). Global warming and climate change extensively
influence both the quantity and temporal characteristics of peak discharge in northern rivers by
altering snowpack accumulation and melt processes. This study analyzed peak spring flood dis-
charge (PSFD) magnitude (PSFDM) and timing (PSFDT) in four natural rivers (Simojoki, Kuivajoki,
Kiiminkijoki, and Temmesjoki) across northern Finland, in terms of long-term (1967-2011) variability,
trends, and links to large-scale climate teleconnections. The PSFDM significantly (p < 0.05) declined
in the Simojoki, Kuivajoki, and Kiiminkijoki rivers over time. Both the Simojoki and Kuivajoki rivers
also experienced significant decreasing trends of about —0.33 and —0.3 (days year 1), respectively,
in the PSFDT during 1967-2011. In these two rivers, the less and earlier PSFDs were principally
attributable to the warmer spring seasons positively correlated with the North Atlantic Oscillation
(NAO) in recent decades. Moreover, daily precipitation time series corresponding to the PSFD events
showed no considerable effects on PSFDM and PSFDT changes in all the natural rivers studied. This
suggests that less and earlier historical PSFDs in natural rivers at higher latitudes in northern Finland

were primarily induced by warmer springtime temperatures influencing snowpack dynamics.

Keywords: boreal environments; climate change; global warming; oceanic-atmospheric circulation
patterns; snowmelt-dominated river discharge

1. Introduction

Global surface air temperature (SAT) was about 1.1 °C warmer during 2011-2020 than
1850-1900 [1]. In particular, the highest rate of mean SAT increases was found over the
high latitudes of the Northern Hemisphere [1]. Such warming trends resulted primarily
from extensive increases in the atmospheric concentrations of greenhouse gas emissions
(GHG), significantly changing the climate system of our planet [1,2]. This unequivocal,
continuing climate change has already affected the availability of water resources on Earth
by prominently altering different hydrological cycle processes [1,3,4]. Understanding and
assessment of historical variability and trends in such processes have received considerable
attention in recent studies about climate change, water resources, and environmental
protection on both regional and global scales [5-7].
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Snowpack is a natural freshwater reservoir that plays an important role in the climate
dynamics (albedo), hydrological cycle, ecosystem services, and human primary activities
(e.g., agriculture, irrigation, energy, forestry, and recreation) in Nordic regions, including
Finland [8]. Water is normally stored in the snowpack during winter and gradually releases
into rivers through the spring and/or early summer as snowmelt [9]. Such snowpack
meltwater runoff often produces the major volume of annual flow in northern rivers and
controls their peak spring flood discharge (PSFD) [10]. Hence, at high latitudes, one of
the critical global warming impacts on water resources is extensive alterations in the flow
of rivers in response to changes in different snowmelt runoff characteristics, in terms of
quantity and timing [11]. Increases in SAT would decrease the number of wintertime cold
days, resulting in less snowfall and/or more rainfall [12], thereby reducing snowpack
accumulation on the ground [13]. A warmer SAT would also intensify the wintertime
snowmelt rate, declining the depth and extent of accumulated snowpack [12,14]. All these
changes can principally decrease the water content of snowpack, reduce snowmelt runoff,
and result consequently in less and earlier PSFD in northern rivers [8,13]. Accordingly,
more frequent wintertime floods [15,16], a decline in springtime groundwater level, less
summertime baseflow, and a higher level of summertime drought risk [17] are expected
and already foreseen. On the other hand, however, intensive snowfall because of more
wintertime precipitation can deliver adequate snowpack accumulation and offset the
climate warming impacts [18]. Hence, changes in PSFD magnitude (PSFDM) and timing
(PSFDT) are mainly dependent on snowpack hydrological processes controlled by both
precipitation and SAT patterns [19].

In general, variations in regional climatic conditions (particularly precipitation and
SAT) are controlled by large-scale oceanic-atmospheric circulation patterns, e.g., the Arctic
Oscillation [20]. These patterns are defined as insistent, recurring, and broad modes of
atmospheric pressure anomalies describing the dominant airflow across a large geograph-
ical area [21]. They also reveal the durable variability in the natural incidence of chaotic
comportments in the climate system of Earth [20]. The power and effects of such patterns
over a particular region during a specific period of the year are commonly expressed
by numerical teleconnection indices (hereafter climate teleconnections). Many previous
studies have already reviewed the main characteristics and descriptions of these climate
teleconnections (e.g., [20]) and their relationships with precipitation, SAT, snowpack dy-
namics, and river discharge in different parts of the world (e.g., [22-27]), including Finland
(e.g., [28-32]). Although a few studies have previously focused on the relationships of shifts
in snowmelt-dominated river discharge regimes with climate teleconnections (e.g., [26,33]),
understanding their role in historical variability and trends in PSFDM and PSFDT in
northern rivers, particularly in Finland, is still lacking.

The overall aim of the present study was to investigate changes in both PSFDM and
PSEDT in four natural rivers across northern Finland during 1967-2011 in relation to cli-
mate teleconnections. The specific objectives were to: (1) analyze long-term variability and
trends in PSFDM and PSFDT in northern Finland’s natural rivers; (2) measure relationships
of such alterations in PSFDM and PSFDT with influential climate teleconnections; and
(3) assess the impacts of changes in climatic conditions (precipitation and SAT) on both
PSFDM and PSFDT in natural rivers across northern Finland. According to [34], such
observational-based studies improve our understanding of historical variability and changes
in the discharge regime of northern rivers, leading boreal climate regions on Earth towards
attaining water security and consequently achieving the 2030 Agenda for Sustainable
Development adopted by all countries of the United Nations (UN) in 2015 [35].

2. Materials and Methods
2.1. Study Area
Finland extends ~1320 km in the south-north direction throughout northern Europe

(Figure 1a). The Koppen-Trewartha (K-T) climate classification system characterized this
country as a temperate or boreal environment [36]. Hence, the climate in Finland is pre-
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dominantly influenced by the Arctic Ocean, the Atlantic Ocean, the Baltic Sea, continental
Eurasia, the Scandinavian Mountain range, and the latitudinal gradient [37]. In this country,
both annual precipitation and mean SAT naturally decrease from south to north [38,39],
while annual snow depth and cover days increase [14]. On a national scale, springtime
(March-May) precipitation and mean SAT are generally about 99.8 mm and 0.8 °C, re-
spectively [38,39]. Furthermore, the snow cover days are less (more) than 130 (205) in the
southern (northern) areas of Finland [40].
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Figure 1. The locations of (a) northern Finland, (b) four natural rivers selected by this study, and
() 10 x 10 km? grid points with precipitation and surface air temperature (SAT) datasets throughout
the basins of such natural rivers.

For this study, we selected four natural or unregulated rivers across northern Fin-
land [41]: Simojoki, Kuivajoki, Kiiminkijoki, and Temmesjoki (Figure 1b). According to [42],
Finnish river systems are divided into three groups based on their discharge regime. Hence,
the River Temmesjoki with an area of about 1181 km? belongs to the third group that
comprises small and medium-sized river basins with only a few lakes. The river basins
in this group are particularly located in the coastal regions of the Gulf of Bothnia and the
Gulf of Finland. The second group, however, comprises different large rivers in northern
Finland, such as the Simojoki, Kuivajoki, and Kiiminkijoki river basins with an area of
~3160, 1356, and 3814 km?, respectively. The first group covers the watersheds of lake
regions throughout central and southern Finland, where the large storage capacity flattens
seasonal discharge variability. Additionally, the rivers in this group are strongly regulated
for flood protection and energy production usage [43]. Thus, no rivers from the first group
were selected for this study.

2.2. Data Description

Long-term (1967-2011) daily discharge time series for the natural rivers of Simojoki,
Kuivajoki, Kiiminkijoki, and Temmesjoki across northern Finland were collected from the
Finnish Environment Institute (SYKE) (https://www.syke.fi/en-US/Services (accessed on
10 December 2021)). During the study period (1967-2011), there were no missing values
in the daily discharge time series for any of the natural rivers studied. According to the
current understanding of influential large-scale oceanic-atmospheric circulation patterns for
regional climate variability across Finland [38,39,44], this study also selected seven different
teleconnection indices (Nos. 1-7 in Table 1). The monthly time series (1967-2011) for these
climate teleconnections were obtained from the website of the Climate Prediction Center
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(CPC) at the National Oceanic and Atmospheric Administration (NOAA), Washington,
WA, USA, openly available at https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.
shtml (accessed on 10 December 2021). The main components and characteristics of
these teleconnections and their natural effects on regional climate variability around the
world were comprehensively reviewed by [20]. Additionally, we obtained daily gridded
(10 x 10 km?) precipitation and mean SAT datasets throughout the natural rivers selected
across northern Finland for the years from 1967 to 2011 (Figure 1c) from the PalTuli-Spatial
Data for Research and Teaching, the CSC IT Centre for Science Ltd. (https://www.csc.fi/
en/home (accessed on 10 December 2021)). More details about such gridded precipitation
and mean SAT time series can be found in the studies by [45] and [46], respectively.

Table 1. Summary of climate teleconnections considered in this study.

No. ID Climate Teleconnection Source Reference
1 AO Arctic Oscillation CPC [47]
2 EA East Atlantic CPC [48]
3 EA/WR East Atlantic/West Russia CPC [48,49]
4 NAO North Atlantic Oscillation CPC [48]
5 POL Polar/Eurasia pattern CPC [48]
6 SCA Scandinavia pattern CPC [48,50]
7 WP West Pacific CPC [51]

2.3. Statistical Analyses

The Mann-Kendall (MK) non-parametric test [52] is generally used to detect statisti-
cally significant (p < 0.05) trends in hydrometeorological time series. To estimate the slope
of such significant trends, the Sen’s method [53] is commonly applied. The Spearman’s
rank correlation (rho) is preferably employed to measure the relationships of hydrometeo-
rological time series with different climate teleconnections [54]. This is mainly attributable
to the fact that the rho, unlike the Pearson’s correlation coefficient (r), assigns no specific
distribution functions for hydrometeorological time series [54]. In the existence of positive
autocorrelation in hydrometeorological time series, however, the use of the trend-free
pre-whitening (TFPW) method [55] is recommended to determine statistically significant
trends, and the residual bootstrap (RB) approach [56] with 5000 independent replications
to examine the standard deviation of the rho. Accordingly, this study employed such statis-
tical methods for investigating historical (1967-2011) PSFDM and PSFDT in four natural
rivers across northern Finland and their links with the climate teleconnections. In this
study, PSFDM and PSFDT are referred to the maximum daily discharge value and its date
(calendar-based day) in natural rivers across northern Finland during the spring (March-
May) season of each year. For different climate teleconnections, then, spring (March-May)
season time series were computed using their monthly datasets. Furthermore, seasonal
mean SAT (°C) for spring (March-May) and daily precipitation corresponding to PSFDT
were computed on the basin-scale of four natural rivers studied across northern Finland
using daily gridded (10 x 10 km?) hydrometeorological datasets obtained from the CSC-IT
Center for Science (https:/ /www.csc.fi/en/home (accessed on 10 December 2021)).

3. Results

PSFDM generally declined in natural rivers studied across northern Finland in re-
cent decades. Statistically significant (p < 0.05) decreasing trends of —3.40, —1.89, and
—3.60 (m® s~! year~!) were found in the PSFDM of Simojoki, Kuivajoki, and Kiiminki-
joki rivers during 1967-2011, respectively (Figure 2a—c). All three rivers showed the
lowest PSFDM of ~201 (Simijoki), 74 (Kuivajoki), and 142 m?3 s~! (Kiiminkijoki) in 2004
(Figure 2a—c). In northern Finland, all the natural rivers mostly experienced below-average
PSFDMs after 2000 (Figure 2). In the River Temmesjoki, however, the highest PSFDM
(~115 m® s~1) was observed in 2011 (Figure 2d). The historical variations in the PSFDM
time series for the Simojoki and Kuivajoki rivers showed the most significant (p < 0.05)


https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
https://www.csc.fi/en/home
https://www.csc.fi/en/home
https://www.csc.fi/en/home

Water 2022, 14, 1312

50f 15

correlations with the springtime AO (rho = 0.25) and POL (rho = 0.28) patterns, respectively
(Figure 2a,b). However, there were no clear relationships between different springtime
climate teleconnections and the PSFDM variability in the Kiiminkijoki and Temmesjoki
rivers (Figure 2c,d).
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Figure 2. Annual anomalies with significant trend line (p < 0.05) and the most influential springtime
climate teleconnection for peak spring flood discharge magnitude (PSFDM) in the (a) Simojoki,
(b) Kuivajoki, (c) Kiiminkijoki, and (d) Temmesjoki rivers across northern Finland during 1967-2011.

Both Simojoki and Kuivajoki rivers experienced earlier PSFD in recent decades. The sta-
tistically significant decreasing trends in the PSFDT were about —0.33 and —0.3 (days year 1)
for the Simojoki and Kuivajoki rivers during 1967-2011, respectively (Figure 3a,b). In these
two rivers, the PSFDTs have generally shifted towards being earlier in the year since the
early 1980s (Figure 3a,b). However, the substantially later PSFDTs were seen in the years
1995-1997. Moreover, the PSFDT was generally around the 7th of May in both Simojoki
and Kuivajoki rivers (Figure 3a,b). Although there was no clear trend in the historical
PSFDTs time series of the River Kiiminkijoki, earlier PSFDs than the normal PSFDT (5 May)
were mostly seen during 1983-2011 (Figure 3c). Similar to the River Kiiminkijoki, the River
Temmesjoki experienced the latest PSFD on the 28th of May 2003 (Figure 3c,d). The histori-
cal PSFDT time series for the River Temmesjoki showed the most significant relationship
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with the springtime EA/WR pattern (tho = 0.42) (Figure 3d), while this was found for both
the Simojoki (rho = —0.34) and Kuivajoki (rtho = —0.31) rivers with the springtime NAO
(Figure 3a,b). There were also significant correlations between the springtime EA pattern
and the PSFDT time series for the Simojoki (rho = —0.31) and Kuivajoki (tho = —0.29) rivers
(Figure 4).
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Figure 3. Annual Anomalies with significant trend line (p < 0.05) and the most influential spring-
time climate teleconnection for peak spring flood discharge timing (PSFDT) in the (a) Simojoki,
(b) Kuivajoki, (c) Kiiminkijoki, and (d) Temmesjoki rivers across northern Finland during 1967-2011.
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Figure 4. The Spearman’s rank correlations (rho) of springtime climate teleconnections with peak
spring flood discharge magnitude (PSFDM) and timing (PSFDT) in all the Simojoki, Kuivajoki,
Kiiminkijoki, and Temmesjoki rivers across northern Finland during 1967-2011. The underlined
values show statistically significant (p < 0.05) correlations.

No statistically significant trends were found in daily precipitation during the PSFDT
in the natural rivers studied across northern Finland during 1967-2011 (Figure 5). The days
corresponding to the PSFD in all these rivers were mostly below-average of their daily
precipitation amounts after the year 2000 (Figure 5). The long-term (1967-2011) average
values for such daily precipitation time series naturally increased from the north to the
south of Finland: Simojoki (0.80 mm), Kuivajoki (0.94 mm), Kiiminkijoki (1.03 mm), and
Temmesjoki 1.25 (mm) (Figure 5). The daily precipitation time series corresponding to
the PSFD showed most significant correlations with the springtime EA/WR pattern in
both the Simojoki (rho = —0.32) and the Kuivajoki (rtho = —0.26) rivers (Figure 5a,b), but
no clear (p > 0.05) relationships with the other two rivers (Kiiminkijoki and Temmesjoki)
(Figure 5c¢,d).

On the basin scale, the spring mean temperature (Tmean) significantly increased
in both Simojoki and Kuivajoki rivers during 1967-2011, at a rate of 0.30 (°C year™ 1)
(Figure 6a,b). The long-term average values for such spring Tmean time series increased
from the north to the south of Finland: —0.21 °C (Simojoki), 0.06 °C (Kuivajoki), 0.60
°C (Kiiminkijoki), and 1.3 °C (Temmesjoki) (Figure 6). For all river basins, the warmest
and coldest spring Tmean were observed in 1989 and 1971, respectively (Figure 6). From
the early 1980s, all these river basins mostly experienced more years with above-average
spring Tmean (Figure 6). The variations in the spring Tmean time series for the Simojoki,
Kuivajoki, Kiiminkijoki, and Temmesjoki rivers showed the most significant relationships
with the NAO, rho = 0.35-0.38 (Figure 6). Both AO and WP were also influential climate
teleconnections for spring Tmean variability across all the natural rivers studied across
northern Finland (Figure 7).
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Figure 5. Annual anomalies with significant trend line (p < 0.05) and the most influential springtime
climate teleconnection for daily precipitation corresponding to the date of PSFD in the (a) Simojoki,
(b) Kuivajoki, (c) Kiiminkijoki, and (d) Temmesjoki rivers across northern Finland during 1967-2011.

The correlations of PSFDMs in the Simojoki and the Kuivajoki (rho = 0.84) were
stronger than in the Kuivajoki and the Kiiminkijoki (rho = 0.72) as well as in the Kiiminkijoki
and the Temmesjoki (rho = 0.64) (Figure 8). Similar relationships were found in the PSFDTs
of natural rivers studied across northern Finland, with rho = 0.67-0.97 (Figure 8). The
Kiiminkijoki and the Temmesjoki showed the highest correlation (rho = +0.92) between daily
precipitation time series corresponding to the PSFDTs (Figure 8). Spring Tmean variability
was strongly similar over the basin of all the natural rivers studied, with rho = 0.97-0.99
(Figure 8). The negative effects of spring Tmean were stronger on the PSFDT in the Simojoki
(rho = —0.48) and the Kuivajoki (rho = —0.45) rivers than in the Kiiminkijoki (rho = —0.34)
and Temmesjoki (tho = —0.26) rivers (Figure 8).
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Figure 6. Annual anomalies with significant trend line (p < 0.05) and the most influential springtime
climate teleconnection for springtime Tmean in the (a) Simojoki, (b) Kuivajoki, (c) Kiiminkijoki, and
(d) Temmesjoki rivers basins across northern Finland during 1967-2011.
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Figure 7. The Spearman’s rank correlations (rho) of springtime climate teleconnections with daily
precipitation corresponding to the PSFD as well as with springtime Tmean in all the Simojoki,
Kuivajoki, Kiiminkijoki, and Temmesjoki rivers across northern Finland during 1967-2011. The
underlined values show statistically significant (p < 0.05) correlations.
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Figure 8. The Spearman’s rank correlations (rho) among peak spring flood discharge magnitude
(PSFDM). PSFD timing (PSFDT), PSFDT’s corresponding daily precipitation (Daily P), and springtime
Tmean in all the Simojoki, Kuivajoki, Kiiminkijoki, and Temmesjoki rivers across northern Finland
during 1967-2011. The given rho values are statistically significant (p < 0.05).

4. Discussion
4.1. Peak Spring Flood Discharge Magnitude and Timing

Substantial alterations in river flow regime, particularly seasonality shift, are among
the main hydrological responses to climate change in cold regions [57]. This study found
statistically significant decreasing trends in both PSFDM and PSFDT in the natural rivers
of Simojoki and Kuivajoki across northern Finland during 1967-2011. Analyzing long-term
(1912-2004) observational river flow records, [42] similarly reported that PSFDT has shifted
towards occurring earlier in northern Finland, where the PSFD is generally controlled by
snowmelt runoff. There are also other studies reporting less and earlier snowmelt runoff
in different cold climate zones around the world, e.g., western North America [27], the
Japanese Alps region [58], the Russian Arctic [59], and Lithuania [60]. Likewise, for northern
Finland, [19] concluded that 1-day snowpack peak outflow has decreased and shifted to
occurring earlier during the last 100 years. Such changes in both quantity and temporal
characteristics of snowmelt runoff in northern Finland showed positive correlations with
springtime SAT, while there were no clear relationships with daily precipitation [19]. The
present study also found that the spring SAT plays a critical role in less and earlier PSFD in
the natural rivers of Simojoki and Kuivajoki across northern Finland. Generally speaking,
statistically significant trends found in both PSFDM and PSFDT in these two natural rivers
reflect less and earlier snowmelt runoff in response to increases in springtime SAT across
northern Finland during recent decades.

PSFDM and PSFDT changes in the Kiiminkijoki and Temmesjoki rivers were dissimilar
to the Simojoki and Kuivajoki rivers. The PSFDM decreased in the Kiiminkijoki river during
1967-2011 but showed no clear changes in the Temmesjoki river. In these two rivers, no
statistically significant trends in historical PSFDT were found. During spring flood periods,
the Kiiminkijoki river is bifurcated by the Iijoki river. This can principally influence variabil-
ity and changes in both PSFDM and PSFDT in the Kiiminkijoki river. Different behaviors in
both quantity and temporal characteristics of PSFD in the Temmesjoki river are principally
related to the location, geology, and topography of its basin [61]. The Temmesjoki river
basin is also heavily influenced by agriculture and sandy silt, which significantly control
hydrological processes, particularly infiltration, during the spring season, and consequently
the generation of PSFD [61]. On the other hand, both the Simojoki and Kuivajoki rivers
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have experienced significant drainage (mainly peatland forest) operations, which could
impact both the magnitude and timing of PSFD.

Less and earlier PSFDs generally increase the risk of summer droughts in snow-
dominant river basins [17]. Previous studies reported that Finland experienced severe
droughts in the summer of 2003 and 2006 [42,62—64]. Besides the effects of changes in
precipitation and SAT [62], such droughts were principally associated with less and ear-
lier PSFD, respectively, in northern Finland. The summer drought in 2003 substantially
decreased both crop yield and hydropower production, and thus, caused considerable
economic losses in Finland [65]. As a social impact, meanwhile, small households and
buildings in Finland faced a considerable decline in water supply during the summer
2003 drought. In the autumn season following the summer drought in 2006, river basins
with acid sulfate soils in Finland released acidity to streams and thereby deteriorated their
water quality [66]. Other studies also reported low groundwater levels [17] and poor water
quality in rivers and lakes [67] as key environmental impacts of such summer droughts
in Finland.

4.2. Changes in Wintertime Snowpack Accumulation and Melt Processes

Besides the warmer spring seasons, changes in wintertime climate can also influence
snowpack accumulation and melt processes [14], and consequently control PSFD in north-
ern rivers. Previous studies reported considerable declines in historical snowpack water
equivalent (SWE) throughout central and northern Finland, particularly in Kajaani, which
is located near all four natural river basins selected by this study [14]. Such decreases in
SWE were mainly due to the significant decreases in annual snowfall/total precipitation
ratio in both central and northern Finland [44], which particularly experienced less an-
nual [44] and wintertime snowfall over time [14]. Throughout these two parts of Finland,
such decreases in snowfall were associated with warming trends in snowfall-day SAT
during 1959-2008 [44], but not with changes in wintertime SAT [14]. In the winter season,
however, snowfall showed stronger correlations with precipitation than with SAT [14].
Hence, less/more wintertime precipitation can significantly decrease/increase snowfall,
and consequently caused a considerable decline/rise in snowpack accumulation in central
and northern Finland during the winter season [14].

Although there were significant positive correlations between wintertime precipitation
and SAT (rainfall), less precipitation could not result in significant decreases/changes in
SAT (rainfall) during winter [14]. Similarly, [14] reported negative relationships between
wintertime SAT and snowpack meltout, both of which showed no significant changes in
northern Finland. However, a sensitivity analysis [14] indicated that warmer wintertime
SAT, up to 3 °C, would increase (decrease) wintertime rainfall and snowpack meltout
(snowfall and peak SWE) in northern Finland, while more wintertime precipitation, up
to 30%, can primarily increase wintertime snowfall and peak SWE without any effects on
wintertime snowpack meltout. In addition, increases in both wintertime SAT (up to 3 °C)
and precipitation (up to 30%) would sequentially result in more wintertime snowfall, peak
SWE, rainfall, and snowpack meltout in Northern Finland [14]. Similar to the present study,
this indicates that snowpack accumulation in northern Finland is primarily dependent on
changes in wintertime precipitation patterns. However, more frequent wintertime floods
are expected in northern Finland primarily due to such snowpack meltout during the
winter season, with serious economic, environmental, and social impacts [14,19,68].

4.3. The Role of Climate Teleconnections

Springtime SAT variability over the basins of natural rivers studied throughout north-
ern Finland was significantly influenced by the NAO, AO, and WP during 1967-2011. The
NAO and AO were also the most influential climate teleconnections for historical variations
in PSFDT and PSFDM, respectively, in both the Simojoki and Kuivajoki rivers. These
two climate teleconnections (NAO and AO) are the predominant large-scale atmospheric
circulation patterns controlling SAT variability over medium-high latitudes throughout
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the Atlantic/European zone and Arctic region [20]. The NAO indicates the power of west-
erly circulation from the North Atlantic towards the Atlantic European part, and the AO
describes the intensity of the circumpolar vortex. Previous studies also reported that the
NAO can generally be considered a key component of the AO [69]. The positive values of
these teleconnections express the strengthening of westerlies and consequently prevailing
of mild maritime airflow over northern Europe, particularly during the cold months [20].
Hence, substantial increases in both the NAO (0.20 decade™!) and AO (0.26 decade™)
indices not only reflect stronger westerly circulation but also explain warmer SAT dur-
ing the cold half-year over the Fenno-Scandinavian region in recent decades [70]. Such
positive relationships of these teleconnections with SAT over northern Europe, including
Finland, have previously been reported in some studies (e.g., [30,39,46]). Accordingly,
more powerful NAO and AO indices have led to (i) decreases in snow water equivalent
(SWE), (ii) increases in snowmelt rate, and (iii) less and earlier snowpack peak outflow
in the boreal environment of Nordic countries in recent decades [14,19,44,71]. With such
effects on snowpack hydrological processes, these two climate teleconnections principally
control the natural flow regime, particularly PSFD, in snow-dominated river basins at
higher latitudes in northern Finland as determined by this study. Similarly, [71] concluded
that the NAO and AO significantly influence springtime flow in snow-dominated rivers
throughout northern Sweden, particularly the basins located in the area of the Simojoki
and Kuivajoki rivers selected by the present study.

5. Conclusions

This study investigated long-term (1967-2011) variability, trends, and links to climate
teleconnections for peak spring flood discharge magnitude (PSFDM), timing (PSFDT),
corresponding daily precipitation (Daily P), and spring mean temperature (Tmean) in four
natural rivers across northern Finland. Through the years 1967-2011, both the Simojoki and
Kuivajoki rivers experienced less and earlier PSFD principally due to significant increases
in spring mean temperatures. The NAO and AO were generally the climate teleconnections
deriving such warmer springs and consequently decreasing trends in the PSFDM and
PSFDT of these two rivers. Both NAO and AO were significantly correlated with the
spring Tmean time series over the basins of the Kiiminkijoki and Temmesjoki rivers, but
without any controllable effects on their PSFDM and PSFDT variability and changes. Across
northern Finland, long-term daily precipitation time series corresponding to PSFDs showed
no substantial trends over the basins of natural rivers studied, with no powerful roles in
their PSFDM and PSFDT changes. Generally speaking, warmer spring seasons associated
with stronger NAO phases have caused less and earlier PSFD in the natural rivers located at
higher latitudes in northern Finland. The findings of this study lay a foundation for further
studies on understanding, assessing, and mitigating different impacts of climate change
on water resource security and consequently sustainable development in snow-dominant
environments around the world.
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