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Abstract. At high latitudes, long-term changes in riverine ice break-ups are exemplary
measures of climatic change and variation. This study compareds cryophenological trends,
patterns and changes for the rivers Aura (1749-2020), Torne (1693-2020) and Kokeméki
(1793-2020);; all sites are located in Finland. The Kokemaki River series is a new series from
the city of Pori. The findings show statistically significant cross-correlations between the Aura
and Kokemiki rivers_but weaker cross ;—while-the-correlations with the Torne River—were
weaker. The-We attribute the latterweaker—correlation—was—attributed to climatic differences
caused by the higher latitude of the Torne Riverinal-distance-between-therivers. Taken together,

the many results of this study suggest that in—the-seuth-the spring climate in the south has
changed more rapidly and become less predictable than in the north. Climatic extremes —
warmer and wetter winters — in the 2000s resulted in the first recorded no-freeze events ionsa
the Aura and Kokemiki rivers. This was the culmination e-ne-freeze-events—were—thefinal
euteome-of a rapid increase in early ice break-up events and interannual variability over the last
30 years. The number of early events has have-been-increaseding in all three rivers since the
early or mid-1900s, but the earliest recorded break-up day oin the Torne River has changed
only marginally in the last 100 years. Our dynamic temperature analysis showseé that the ice
break-up on the eventin-Torne River requires higher temperatures than in the south and future
changes in the timing of the break-up depend on April temperatures. In the south, on the other

hand, future changes future changes concerns the return period of no-freeze events, which

depend on temperature and precipitation during winter.

1 Introduction

High latitude Elakes and rivers constitute in—highlatitades—are—fundamental parts of the

cryosphere. Records of freeze-up (winter) and break-up (spring) are linked to air temperature
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and provide valuable infermation—on—interannual—and—interdecadal—climate variability
information on interannual to longer scales. An—ilmproved understanding of historical and
current freeze-up and break-up patterns can provide insights intohelps—to—anderstand the

spatiotemporal impact of climate warming. Some changes, such as an increase of open water

winters or floods, could have-create considerablegreat socio-economic impacts and they could
cause_alterations in-changes-in-the aquatic ecosystems or-ex biogeochemical processes (Prowse
et al., 200611; 20406)

Most cryophenological studies employ lake-ice data because lake-ice series are plentiful
and they—provide good spatial coverage. Their findings indicate Sueh-analyses—haveshown
trends towards later freeze-ups and earlier break-ups across the aNorthern hHemisphere

(Sharma et al. 2021; Newton and Mullan 2021; Benson et al, 2012; Korhonen 2006; Magnusson

et al., 2000). These trends vary in time and scale depending on the location, but they ehanges

are typically associated with air temperatures. in particular higher temperatures in cold-climate

regions, —wi

since the 1960s (Mikkonen et al, 2015; Weyhenmeyer et al., 2011; Bonsal and Prowse, 2003; _ - { Formatted: Font: Not Bold

Serreze et al. 2000).
In—contrasttoJake-ice—series;—+River-ice series—data series uswally-commonly extend

further back in history than lake-ice series, with several beginning in the 1700s (Magnusson et

al, 2000; Rykatschew, 1887). These data series are often derived from port cities and the

observations were collected in connection with overseas trading and transport concerns. Several

series have been -

or they have not been updated, but there are also exceptions, such as Daugava River in Latvia

(Klavins et. al 2009).

In Finland, at least five river-ice series date back to the 1700s (e.g.— Johansson,
1932Rykatsehew 1887 Johansson;1932). -and-iIn the 1800s, before long-term meteorological
data was-were readily available, seientists-used-thesuch breakap-series were used to investigate
climatic changes (Levinen, 1890; HiHstrém;—1842:-Eklof, 1850; Hillstrom, 1842;-Levinen;

1890). Professor of Meteorology Fhe—professor—ofMeteorology—Oscar Johansson (1932)

discontinued in the 1900s, - ‘[ Formatted: Font color: Auto
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extended-updated some of these series to 1906, but they lost their value as climatic indicators

and—thereafter—they—were—dermant—until Juha Kajander (19935; 19953) highlighted their
importance by documenteding the-observations for the Torne River -in northern Finland—Fhis

. In 2019, the Torne River series

was complemented with the Aura River series from Turku in southwest Finland (Norrgard and
Helama, 2019). The present study conducts the first comparison between these series. In

addition, Fthe current study further-presents a new multtriicentennial ice break-up series for the

Kokemiki River (in Swedish Kumo dlv) based on observations from the city of Pori
(Bjorneborg) in southwest Finland. ¥The series spans from 1793 to 2020 and #is compared to
the Torne River (1693-2020) and the-Aura River series (1749-2020). This study pursues has
four main objectives: (i) to examine ifwhether the power plant closest to Pori has changed the
timing of the-ice break-ups,: (ii) to analyse the long-term trends and the-correlations between
the rivers Aura, Kokemiki and Torne; (iii) to analyse how the series correlate tewith
temperature, precipitation and, in the case of the Torne-River, ice thickness,; and (iv) to examine

long-term variability and changes in the frequency of extreme events.

2 Study areas

2.1 Tornio and Torne River

The Torne River is one of the largest unregulated rivers in Northern Europe, flowing —Fheriver
flows-southward from Lake Torne in the Arctic -into the Bothnian Bay, the northernmost sub-
basin of the Baltic Sea (Fig 1). Moreover, the river, which Ferae-River-has a watershed area of
40,157 km? and is 522 km long, —Fhetast180-km;—before-entering-the Baltic Sea—theriver
marks the border between Finland and Sweden _for the last 180 km of its length. The ice break-
up observation site is situated in the Finnish city of Tornio (65°84’N, 24°15’E) and-issitaated

about 3.5 km from the mouth of the river. Tornio had a population of 22,000 inhabitants in

2019. At the observation site, the river is approximately 260 meters wide. The break-up date
referss to the day ignals-when the ice beginsstarts to break up or move, and it is - Theice-breakup

is-monitored by the Finnish Environment Institute (SYKE), which also measures ice thickness,

discharge rates and snow cover thickness.
The average discharge at the observation site in Karunki (23 km upstream from the break-
up site) during the period 1911-2020 peried-was 388.75 m%/s. The maximum discharge on 11

June 1968 was 3,667 m%s. The Torne River is unregulated, but the Tengeljoki River, one of the
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Torne’s tributariestributary—rivers, hosts three hydroelectric power plants. The power plant
closest to the town of the-ice-breakup-observationsite-in-Tornio eity-is 80 km upstream_and

therefore -and-it-should have no significant influence on the break-up process (Sharma et al.,
2016).

Tornio is twinned with the Swedish town of Haparanda, established on the western side

of Tornio. The wider Tornio-Haparanda region has a combined population of about 32,000

inhabitants. In

observation-site—Mest-anthropogenic impact on the break-up process was likely to have been

probably-caused by log-driving dams built en-theriverin the 1900s (Kajander, 1993). However

water-that-could-carrylogs-to-Torne River—Tthese dams were demolished after the log-floating
era ended in 1971 (Zachrisson, 1988).

2.2 Turku and Aura River

The Aura River, which is 70 km long and drains into the Archipelago Sea, a sub-basin of the

Baltic Sea, has a watershed area of 885 km? and anthe average discharge at the Halinen dike
(between-1938—and-2020) of was-6.86 m¥/s. The maximum discharge, recorded on 2 May 1966,
was 286 m3/s. tveri S i a—The data series ice-off
observations-originate from the city of Turku (60°45°N, 22°27°E), which is located at the mouth
of the river. Turku had a population of 191,000 inhabitants in 2019. Inside Within-the city

limits, the width of the Aura River varies between 35 and 100 meters, with its depth varying

and-the-depth—varies between one and four meters. The Aura River series depicts the ice-off

date, which is when the river is ice free between the mouth of the river and the Halinen dike
(Norrgard and Helama, 2019). The dike, which -is situated six kilometres from the mouth of the

river, was first-anditis mentioned in historical records for-thefirsttime-in the 14t century. The

dike detaches—separates the lower reaches from the upper reaches, creating two independent




and-it-ereates—atwo-stage-break-up processes—independentfrom—each-other (Norrgard and
130  Helama, 2019). Except for the dike, the Aura River is;-exeeptfor-the-dike; unregulated.
As-of 2049 -Turku straddles the Aura River and has always done so. Furku—with—had-a

eityriverine environment changed considerably -e*paﬂéed—en—be{-h—s&des—ef—&s—spme—as—A&m

e-in the mid-to-late

20t century: —Sinee+939-the number of bridges crossing the river grew have-grown-from three

135

two to nine while the industrial area — which is likely to have exerted the most anthropogenic

impact on the ice-off — was replaced by —The-industrial-area-that dominated-theriverbanknear

140  beenreplaced-by-apartment buildings. Fer-amerein-depth-presentation-of the AuraRiverseries
sce-Norrgard-and Helama (2019).

2.3 Pori and Kokemaki River
145  The Kokeméki River, which is 121 km long and the+iver-drains into the Bothnian Sea, the
largest sub-basin of the Baltic Sea, features and-has—the largest river delta in the Nordic
countries. The river KekemitkiRiver-has a catchment area of 27,046 km? and thean average
discharge at the pewerplantin-Harjavalta hydroelectric power plant of -betweent+931+-and-2020
was-218;.62 m¥s (1931 20201 The maximum reeerded-discharge occurred on 5 May 1966 and
150  was 918 m¥s. Dai i

155  plantmTFyrvitim 19502 kamtromPorb-

The ice break-up observation site is situated in the city of Pori (61°48’N, 21°79°E) and+ - - {Formatted: Indent: First line: 1cm

lies about 11 km from the sea. Pori had a population of 83,000 inhabitants in 2019. The ice

break-up observations for the river, which has an estimated width of derive-from-the-city-centre
and-the-width-oftheriver—varies-between 160 and 240 metres_and a depth of between —Fhe

160  estimated-depth-varies-between-two and four metres, have been obtained from the city centre.
For most of the period covered by the data series. part-of-the-period;-the ice break-up date refers
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to the day determines—when the ice between the—Porinsilta Bridge (built in 1926) and

Kirjurinluoto Island begins to break-up or move. In Pori, daily discharge averages vary because

of the Harjavalta plant and three other hydroelectric plants upstream. Harjavalta, the largest

plant on the river, is also the closest of the four plants to Pori (31 km) and has been in operation

since 1939. The next plant was built in 1940 and it is located in the city of Kokeméki (46 km

from Pori). This is followed by the oldest power of the four, built in Aetsi in 1919 (87 km from

Pori), and the newest, built in Tyrvéid in 1950 (121 km from Pori).

Kokemiki River was used for log floating until 1967, and a large industrial area was

located near the city centre. Due to recurring ice jam floods, the-timber-industry-has-played-an

river was dredged and the riverbanks were-reinforced—_throughout the 1900ss_and -2000s.
SeveralfFlood response constructions were built durins-the 1900s-and-near the observation site
in the 1970s and 1980s (Verta and Triipponen, 2011:¢ Louekari, 2010; Huokuna, 2007;
Koskinen 2006).
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2.4 General reflections on ice conditions

Low winter temperatures predetermine that the Torne River always freezes. There are no
midwinter break-ups, and the mean ice cover period is five to six months (Kajander, 1993). Ice
thickness has been measured at the observations site since 1964, most frequently on 30 March,
with the mean thickness during the period -and-the-date-with-mest-measurements—and-nearest
e-1964-202019

being peried-was-76.5 cm (n=54).

Systematic records on freeze-up dates or ice thickness are net-unavailable for the Aura
River;. However, some freeze-up dates were recorded and collected by which-is-600-km-south
efTornto—Leche (1763), Moberg (1893: 1892: 1891: 1890; 1857:4890:1894:1892:1893) and
Levénen (1890), eoHeetedfreeze-up-dates-and adding five additional observations for 1861—

1865 from a local newspaper gives a mean of 144.3 ice cover days (n=37; median 146). AH

These observations were made before the 1900s, with-and 23 were-from the 1700s. The sporadic
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occurrence of mid-winter break-ups means that the length of the ice cover period is only
indicative of actual ice conditions. For example, in 1771, the freeze-up occurred on 20

Novemberint+7#H-was20-Neovember, and the ice had reached a thickness of 20 cm before heavy

rains caused a midwinter break-up on 13 December. Midwinter break-ups of various intensities
have occurred between December and February throughout the 1749-2020 period. The last
recorded midwinter break-up_involving ice -with-at least 20 cm thick iee-occurred in January
1999. During cold winters, the ice can reach a thickness of 70 cm or more, as reperted-in-the
newspaper reports from s+n-April 1837 and March 2003 testify. Records on ice conditions are

sporadic, but the previded—examples provided above offer sive—some perspective on the

conditions leading up to the first no-freeze event in 2008 (Norrgard and Helama, 2019).

Thermal break-ups appear in the Aura River. A thermal break-up, as opposed to a

dynamic break-up, is characterised by the ice-being-thinning and weakening of the ice by ed

and-weakenedfrom-thermal inputs. In this process, Fthere is little to no breakage of the ice,
which melts in situ unless the i#-there-istitte-to-no-flow inereaseincreases (Beltaos and Prowse,
2009). Such Fh

proeess—Fhebreak-upsy also appear ton_the deseriptionsfrom-Kokemiki River, affecting -and
in-this-case-they-affeet-the validity of some break-up ef-the-observations. For example, in March

a row. The city employee conducting the observations claimed that an official break-up date

would not be recorded, as the exact date, —beeause—a—proper—breakup—date—could not be
determined. FThermal-Similar break-ups also occurred in the 1920shave—are—net—a—mnew

phenomenon—in-the KekemikiRiver, but they arehave been, in general, rarer mere-sporadie

than ion the Aura River.

Dates on freeze-up, ice thickness or ice cover has-have not been systematically collected
in Pori. However, Fhe-a first-break-up series published in frem—+1843 (see below) containing
contained-11 years of some-freeze-up dates and-there-are H-years-of observations-between 1810
and 1844 gives (Meoberg1857)These-dates-give-a mean of 157.8 ice cover days (n=11; median

160). As in Turku, midwinter break-ups may affect the actual number of ice cover days. For

example, in 1841, the freeze-up wasoccurred on 15 November-+1+844;, but a midwinter break-

up on 7 January 1842 took place eceurred-before the actual break-up on +16 April. InPeriiee

Einally—+The dates in the Aura River series denotes the ice-off event or the day when the

river is-was ice-free, whereas the dates in the Torne and Kokemiki river series describe the ice

h \[ Formatted: Font: Not Italic
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break-up, or the initial movement of the ice. In this paper, ‘break-ups’ are hereafter used to refer

to_both ‘ice break-ups’ or ‘ice-offs’, but we will distinguish between the two when necessary.

3 Data and methods

3.1 Kokeméki River: material

The Kokemiki River ice break-up series is mostly based on descriptions obtained from the local

Swedish newspaper Bjorneborgs Tidning (1860—1965) and the Finnish newspaper Satakunnan
Kansa (hereafter SK) (1873-). Newspapers editions prior to 1950 were obtained from the
Finnish National Library’s digital database, while more recent newspaper articles were

accessed via the University of Turku’s newspaper affiliate in Raisio and the SK’s internal
database at the editorial office in Pori. All articles were transcribed and the metadata stored

locally.

Newspapers are exemplary sources because they provide daily and sometimes sub-daily

descriptions of the break-u rocess (Norrgard and Helama, 2019; Kajander, 1993).

Newspapers also often contain break-up series submitted by readers. The first break-up series

for the Kokemiiki River was published under a pseudonym in Abo Tidningar in July 1843 and

covered the period 1801-1843. An extended version (1801-1849) of the initial series was

parallel published in Abo Tidningar and Suometar on 11 May 1849. This was used to calculate

changes in the timing of the break-ups (EkI6f, 1850). We found at least four other series

the break-up series to 1794. Fifty-five years later, Johansson (1932) extended the series to 1793

B { Formatted: Font: Italic

and 1906. An additional extended version was published in SK in 1984, but the most recently

updated series, actually a chart spanning the period 1794-1998, was found in the city archives.

Its origin is unknown; however, two initials in the lower right-hand corner match the names in

an article published in SK in 1996. This suggests that the series had been maintained by city

employees since the 1950s. We found no break-up dates for the four years between 1999 and

2002. The dates between 2003 and 2020 originate from a break-up guessing competition
arranged by the local Lions Club.

3.1.2 Obtainingand-extracting breakup-datesforKokemaki River: creating the series

originatedfrom—The aim was therefore-to create an ice break-up series with homogenized the
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break-up dates with regard to site and event-(Nerrgard-and Helama; 2049). Dates obtained from

Ppreviously published series-series were used for as-a-date-of-reference when scrutinizing the
newspapers for observations-frem-this-period. The majority of H-quiekly-became-clearthatthe
newspaper articles described the break-up in-the-eity—ecentre-and-near the location of the the
PPontoon BBridge, which was -that-was-replaced by the-Porinsilta Bridge in 1926. ThThe aim

was therefore thereafter—to obtain observations that referred to this part of the river and
described the same stage of the break-up process. Consequently, the newly compiled eempted
series describe the initial day of break-up or the day when the ice started moving in-the-eity
eentre-between Porinsilta Bridge and Kirjurinluoto Island.

The break-up ebservatiens-dates prior to 1863 could not be validated-and-a-partial reasen
might-be-a-devastatingeity fire in-1852. However, the series published in Abo Tidningar in July
1843 stateddeelares that it-theseries depicts the ice break-up in the city of Pori. As maps;—and
maps from the 1800s show that the city was small and concentrated, which—is—why—the
observations thus most likely refer to the area where the bridges were later built. The break-up
in 1852 was the only time when the dates in the previously published series diverged
considerably. The break-up was noted to have begun started-in either early April or early May.

The reason for this discrepancy might be the devastating city fire in 1852. The break-up in May

was preferred, as this was more consistent with the events +on Aura River.
Tworemarksregarding the site-and-date: First;sSome dates in the latter half of the 1900s
are : likely to be based on observations frem-near the Linnansilta Bridge (-which-was
bbuilt i#a-1974). This should have no significant impact on the analysis. beeame-the-peint-of
deseribingethe-breakup-themselves—Second, the dates obtained from the guessing competition
are based on the movement of a closely monitored marker standing on the ice. Thus, the break-
up date follows the marker and its movement instead of the break-up date on thein Kokemiki

River in general.

3.2 The vernal equinox
All dates in—al-threeseries-follow the Gregorian calendar, and —tFhey-recorded-dates were
adjusted according to the vernal equinox (VE)-to-conduct-the—analyses. The break-up was

thereafter counted as the number of days before or after the equinox. This approach was

preferred over the year-to-date approach (e.g. Sharma et al., 2016) instead-of-the-year-to-date
appreach-due to the length of the series. Calendar dates can inleng-term-eryophenological
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sertes—that-span—several-eenturies—result in overestimated trends when break-up series span
several centurieswhen-they-continte-into-the 215-century (Sagarin, 2001; 2009). In practice, the

vernal equinox has varied between 19 and 21 March. The vernal equinox dates for each series

were obtained from NASA’s dataset homepage and adjusted to the Finnish time zone (GMT+2).

3.3 Extreme events and variability

The-We performed a two-fold analysis of extreme events and variability-is-twefeld. First, the

30 latest/earliest events were ranked according to their calendric dates, and the timing of the
break-ups was compared over the period common to the three series (1793-2020). The timing
of the events was also compared according to the length of the Aura River (1749-2020) and the
Torne River series (1693-2020).

Second, break-up patterns, extreme events, and variability were also analysed according
to the vernal equinox using 30-year non-overlapping windows in the interquartile range (IQR).
The IQR is the difference between the third (75 %) and first (25 %) quartile. Thus, the IQR
sives-provides the middle range in which-wherein the middle half of the break-ups occur. The
second quartile (Q2) is the median value.

Eor-the-purpese-of performing-the-quartile-analysis; nNo-freeze years were quantified
as an ice break-up that occurred on 1 January (VE-79). No-freeze events are challenging when
quantifying dates because the rate of change is easily underestimated. For example, Benson et
al. (2012) chose the earliest break-up date, while Sharma et al. (2016) treated them as censored
values. However, these twe-studies used breakup-series that included no-freeze events-already
before or in the 1900s. In our data,Here; no-freeze events occurred for the first time in the 21t
century, which is why a more distinct approach was preferred.

T aki-Ri seriesi 5 aps—+ he Aura River series was used to
interpolate-estimate the break-up dates for the Kokemiki River during the periods 1781-1792
period-and againfor-1999-2002._The break-up dates for Kokemiki River were extracted by

adding three (3) days, the average difference between the sites, to the recorded ice-off date on

Aura River. This approach enabled us to include the break-ups between 1793 and 1810, which

otherwise would have been excluded from the long-term analysis.

None of the extracted values was either extremely late or early.

Extreme events in each 30-year period were analysed according to i) the average of the
three earliest/latest break-ups and by—analysing-ii) the frequency of extreme events. AnThe
extremely late event was defined as the latest break-up in the period 1991-2020-period-. All
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break-ups that in previous periods occurred on the same day or later were counted. Conversely,
Oppestte-to-thiss-the earliest break-up was defined as the earliest break-up in the first period of
each series. For example, the earliest break-up in_the Torne River was obtained from the period
1721-1750.-period: in Aura River from the period 1751-1780.-period and in Kokeméki River
from the period 1781-1810-period.

3.4 The impact of the Hhydroelectric power plantimpact

The construction of the hydroelectric power plant in Kekemiki RiverHarjavalta began in 1937,
and it was operational at the end of -inHarjavalta-wastakeninto-use-in+1939. Aerial pictures
from the construction site suggest that 1938 was the last year when the break-up was unaffected
by the dam. The break-up in 1939 -This—year-was therefore set thereforechosen-as the first
eventstarting—year that could have been influenced by fer-assessing—whether-the-pewerplant
chemeedthe i e lthe e s beendope e Do e poveer plani e bespothe e ndden

Kokemiki River was subtracted from the ice-offbreakup dates for thein Aura River to reveal

changes in the internal relationship between the rivers. Third,_annual discharge rates were

compared, as the break-up process is often induced by increased -discharge rates_caused by

snowmelt (Beltaos and Prowse, 2009). In this case, discharge rates have been -measured at the

site since 1931, and these measurements were -were-used to assess_whether-how—_the power

plant had influenced overall ehanged-the-ddischarge-. leadingup-to-the-breakup-date—The-data

is-maintained-by-SYKE—The-dDischarge rates for each day leading up to the break-up date
wereas averaged in-orderover the unregulated 1931-1938 period and the regulated 1939-1998

period -to create a dynamic model depicting that-shews-the-discharge rates 60 days before the
break-up and 10ten days after. We-then-compared-the—unregulated19311938 period-to-the
039 1998 period—This-comparisonfacilitated-only-the recorded-breakup-dates-and-not-tThe
break-up dates obtained from the_guessing-breakup-_competition_were excluded —Fhis—was
considered-the-best-approach-because the-difference-between-the-breakup-date-and-the guessing
competition-date-is-unknown-—they did not depict the actual break-up date.

: . Several methods were employed to establish this impact _
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3.5 Cross-correlations, meteorological variables and trends

The-Spearman’s correlation coefficient was used to analyse H-cross-correlations between the

break-up series_and correlations-ané the-ii)-correlations-between-between the break-up series

and monthly mean temperature and precipitation sums over the 1960-2020 period. The

temperature and precipitation data derive from a spatial model constructed made-by the Finnish
Meteorological Institute (FMI) (Aalto et al. 20136; 20163). The model is Bbased on
temperatare—and—preeipitation—data from Finland the-medelHis—supplemented with data from
neighbouring countries (Estonia, Norway, Russia, and Sweden). [tThe-model uses—dueto-its

robustness-and-aceuraey the-kriging interpolation to account for the influence of topography

and nearby water bodies. ¢ ate &

Another model created by the FMI—+rem=ME- (Venildinen et al., 2005) was used to

analyse daily temperature development leading up to the break-up. This model also Fhe-model

so-employs sses-the-kriging interpolation
method. For this analysisanalysis, the values of daily mean, maximum and minimum
temperatures were calculated for Tornio (Torne River), Pori (Kokemiki River) and Turku (Aura
River) over the period 1961-2020—peried. The temperatures for three variables (mean,
maximum and minimum) were aligned according to the break-up date and calculated over an
interval of 180 days before and 30 days after the break-up. The analysis thereby shows the
change in eeal-daily mean, maximum and minimum temperatures 180 days before and 30 days
after the break-up date between 1961 and 2020.

FEinally;tThe Mann-Kendall (MK) statistie-test (Kendall, 1970; Mann 1945) was used to
determine the statistical significance of long-term trends. -and-tThe rate of change (slope) was
estimated using Sen’s (1968) slope. These methods are commonly used to analyse temporal
trends in phenological series (e.g. Menzel, 2000; Gagnon and Gough 2005, 2006; Terhivuo et
al., 2009; Benson et al., 2012; gmejkalové et al., 2016; Helama et al., 2020).
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4 Results

4.1 Extreme break-up events

4.1.1 Early break-up events
Table 1 shows that
surprise-thataall three series are dominated by early break-ups in the 1900s and 2000s-Fab1.
If the missing databreakups—dates (1999-2002) for thein Kokemiki River are estimated from
the Aura River data, are-interpelateds-then all the 30 earliest break-ups, except for the event in
1822, are from the period 1900-2000-peried. The event in 1822 was unique oin the Aura and
Kokemaéki rivers but not on thein Torne-River. Comparing—to—tThree break-up series from

nearby rivers in Finland and Russia shows that 1822 was early in the Porvoo River (1771-1906)
(Johansson, 1932) in Porvoo (60°23'N, 25°39'E), -#a-southern Finland and in the Neva River
(1706-1882) in St Petersburg (59°56'N, 30°18'E), Russia (Rykatschew, 1887). However, it the
breakup—in—+822-was not early in the Northern Dvina (1734-1879) in Archangel (64°32'N,
40°32'E), Russia, (Rykatschew, 1887). This suggests_a climatic discrepancy between the north
and south in 1822 i

The first no-freeze events on rivers-Aura and Kokemiki rives occurred -had-theirfirst-ne-
freeze—event-in 2008. The Aura River had its second no-freeze event in 2020 whereas the
Kokemiki River had its-the second event in 2845;2015 and the-third in 2020. The no-freeze

events in 2008 and 2020 occurred during the two warmest winters on record, the latter being
slightly warmer than the former (Lehtonen, 202 1 Hika-et-al5-2042; Irannezhad et al., 2014; Ilkka
et al., 2012Lehtonens—202+). The non-freeze event ion the Kokemiki River in 2015 also

occurred during one of the warmest years on record (FMI, 2016). In this e-context-efrecord
warm-winters, it is worth noting that Torne River had one of the latest an-exeeptionalhy-late
break-ups in 60 years in 2020—One-of-the-latest-breakupsin-60-years.

OIn the Torne-River, the 30-earkies ; o w
startin1693-er1749The-earliest break-up inFerne-occurred in 2014, -and-this-was-enly-one
day earlier than the previous record event-in 1921. Hence, the earliest break-up date had

remained unchanged for nearly 100 years. Additionally, Even—thelonsterm—change—is

neghisible—FHorexample—the_event in —earliest-breakup-date 2014} occurred only five days
earlier than the earliest break-up in the 1700s (1757). fa-By contrast, there is a 48-day difference

between the all-time earliest (+999)-ice-off event ion_the Aura River and the earliest ice-off

event in the 1700s (1750)—TFhesefindinssshow.




455  4.1.2 Late break-up events

Table 2 shows a lack of

breakups;-but-there-is-less-uniformity regardingwhen-it-comes-to the-late break-up eventsFab-
2). Fhe-This discrepancy is caused by reasens—are-the-differences in series the-length ef-the

sertesand -but-alse-the-climatic conditions between the north and the south. For example, ion
160  Torne River (1693-2020), 18 of the 30 latest events occurred before the start of the Aura River
series in 1749. Fhus+The coldest springs therefore thetast323-years-eclearly occurred during
the first half of the 1700s. However, His-somewhat-surprising-that-the break-up during the cold
European winter in 1708/1709 (Luterbacher et al., 2004) iswas not amongst the 100 latest break-
upevents-in-Forne River.

465  1On the Aura River (1749-2020), eight of the latest events occurred in the 1700s. It is worth<+ - - {Formatted: Indent: First line: 0 cm

noting that Hewever;-the four latest events in all three series, except for the event iin 1695 ion
the Torne River, are from the 1800s.

Over the period common to the three series (1793-2020). each river had -period;-al-three
riversshared-late break-ups in 1807, 1810, 1812, 1845, 1847, 1867 and 1881. In general, Fhree
470  efthese-events-arefrom-the-early1800s;-and-the number of events during the first two decades

of the 1800s is considerable. More than one-third of the latest events ion the Torne and

Kokemiki rivers occurred between 1800 and 1824. Nevertheless, ¥etthe break-ups were late

oin all three rivers only in 1807, 1810, and 1812. The concentration of late events in the early
+700s—-and-1800s could pessibly-be attributed to the climatic effects eansed—of the by—the
475  Maunder Mintmum—(1645—1715)—and—the—Dalton Minimum (1800-1824), which mainly
affected the spring climate (e-e—Miyaharaetal52021+Xoplaki et al., 2005). There~wvere-other
sSmaller clusters of late events also occurin, for example, in the 1840s, but they are less
prominent than the de-netstand-outas—much-asthe-events of the earlydurinsthefirsttwo
decades-of the 1800s.

480 Einally—1Lake-ice research has highlighted the exeeptienally—late break-up in 1867
(Korhonen, 2005; 2006);—the-greatfamine-year—inFinland-Myllyataus;2009). The event in

1867 is one of the latest event oin the Aura, Torne and Kokemiki rivers; however, thethese

extended riverine series also highltightreveal the exceptionally late break-ups in 1807 and 1810.
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4.2 Cross-correlations and ehanged-inthe-discharges rates

4.2.1 Cross-correlations and changes caused by the power plant

Table 3a shows the average and median break-up dates and the-cross- correlations between the
three series across their respective lengths. The weakest correlation was between the Aura and
Torne rivers. —and—+tThis was most likely due to sheuld—probably-be-attributed—to—different
climatic conditions, as the distance -eaused-by-the-distanee{approximately-600-km)-between

the rivers_(approximately 600 km) is considerable. In turn, Fthe strongest correlations were

found between the Aura River-and Kokemiki rivers, which could be expected considering the

relatively short distance ‘approximately120-Jam) between the-them rivers(approximately 120
km). These correlations remained high for both the when-ecompared-over-the-pre-power plant
period-(1793-1938) and the-power plant period (1939-2020) (Tab. 3b).

For the period 1793-1938, When—it-ecomes—to—chanses—caused-bythe powerplantin

eventsin-Aura-and Kekemikiriversin-the 17931938 period;shows-that-the results show that
the break-up ion_the Kokemiki River KekemikiRiverstarted on average 3.2 days after the ice-
off ion the Aura River (Tab. 3b). Thereafter, Hewever—in the period 1939-2020-peried, the

break-up ion_the Kokemiki River started 3.2 days before the ice-off ion_the Aura River. Thus,

it would seem as if the Harjavalta power plant caused a 6.4-day change in the timing of the

break-ups. Some ;-heweveriinterannual variatiens-differences were considerably larger than
6.4 dayswerecensiderablytarger (Fig. 32), but the overall difference was too small to affect

the Spearman’s coefficient. -

The dates from the break-up competition in Kokeméki River (2003-2020) were an

average of shew-an-average-difference-0f2.3 days earlier than the befoere-the-Aura River’s ice
-off event. However, -Fthe actual difference was most likely greater than this. is-is-probably

and-underestimation-when-considering the-actual-breakup-date-For example, ~A-newspaper
article-published-in 2019, -indicated-that-the break-up on the Kokeméki River appears to have

begunstarted approximately six days before the guessing competition marker moved. This was
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the only year for which we found a break-up observation that could be compared to the date

from the guessing competition. This six-day difference cannot be used to estimate the break-up

dates for the remaining years, especially considering the sporadic variance in the interannual
differences between 1939 and 1998. Thi

4.2.2 Discharge patterns, changes and impacts

Korhonen and Kuusisto (2010) demonstrated that a significant increase in winter (DJF)

discharge rates had occurred at the Harjavalta power plant fover the period 1931-2004. This

study did not separate the pre-power plant and power plant periods, but the power plant has

clearly changed discharge patterns prior to ice break-up. This is shown in tseems-probable-that

the-discharge-inr1934-to-thatin1976figure 3. which compares-shews the unregulated discharge
rates in 1934 with the unnatural hew-the-weekly pulses generated by the power plant before the
break-up at-the-power-plantin 1976-atfects-therate-of-discharge. Moreover, as the same figure
shows, Seeend;-a elear-flow peak used to appear one week after the break-up between in-the
1931 _and— 1938, but this -period-was far more modest in the period and-this-vanished-after-the
power—plant—was—buit—in-1939-1998. ThirdFurthermore, the average discharge rate —untl

approximately-ten-days-before the break-up has increased slightly-since 1939. During 1931—
1938, the median discharge rate before the break-up was 181.19 m?3/s but this changed to 206.78

m3/s in 1939-2020. Increased discharge rates are one of the driving forces during break-upThis

. Thus, increased discharge rates 60 days prior to the break-up date may be a contributing factor

to earlier eeuld-potentially-have-advanced-the-timingof-the-break-ups when compared to the
Aura River (Fig. 2). Finally, at-on the recorded break-up day, the average discharge rate has

decreased Einally—the-averase-discharserate-at-the breakup-date-has-deereased-from 382.13
m3/s in the-1931-1938 —period:-to 322.88 m?/s in the-1939-1998-peried (Fig. 3).-

It seems likely that the above-mentioned changes combined to advance break-ups on the

Kokemiki River. On an interannual level, and when compared to the Aura River, the shift in

break-up dates Fhe-changesbrought-on-by-the-powerplantremainedwere initially-sabtlealmost
indistinguishable until 1958 (Fig 2, box 1).—t—was—neotuntil-after 1958 that the difference




555

560

565

570

575

580

between-the rivers Aura-andKokemiki-appears-unnatural: Thereafter, }in the period 1959-1979
period (box 2 in Fig. 2);, the break-ups on -the Kokemiki River began started-oan average of

7.3 days (range 1-21 days) before the ice-off ion the Aura River-Fig2-bex—2). However

increased discharge rates do not explain the interannual differences in this period. For example,

in 1959, the break-up on Kokemiki River occurred 21 days before the ice-off event on the Aura

River, but the discharge rates were almost half below the average. Figure 2 presents the

differences in the periods 1939-1968, 1959-1979, and 1980-2004. Over these periods, the

average discharge rates 60 days before the break-up increased from 177.73 m3/s to 205.09 m3/s

and finally to 239.24 m3/s, respectively. However, the difference between the Aura and

Kokemiiki rivers does not increase commensurately. It is unclear why this is so. The discharge

rates at the Halinen dike increased from 7.04 m3/s to 7.31 m3/s to 7.79 m3/s during the same

periods, which does not explain the discrepancy between the rivers either. Hence, the

interannual differences between the rivers were caused by other factors than simply increased

discharge rates.

As mentioned earlier, Eirally—tthe Aura River had its first no-freeze event in 2008 and its

second event in 2020. The average discharge rates for December, January and February in the
winters-0£2007/2008 and 2019/2020 were higher than in any other winter months in the period
1938-2020—peried. None of these months contained the absolute had—the-highest recorded

discharges, but these were the only years when the discharge rate was at least twice the long-

term average in each month. This provides a plausible explanation forte why-the no-freeze
events eceurred-ion the Aura River-during-these-warmer-winters. A similar pattern could not be
observed for the Kokemiki River.

4.3 Climatic correlations

4.3.1 Break-ups according to monthly mean temperatures 1961-2020
All-threeThe series exhibited strong and statistically significant negative correlations with

winter and spring temperatures (Fig. 4). This indicates that increased -higherthan-average-spring
temperatures temperatures-have caused earlier break-ups—and—variability (Fig. 5). The Aura



585  River ice-offs exhibited particularly high correlations with February (-0.77) and March (-0.74)
temperatures. The Kokeméki River break-ups also alse-showed high correlations with these
same-_months, but the correlations were higher with March (-0.84) than February (-0.71). For
the When-compared-to-the-February-March period, the correlation was slightly higher for the
breakupsin-Kokemiki River (-0.89) than for the inAAura River (-0.86).

590 The breakup-Torne Riverin—nerthernFinland- break-ups occurs later in spring than on

Aura and Kokemiki rivers.the-breakups—in-thesouthernparts-of-the-eountry= Most break-ups
have occurred in late April or May, and since the 1960s in late April or early May. Thus;the

mean temperature correlations for the Torne River were therefore strongest with April (-0.70)

and May (-0.49). The correlations were similar for the remained-at-the—samelevel-when
595  ecompared-to-the-period April-May peried-(-0.70).

4.3.2 Break-ups according to monthly mean precipitation 1961-2020 ke ‘[Formatted: Space Before: 0 pt

00  Correlations with winter and spring precipitation were mainly negative_and —Hewever—the
correlations—were—considerably weaker than theese_correlations with—for temperature—ané

preeipitationissecondary-to-temperature (Fig. 4)-. Nevertheless, -Fthe precipitation correlations
for the—winter—menths—December and January arewere statistically significant for the—in

Kokemaéki and Aura rivers. On the Torne River the correlations Fhey-arweree relatively strong,

p0S  even-though non-significant;in—FerneRiver. January showed the strongest correlations with
the Kokemiki River break-up dates; February with the Aura River ice-off events and May with
the Torne River ice break-ups. The Aura River ice-offs were thus the only break-up event with

is—therefore—the—only—river—that shows—the highest correlations for both temperature and

precipitation in the same month.

610

4.3.3 Break-ups according to daily mean temperatures 1961-2020 e { Formatted: Space Before: 0 pt

The break-up ion the Torne River has-usually-commonly begins approximately started-abeut

three months after the coldest winter days and when the daily mean temperature has reached
approximately 4.6°C (Fig. 6). This was-occurred. according to the data.usually when the daily
615  maximum was close to 10 °C and the minimum above temperatares-had-surpassed-the-freezing
point. In general, Fthese conditions have-asualy-occurred approximately 20areund-twenty days

after the daily mean temperature hasd risen above the-freezing point.




By contrast, The-breakup-in-Kokemiki break-ups have typically begun River-has-asually
started-at lower temperatures than the-break-ups ion the TorneRiver;+-e—the-thermalinputneeds

620 o-be-hicherto-cenerate-the-ideal-conditionsforthe breakupin ver. In Pori, the break-

ups-have usually begun started-10 days after the-daily mean temperatures rose has—risen-above
the-freezing point. A+On the day of the break-up, the daily mean was has-usuallygenerally been
around 2°C and the maximum at 5-°C. The most noteworthy difference between Tornio and

Pori was that the minimum temperature in Pori commonly oscillated above and below has-gene

625  belew-thefreezing point even three weeks after the break-up. A similar pattern was visible in
Turku, although:—hewever—the temperatures hasdid not fallea— below the—freezing point as
consistently or as much as in Pori. The Turku ice-off event-in—Turks has usually-eceurred
regularly occurred ten10 days after the daily mean has risen above freezing point, but at slightly
higher temperatures than in Pori (mean 2.5°C and maximum 7°C). The post-event difference

630  between the Aura and Kokemiki rivers may be an effect of the The-differenceis+mninimal-but

Harjavalta power plant. It causes an earlier break-up after which the discharge rates hinder the

freezing process.

635  4.3.3 Break-ups, ice thickness and snow cover in Torne River
SYKEhas-measared-the-thickness-of thetee tr-Torpe Riversinee the 19605 The negative trend
(p<0.05) and slope (-0.267) indicate that the ice on the Torne has become 14.5 cm thinner

between 1966 and 2019. Over the same period, mean ice thickness was 77 cm and the break-

up date 6 May (VE47, if the vernal equinox was on 20 March). The only significant correlation

640  (p<0.05) between break-up dates and mean ice-thickness was for AprilCemparinsthe-monthly

e—p<0-05-valvesforApril (rho 0.355, p<0.012, 1966-2019, n=49). The relationship between
ice thickness and break-up dates is interesting. Mean-ice-thickness—was—77-em-and-the-mean

645

I ‘[Formatted: Indent: First line: 0 cm

tresses-the-temperature-conditions-in-Apri—For example, the ice was 75 cm thick in 2014, the
earliest break-up on records_(VE37), but the ice was thinner and the break-up later on 22

650  occasions. This is further underscored by the warm winter with the unusually late break-up in
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2020 (VE61). when acknewledged—beecause—the ice was too thin to be measured. Other
measurements indicate that the ice was approximately 50 cm thick (this is discussed more in
section S.1). —#-2020-VE6—the-extremely-warm-year—with-theunusualytate breakup—A
tThicker snow cover could have maintained a higher surface albedo, thereby-that delaying the
delayed-the-melting of the underlying ice and thus:-thereby delaying the break-up (e.g. Prowse
and Beltaos, 2002; Bieniek et al., 2011). However, SYKE has measured snow depth on the ice

since 1978, but-and all correlations with the break-up date were-proved non-significant for the
period 1978-2019-peried.

4.4 Temporal trends

The data series for all three

%meﬁbe&ﬁﬂ%%mwmgky—:&nvers show negative break-up trends ;
(Tab. 4, Fig. 7). Break-ups

are withdrawing towards the beginning of the year, and- it is now over 140 years since the last
May-iee-off-event ion the May—inthe-Aura River and almost 100 years since last breakup-in
May-event on the Kokemiki River (Fig. 8).

Over the period 1793-20200-period, the slopes effor the Kokeméki River (26.2 days) and

the Aura River (17.4 days) diverged. -and-tBy contrast.he development ion the Aura River was
similar to that ion the Torne-River (13.0 days). Moreover, the rate of change within-the-slope
remained similar ion_the Aura (15.3 days) and Torne (13.6) rivers even-between ever-the-1749
and— 2020-peried. Taken together, the similarities in change between therivers Aura and Torne
implyies that the ealewlated-change in Kokemiki River is-may be skewed. Nonetheless. the
Hewever—Kokemiki River hadexperienced substantialy-more late events than the Aura and

Torne river—in the 1800s and early 1900s (Fig. 96). Hence, the diverging trends iafor the
Kokemiki River may be attributed to a greater change in the-late rather than early events—(see
below).

Over the period 1939-2020, break-up trends were pronounced for both the Kokemiki and

Aura, with a change of almost three weeks for both rivers. Torne River’s slope, on the other

hand, indicated a change of less than one week, which underscores the difference between the

south and north.
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4.5 Variability and extremes in 30-year non-overlapping periods

4.5.1 Frequency of early and late events
The long-term frequency of extremely early events has increased while the-late events have
decreased ion all three rivers (Fig 9d—f). The first increase in early events occurred between i
the-1901_and —1930-period,_but but-the most rapid increase took place between inerease
oceurredin-the-1991 and— 2020-period. A-common-phenomenon{For all three threerivers, -was
that-the extremely early break-ups that occurred once in the first period constitute at least one
third of all events in the period 1991-2020-period.

The decrease in late events during the period ehange-that-ececurred-inthe-1901-1930
peried-is pivotal for the- Aura and Torne rivers-beeause—of-the-deerease—intate-events. In

Turku, the press reacted to the earliness of the break-up events (Norrgdrd, 2020). Moreover,

according to Benson et al. (2012), some lakes had their first no-freeze events in the early 1900s.

Theis —change-wastikely-eaused-by-sspring warming is likely to have been and-tncaused by
ked-the to-theperiod sometimes referred to as the Early Twentieth Century Warming, which is

estimated to have occurred -between the 1890s and 1940s (e.g. Hegerl et al. 2018). On the
Kokemiki River, however, Oppeosite—to—thissKokemitki-River—showed-an—inerease—ofearly

' 810-an 930a decrease of late
Dilie Yopmsesods, S deme e diiloeenen fneoipni on

events did not occur until after 193 el
a-River-buti by-a-rapid-decre nts-in-th

The average of the three earliest events-events on the Kokeméki and Aura rivers has
changed considerably after inthe-1991-2020-period-shows-that-the-earliness-of the-events-have
advaneced—considerablyinKokemiki—and—Aura—rivers (Fig. 9a—c). This developmentThe
developmentwas driven by the no-freeze events and the-no-freeze-events-but-also-several events
in early March and February (Fig. 8)._ By contrast, flor the -Torne River_(Fig. 9a), as-noted
before-the change in the-early extremes was negligible. However;-thelate-extremes-are-atfected

almost—100—years—Mereover—tThis explains why there is ealy—a 12-day range in the 75
percentiles for the in-Torne River while that range -therange-is over 90 days in-for the Aura and
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Kokemaki rivers._It should be noted that while t-Fhe-change-in—thetwo—southernrivers—is

averaged:-he average of the late extremes have increased in the Torne River series, the mean is
primarily affected by two of the latest break-ups in almost 100 years, which occurred in 1996

and 2020.

4.5.2 Variability within the quartiles

For the Torne River, Examiningthe quartiles shows that an increase of early events can increase

and decrease variance in the interquartile range (IQR)-#nForne River. The IQR showed greatest

variability in the period 1751-1780_and -peried-and-thisit was caused by an increase of early
events in the 25 percentiles (Fig. 9g). Variability remained stable after-the 1840, but there-has
been—a slight decrease in variability, caused by a rapid increase of early break-ups, sinee
occurred after the period 1931-1960-period. The increase of earliery break-ups has thereafter
been explosiverapid. HerexampleraAll the-break-ups in the 75 percentiles between inthe-1991

and —2020-period occurred before the median break-up date in the previous period4961—+990
peried (Fig. 9a). This-change has-oceurred-at-the-same-time-aslate-eventshaveinereased—This

For the The-chansein-Aura River, tis-similarto-thatinTorne River—Fhe magnitude of
change is unprecedented: 28 of 30 ice-off events in—the-between 1991 and— 2020-peried
occurred before the median ice-off date in the period #-the-1961—1990-period. Moreover, Eer
example-tthe latest breakup-ice-off event in the period 1991-2020 perted-occurred a-weekseven
days earlier than in the previous periodthanin-the 19611990-period.

The IQR for the in-Aura and Kokeméki rivers also increased considerably after 1991in
the 1991—2020-period. For the Aura Riverla-AuraRiver, the IQR doubled from 11 days in the
period 1961-1990 peried—to 22 days in the_period 1991-2020—peried. OIn the Kokemiki

RiverRiver, the change was from 9.25 to 18.5 days. The increase in variance, in-for both rivers,

was caused by a rapid rise inerease-in the number of early events. All events in the 25 percentiles
occurred before the vernal equinox (Fig 9b—e).
5 Discussion

5.1 Changes since 1900
The key feature-feature describing the break-up_patternss ion the Aura and Kokeméki rivers the

last 30 yearsi S_century was the increased_in interannual variability. The timespan
between the freeze-up and break-ups have progressively shortened, and, advanced-towards-the




freeze-up-period-and-the-exacerbated by a general effeet-of-the-warming trend, -was-the first no-

freeze events occurred- olnthe-southernparts-of Einland-temperatures-determine-whethe

755  #mpaets—Theno-freeze-events—in the Aura River-(2008 and 2020) and_the Kokemiki River
(2008, 2015 and 2020) rivers. The no-freeze events took place eeceurred-during seme-of-the
warmest and wettest winters on record (Hkka-et-al-—2042:-I.chtonen, 2021; Irannezhad et al.,

2014; Eehtonen;2024-FMI, 2016; Iikka et al., 2012). Fhe-determining role-oftemperature-has

760  runoff-and-dischargerates—The 2008 no-freeze events oin the Aura River-in—2008 can most
likely be ascribed to increased winter discharge caused by higher temperatures and
precipitation. January 2008 was the wettest since 1961, as-and-se was February 2020. Eer
example—dDuring a short period in February 2020, the river was close to freezing (author’s
observation), but there—were-small sections that-of the river never froze completelyremained

765  epen. Meanwhile. in Pori, Kokemiki River flooded. with the discharge peaking at 656.59 m%¥/s
on 24 February.

The loss of river-ice are historically unique events in Finland. ~Fhetack—of-detailed+ - - { Formatted: Indent: First line: 1cm

770  spring-and-this-has-eausedinereased-interannual-variability—Socioeconomically and culturally

the impact is meager. Citizens and businesses, in for example Turku, stopped being dependent

and exploiting the ice already in the 1900s. Nowadays, the ice is often considered too weak to

walk on and many have progressively alienated themselves from the river-ice. Where once

people relied on the river-ice to get across the river, it is now almost considered an exotic event

775  if the ice is strong enough to walk on. Whether the Aura and Kokemaiki rivers freeze in the

future depends on the return period of climatic extremes (Fisher, 2021). Studies have showed

that ice-free years are becoming more frequent in lakes, and will continue to do so in the future
(Sharma et al., 2021 Filazzola et al., 2020). The changes in Aura and Kokemaki rivers suggests
that the warmer climate that is dominating in the south has changed more rapidly and in greater

780  magnitude than the colder climate dominating in the north. A similar latitudinal shift has been
noticed in Swedish lakes (Hallerbéck et al., 2021; Weyhenmeyer et al., 2005).

There are uncertainties related to the reliability of the Kokemiki River series. First, the

dates from the break-up guessing competition on Kokemiki River are not fully comparable to

the break-up dates before 1998. Observations of the actual break-up would improve the series.

785 Second, we could not establish with certainty to what extent the Harjavalta power plant changed




the timing of the break-up in Pori, even though it is evident that increased discharge rates has
affected the ice regime. Finally, the largest shift in the timing of the break-ups occurred post

1959, two decades after the power plant was constructed. The change in the break-up process,

however, was tangible, as evidenced by a 1972 interview in Satakunnan Kansa, where a 70-

790  year-old man who had lived his entire life by the river remarked that a distinct change in the

break-up process occurred about a decade earlier. The ice started melting in the middle of the

river and not across its length.
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795  period-of-climatic-extremes—(Fisher; 2021

On the Torne River, the The-number-of-early-events-has-clearlyinereased-also-inTorne
River—The-changeshift has-towards earlier break-ups has progressed in two stages. The first

stage began during the period started-in—+the-1901-1931, while —period-and-the second stage
started started-in the 1990s. Unlike on the Aura and Kokemaiki rivers, extremely early break-
800  ups on the Torne has not progressively approached the freeze-up date. TFhe-breakup—trend

become-almeost-predictable-The earliest recorded break-up event (occurred in the 2000s, and it

2h—eas only one che—ensbethonthe sl b o opt b L0000 Ll e ol
one-week earlier than the earliest in the 1700s. Instead, the timing of break-ups has changed

BO5  such that 25 of the last 30 events occurred within the same 12-day period between 1991 and

2020. This indicates that April temperatures predetermine the break-up date. A rapid increase

in April temperatures would render the break-up more erratic. Future changes in variability and

extremes therefore depend on whether warming is greater in the winter or spring (see
Ruosteenoja et al., 2020; Mikkonen et al., 2015).

810

The event in 2020 was The-record-warm-—winterin2020-caused-the second latest break-

up in thetast-100 years_on the Torne River-in-ForneRiver-and-the-questionis-what-caused-this
B15  strangelylate-event. This was surprising, considering that the 2019/2020 winter was one of the

warmest on record. While temperatures were closer to normal in Lapland, and came with an

Only the mean temperature for April (0.1 °C) was lower than the long-term mean (0.4 °C). This

could have been decisive for the break-up, as our dynamic analysis highlighted the importance



820  of thermal input before the break-up. At least, it should be recognized that ice thickness did not
cause the late break-up. In March 2020, -SY¥KE-did-notsneasuretce-thickness—+n-Torne River
#2020 Hewever+n-Mareh;-the national broadcasting company (YLE) reported that the Centre

for Economic Development, Transport and the Environment (ELY) had measured the ice teat

55 cm about three kilometres downstream from the break-up site. This was almost Fh20 cm

825  thinner than the e-long-term mean at the break-up site was73-em-(1966-2019, n=54, 73 cm).
Moreover, it -wasand the-ice-was-therefore-in2020-almest-20 cm thinner than during the early

break-up ofbelow-the long-term-mean-and-the-thickness-in 2014 (75 cm)_and 45 cm thinner than

record late break-up in 1996 (90 cm). As- our analysis demonstrated, ice thickness in March

was non-significant for the break-up date. The-analysis-in-this-stady-showed-that-ice-thickness

830 el e et ey s sl e e e o b Dl

835

BAOD  withina ay-pe husa-change in-April-temperatures-could-rapidly-change the-timing
of the breakup-and-make itmere-erratie—Hence, future case studies could attempt to determine
the factors that caused the lateness of the event in 2020.
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5.2 Changes before 1900

The first half of the 1700s was the coldest period on the Torne River and this is only matched< - - {Formatted: Indent: First line: 0.cm

by the lateness of events in all three rivers around the 1810s. Figure 7 indicates that this

represents one of the coldest periods at all sites. Previous research has identified this as one of

870  the coldest periods in Haparanda (Klingbjer and Moberg, 2003) and Stockholm (I eijonhufvud

et al., 2010) but also other parts of Europe. Our series therefore mirror the colder periods at

other sites. Some have argued that an unidentified volcanic eruption in 1809 (Toohey and Sigl,

2017) and the Tambora eruption in 1815 caused a colder decade between 1810 and 1819 (Cole

Dai et al., 2009). A detailed assessment of the forcing factors behind this colder decade remain

875  beyond the scope of this article. However, our data indicated that 1807 produced a late break-

up at all sites and, furthermore, Table 2 shows that there were several late events during the

first decade of the 1800s. These could be independent events or imply the presence of other

forcing factors, such as the Dalton Minimum (1800—1824).

The data for the Aura, Kokemiki and Torne rivers diverged with regard to the lateness of+ - - { Formatted: Indent: First line: 1cm

880  the break-up event in Fhe-strength-of-these-breakups—series—are-that-they-donot-includeno-

freeze events-betore-the 2t centuryThusthey-direethy-show-the effeets-olongoing-climatic

B85 —The-iece-offin-AuraRiverin-1852. The Aura River experienced one of the latest ice-
off events, while the Torne River’s break-up was not even amongst -was-exceptionally late-and
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was-notamengthe 100 latest. There are several observations to confirm the validity of the frem

Aura River_event, which is why we choose to -se-elarity-is-gained-by-crosschecking the event
in 1852 with the previously mentioned Porvoo, Neva and Dvina rivers: (Johansson, 1932;

Rykatschew, 1887).

The three latest events ion the Neva River series occurred in 1810, 1852, and 1807,

whereas the latest events ion the Porvoo River occurred in 1852, 1867, and 1810. In turn, Fthe

three latest break-ups ton the a-Northern Dvina were in 1867, 1845 and 1855. Thus, the event
in 1852 was late in all rivers except the for-Torne and Dvina. Moreover, the event in 1822 (see
seetion—4-2)-was exceptionally early ton all rivers except_the-for Torne and Dvina. There is
therefore a distinctenishable difference between the rivers in the north and the south when it
comes to 1822 and 1852. These discrepancies could be explained by. for instance. tecal-climatie

eonditions-eratmospheric blocking events. Nonetheless, the break-up event of 1867 and 1810

were among the top 10 latest for five of the six rivers (Dvina, Kokeméki, Neva, Porvoo and

Torne-of-al-sixrivers). -have 1867and1310-intheirtop-tenlatestevents—It is only ion the Aura

River that the ice-off event in 1810 swas not among the 10 latest events.

6 Conclusions

Ina-this-article; wWe compared-three river-ice-breakup-series-from-Finland-and-presented a new
ice break-up series for the Kokemiki River in Pori (1793-2020) and compared it —Fhe

Kokemiki-River-series—was-compared-to the existing series for the rem-Aura River (1749—
2020), in southwest Finland, and the Torne River (1693-2020), in the-nerthLapland.-Fhis-stady

Our analyses showed a trend towards earlier break-ups in all three series. However, that 3

hewever-the-change iswas manifested differently ton the Torne River- compared in-ecemparison
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to the thatin-Aura and Kokemaiki rivers. 1On the Torne River, the earliest recorded break-up
has changed only slightly over the last 100 years. —while-The Aura and Kokemiki rivers, on
the other hand, recorded -have-had-their first years-when-therivers-did-not--freeze-ap_events in
the 2000s-eompletely—during—winter. These no-freeze-events —expressingexpress the most
radical extreme-form of change for rivers that, from a historical perspective, used to freeze-up
cvery winter. typically have frozen —exhibits-astrong signal-that-the chmate has changed. 10n
Aura River, it wesld-appears that no-freeze events occur due to higher winter temperatures_and
increased do-notnecessarty-cause-no-freeze-events;but-they-wilif winter discharge. However

alse-inereased-over-the December—February-period—TFthis speculative suggestion requires is-in
need-offurther research. Finally, Fthe overall trend in the timing of the-ice break-ups correlates

with the warming trend confirmed by instrumental observations, with the events in -and-the

events—in-2008 and 2020 occurring ed-during the two warmest winters ever recorded in the

history of meteorological observations in Finland.
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Figure 1. Northern Europe and Finland with the Finnish rivers marked out. The squares from

north to south are Tornio (Torne River), Pori (Kokemiki River) and Turku (Aura River). The

map also shows the lakes connected to the Kokemiki River watershed area.

Table 1. The 30 earliest ice break-up events in the Torne and Kokemiki rivers, and the 30 earliest ice-
off events in the Aura River. The Torne and Aura are fitted to correspond to the length of the shorter
series. The number in the parenthesis shows the number of days relative to the earliest event (0). In the
Kokemiki River, for example, (+54) means that the ice break-up occurred 54 days after the earliest (0)
event. The no-freeze events are not included.
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Periods
_ 1693-2020 1749-2020 1793-2020

Rivers Torne Aura Torne Aura Kokeméki
2014 (0) 1990 (0) 2014 (0) 1990 (0) 1990 (0)
1921 (+1) 2015 (+17) | 1921 (+1) | 2015 (+17) | 1959 (+26)
1937 (+1) 2014 (+26) | 1937 (+1) | 2014 (+26) | 2014 (+27)
2002 (+1) 1822 (+29) | 2002 (+1) | 1822 (+29) | 1975 (+29)
1950 (+2) 2002 (+32) | 1950 (+2) | 2002 (+32) 1989 (+30)
2011 (+2) 1961 (+33) | 2011 (+2) 1961 (+33) 1992 (+30)
1983 (+3) 1989 (+33) | 1983 (+3) | 1989 (+33) | 1961 (+31)
2015 (+3) 1992 (+34) | 2015 (+3) | 1992 (+34) | 1974 (+33)
1990 (+3) 1995 (#39) | 1990 (+3) | 1995 (+39) | 1995 (+36)
2016 (+3) 2000 (+39) | 2016 (+3) | 2000 (+39) 1822 (+38)
1894 (+4) 1998 (+40) | 1894 (+4) 1998 (+40) 2017 (+38)
1989 (+4) 2007 (+43) | 1989 (+4) | 2007 (+43) | 2016 (+39)
2019 (+4) 2017 (+43) | 2019 (+4) | 2017 (+43) | 2007 (+41)
1904 (+5) 1938 (+44) | 1904 (+5) 1938 (+44) 1973 (+41)
1991 (+5) 2019 (+44) | 1991 (+5) | 2019 (+44) 1938 (+44)
1757 (+5) 1903 (+46) | 1948 (+5) | 1903 (+46) | 2019 (+44)
1773 (+5) 1921 (+47) | 1953 (+5) | 1921 (+47) | 1993 (+45)
1948 (+5) 2012 (+47) | 2006 (+5) | 2012 (+47) | 1921 (+46)
1953 (+5) 2016 (+47) | 2007 (+6) | 2016 (+47) 2012 (+46)
2006 (+5) 1959 (+48) | 1984 (+6) | 1959 (+48) | 1943 (+47)
2007 (+6) 1750 (+48) | 2008 (+6) | 1973 (+48) | 2004 (+49)
1750 (+6) 1973 (+48) | 1803 (+7) | 1910 (+49) | 1998 (+51)
1770 (+6) 1910 (+49) | 1837 (+7) | 1975 (+49) | 1903 (+52)
1984 (+6) 1975 (+49) | 1890 (+7) | 1953 (+49) | 1930 (+52)
2008 (+6) 1779 (+49) | 1897 (+7) | 1974 (+51) | 1920 (+52)
1803 (+7) 1953 (+49) | 1945 (+7) | 1920 (+51) | 1967 (+53)
1837 (+7) 1974 (+51) | 1959 (+7) | 1930 (+52) | 1991 (+53)
1890 (+7) 1920 (+51) | 1980 (+7) | 1794 (+54) | 1794 (+54)
1897 (+7) 1930 (+52) | 1986 (+7) | 1993 (+54) | 1832 (+54)

_ 1945 (+7) 1794 (+54) | 1994 (+7) | 1913 (+55) | 1982 (+54)

Range 7 54 7 35 54

~ Number of events per century

1700s 4 31 1 1

1800s S 1 S 1 2

1900s 12 17 16 19 20

2000s 9 9 9 9 7

Table 2. The 30 latest ice break-up events in the Torne and Kokemiki rivers and the 30 latest ice-off - { Formatted: Font: 11 pt

events in Aura River. Torne and Aura are fitted to correspond to the length of the shorter series. The

number in the parenthesis shows the number of days relative to the latest event (0). In the Torne River.

for example, (-14) means that the ice break-up occurred 14 days before the latest (0) event.




Periods
1693-2020 1749-2020 1793-2020
River Torne Torne Aura Torne Aura Kokemaiki
1867 (0) 1867 (0) 1852 (0) 1867 (0) 1852 (0) 1867 (0)
1695 (-4) 1810 (-6) 1867 (0) 1810 (-6) 1867 (0) 1812 (-9)
1810 (-6) 1807 (-7)| 1881 (-2) 1807 (-7) 1881 (-2)| 1818 (-10)
1807 (-7)| 1814 (-12)| 1812 (-3)| 1814 (-12) 1812 (-3)| 1839 (-11)
1705 (-8) | 1756 (-13)| 1839 (-3)| 1816 (-13) 1839 (-3)| 1852 (-12)
1731 (-8)| 1772 (-13)| 1875 (-3)| 1835 (-13) 1875 (-3)| 1877 (-12)
1740 (-8) | 1816 (-13)| 1771 (-4)| 1899 (-13) 1818 (-4)| 1807 (-13)
1701 (-10)| 1835 (-13)| 1818 (-4)| 1909 (-14) 1829 (-4)| 1810 (-13)
1713 (-10)| 1899 (-13)| 1829 (-4)| 1866 (-15) 1847 (-4)| 1829 (-13)
1718 (-11) | 1764 (-14)| 1847 (-4)| 1795(-16) 1871 (-5)| 1899 (-13)
1708 (-12)| 1780 (-14)| 1749 (-5)| 1812 (-16) 1877 (-5)| 1808 (-14)
1728 (-12)| 1909 (-14)| 1760 (-5)| 1876 (-16) 1807 (-6) | 1809 (-14)
1742 (-12)| 1765 (-15)| 1871 (-5)| 1879 (-16) 1888 (-6) | 1875 (-14)
1814 (-12)| 1866 (-15)| 1877 (-5)| 1881 (-16) 1955 (-6)| 1881 (-14)
1714 (-13)| 1775(-16)| 1763 (-6)| 1884 (-16) 1956 (-6)| 1806 (-15)
1739 (-13)| 1791 (-16)| 1785 (-6)| 1900 (-16) 1810 (-8) | 1823 (-15)
1756 (-13)| 1795 (-16)| 1807 (-6)| 1802 (-17) 1843 (-8) | 1924 (-15)
1772 (-13)| 1812 (-16)| 1888 (-6)| 1823 (-17) 1853 (-8)| 1847 (-16)
1816 (-13)| 1876 (-16)| 1955 (-6)| 1843 (-17) 1929 (-8)| 1917 (-16)
1835 (-13)| 1881 (-16)| 1956 (-6)| 1861 (-17) 1941 (-8)| 1871 (-17)
1899 (-13)| 1884 (-16)| 1776 (-7)| 1811 (-18) 1809 (-9)| 1888 (-17)
1696 (-14)| 1879 (-16)| 1780 (-7)| 1813 (-18) 1924 (-9)| 1817 (-18)
1697 (-14)| 1900 (-16)| 1789 (-7)| 1847 (-18) 1940 (-9)| 1838 (-18)
1722 (-14)| 1785 (-17)| 1810(-8)| 1917 (-18) 1966 (-9) | 1804 (-19)
1738 (-14)| 1802 (-17)| 1843 (-8)| 1996 (-18)| 1796 (-10)| 1845 (-19)
1764 (-14)| 1823 (-17)| 1853 (-8)| 1800 (-19)| 1804 (-10)| 1849 (-19)
1780 (-14)| 1843 (-17)| 1929 (-8)| 1808 (-19)| 1845 (-10)| 1853 (-19)
1909 (-14)| 1861 (-17)| 1941 (-8)| 1845(-19)| 1849 (-10)| 1929 (-19)
1724 (-15)| 1763 (-18)| 1809 (-9)| 1846 (-19)| 1855 (-10)| 1941 (-19)
_ 1729 (-15)| 1769 (-18)| 1924 (-9)| 1856 (-19)| 1898 (-10)| 1955 (-19)
Range 15 18 9 19 10 19
Number of events per century

1600s

3 . . . B B
1700s 19 11 8 1 1]
1800s 7 17 17 25 22 25
1900s 1 2 5 4 7 5

Table 3. Part (a) of _the table shc;ws the ave_rage (Avr) a_nd median (MD) break—u_p date

according to the vernal equinox, for the Torne (TR) and Kokemiki (KR) rivers and the average

P80  ice-off date for the Aura River (AR). The table also shows the cross-correlations (rho) between




the three series. Part (b) shows the correlations and subtracted differences between the AR and

KR before and after the power plant period. The negative value indicates that the ice-off event

in the AR occurred before the break-up event in the KR. The 2003—2020 period shows the

difference for the guessing competition break-up dates.

P85
(a)
Torne River (TR) | Aura River (AR) Kokemiiki River (KR)

TR 1693-2020 | Avr 52.7 | MD 52
AR 1749-2020 0.484* Avr249 | MD 27 _
KR 1793-2020 0.569* 0.896* Avr 25.8 MD 28
KR 1793-1998 0.538* 0.886* .
(b)
KR Hydro Power period
AR 1793-1938 0.889* | -3.2 days
AR 1939-2020 0.867* 3.2 days
AR 2003-2020 ; ) 2.3 days
* p<0.001
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Figure 2. The difference in days between the break-up date in the Kokemiki River and the ice-

off event in the Aura River. A negative value indicates the number of days the ice-off event in

Aura River preceded the break-up date in Kokemiiki River. Vice versa, a positive value shows

how many days the break-up in the Kokemiki River occurred before the ice-off date in the Aura

River. See section 4.1 for more information on the boxes.
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Figure 3. The discharge 60 days before and ten days after the break-up (0) in Kokemiki River.

325 The black line shows the average discharge rate during the 1931-1938 period and the red line

the average during the 1939-1998 period. The grey line depicts the discharge in 1934 and the

yellow line depicts the weekly discharge cycle in 1974.
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Figure 4. The figure shows Spearman’s correlation between temperature, precipitation and ice

break-up dates in the Torne and Kokemaiki rivers and, respectively, temperature and ice-off

events in the Aura River, during the 1961-2020 period.
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Figure 5. Variations in mean spring temperature and ice break-ups. A comparison between the

interpolated mean temperatures to the observation sites for (a) Torne, (b) Kokemaiki and (c)

Aura rivers over 1960-2020 period. The observed break-up dates (thin line) were smoothed

using a 10-year spline function (thick line) to illustrate decadal and longer variations. NB: the

axis that shows the breakup dates are inverted.
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B65 Figure 6. The lines show the temperature development 180 days before and 30 days after the

break-up date in Tornio (Torne River), Pori (Kokemiki Rivers) and the ice-off event in Turku

(Aura River). Zero (0) denotes the break-up and ice-off day in the respective rivers.




Table 4. Long-term change in the Torne (TR), Kokemiki (KR) and Aura (AR) river series. The

B70  table shows the Mann-Kendall statistic (MK), the associated statistical significance (p), the

Sen’s slope (Slope) and the number of years (n) over which the statistics were calculated. The

periods are (a) the hydroelectric power-plant period in Kokemiki River (1939-2020); (b) the

period common to all three series (1793-2020); (¢) the period common to the Torne and Aura

series (1749-2020): (d) the entire length of the Torne River series (1693-2020); and (e) the

B75 period for which all rivers have recorded observations (1793—-1998).

B8O

B85

(a) TR KR AR (b) TR KR AR
MK -2.5 4 -3.9 -7.5 9.2 -7.2
p <0.05 <0.001 <0.001 <0.001 <0.001 <0.001
Sens's -0.083  -0.250  -0.235 -0.057 -0115  -0.077
n 82 75 80 228 221 226
(c) TR AR _ (d) TR
MK 8.1 -6.9 -10.3
N <0.001 <0.001 <0.001
Sens's -0.050  -0.057 -0.050
n 272 268 328
(e) TR KR AR
MK -5.9 -8.0 -5.5
p <0.001 <0.001 <0.001
Sens's -0.051  -0.109  -0.062
n 206 206 206
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B90  Figure 7. Ice break-up dates relative to the vernal equinox on (a) the Torne and (b) Kokemaki

rivers, and the ice-off dates in (c) the Aura River. The obtained dates (thin line) were smoothed

to illustrate decadal and longer variations using a 10-year sling function (thick line).
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400  Figure 8. Occurrence of ice break-up events in February, March, April, May, and June on (a)

the Torne River, (b) the Kokemiki River and the corresponding ice-off events for (c) Aura

River.
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Fig 9. Ice break-ups on the rivers the Torne and Kokemiki and ice-offs on the Aura River

according to the vernal equinox (VE) in 30-year non-overlapping periods. The dotted line (0)

in Figure (a-c) marks the vernal equinox. The values are obtained from analysing the quartiles

of each series in each period. Figures d—f shows the frequency of early and late events in each

120  river. For more details on how these were chosen, see methods. The last figure (g) shows the

interquartile range in each period.
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