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on the ice regime of water bodies. This paper aims to detect the change point in the ice formation dates for Kamskoe
Reservoir. This is done with the use of an improved methodological approach. The results revealed that the greatest
deviations are observed when comparing time intervals after 1995. The last decade of the observation period (2008—2018)
was characterized by significant changes in late dates. According to the Data Series Smoothing method, the change point
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Annomayusa. B nocnenHue roapsl BO3pacTaeT MHTEPEC K MCCICAOBAHISM, CBSI3aHHBIM C BIUSHHEM KIIMMaTHUe-
CKHX M3MEHEHH Ha JIeIOBBIA PEXXUM BOIHBIX 00BEKTOB. Llenbro maHHOM paboThl SBIIAETCS ONpeeieHre Hadaaa BeIpa-
YKCHHBIX M3MEHEHHI (MOMEHTA pasNiaIki) B psax HaOIIOACHIIA CPOKOB JIeJ000pa30BaHUs Ha THAPOJIOTHYECKHUX TTOCTaX
Kamckoro Bomoxpanmmmiia. MOMEHT pa3iankyd ObLUT ONpeiesieH ¢ TOMOIIBI0 YCOBEPIICHCTBOBAHHOTO METOHOIOTYe-
CKOT'0 TIOJIXOJ1a, TPEICTABIISIONIEro co00i TOCIeAOBATENBHYIO IPOBEPKY PSAIOB HAONIONCHUN W MX YacTell Ha ciydaid-
HOCTBh U OIHOPOJHOCTH C UCIIONIF30BAaHUEM CTATHCTUUECKUX METOMOB. Pe3ymbTaThl 1MOKa3and, 9T0 HAaHOOJBIINE OTKIIO-
HEHHS HaOIIIOJar0TCs TIPU CPaBHEHUH BpEMEHHBIX HHTepBasioB nocie 1995 r. Iocnegnee necstmmerue (2008—2018 rr.)
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0Ka3aJ10 CYIIECTBEHHOE BIHMSHUC Ha U3MCHEHHUE MO3THUX JaT. [10 MEeTOAy CKONB3SAMINX CPeIHUX 3HAYCHUI HAYalo BhI-
PaKEHHBIX U3MEHEHHI CPOKOB JIe1000pa3oBanus mpuxonutcs Ha 1996 1. Ha pa3sHOCTHO-MHTETpaTbHBIX KPUBBIX BHIHO,
YTO HAYaJ0 MEPUOJa 3HAYUTEIBHBIX KIIMMATHICCKUX H3MCHEHHH 110 Pa3HBIM THIPOIIOTHYECKUAM MTOCTaM TaKXKe MPHXO0-
nutcst Ha 1995—-1997 rr. OTkIOHEHHE THIOTE3bI CIYYalHOCTH JIJIsl BCEX MOCTOB, KpoMe bepesnukos, 3a 1956-2018 rr.
CBUJICTEIILCTBYET O HAJTMYUK CYIIECCTBCHHBIX H3MCHEHHI B CPOKaxX Jie000pa3oBanust. OTKIOHEHHE TUIIOTE3bI OTHOPO/I-
HOCTH CPOKOB JIe000pa3oBaHus I MepruooB 1956—1995 u 19962018 rT. moka3siBaeT HAIMYHUE CTATUCTHICCKH 3HA-
YUMBIX U3MeHEeHUH mocie 1996 r. Takum oOpa3oM, BIHSIHUE COBPEMEHHBIX KIMMATHUSCKUX H3MCHEHUH Ha CPOKH JICI0-
00pa3oBaHus HauOoJee IPKO BEIPAKECHO B MOCIICTHHE 25 JIET.

Knroueewie cnosa: cpoxu nenoo0pa3oBaHusl, N3MEHUYUBOCTE JaT, KIMMAaTHYCCKAC M3MEHEHHs, TOYKa Teperuoa,
MIPOBEPKA CTATUCTHICCKOMN TUIIOTE3BI

Jnsa yuumuposanusn: Kannann B.I'., Mukosa K. JI., Unuaros B.B. Onpezaenenne roja Hauasa BIUSHUS BEIPayKCH-
HBIX KJIMMAaTHYCCKUX U3MEHEHHI Ha CPOKH Jieoo0paszosanmst // ['eorpaduueckuii BectHuk = Geographical bulletin. 2024.
Ne 1(68). C. 87—-102. doi: 10.17072/2079-7877-2024-1-87-102

Introduction

Climate change can determine the features of the hydrological regime of water bodies. Ice phe-
nomena are sensitive to incremental changes in air temperature and can be used as indicators of sys-
tematic changes in climate. The study of the pronounced changes in the ice regime is important and
relevant, and it can be performed using ice dates.

There are numerous publications devoted to studies into the long-term fluctuations of the ice
regime. The first studies dealt with the fluctuations in ice dates due to climate change. For example,
G.P. Williams [50] considered the break-up dates of lakes and rivers as an indicator of climate change.
Later, similar issues were investigated in M. Tanaka and M.M. Yoshino [44] for Lake Suva in Japan
and in J.A. Maslanik and R.G. Barry [30] for lakes in Finland and Canada.

In 1990, the Intergovernmental Panel on Climate Change (IPCC) published the Scientific As-
sessment [18]. After its publication, the number of articles devoted to climate change and related
changes in the ice regime has significantly increased. As to specifically Russian research, century-
long changes in the ice regime of rivers were analyzed in few studies [14, 15, 40, 41]; there was
conducted research aiming to assess the climate change impact on the ice regime of lakes in a tem-
perate climate [42] and also numerical modeling of the ice regime changes due to climatic conditions
[16, 43, 46]. In the 1990s, the number of studies increased 7 times compared to the previous decade.

The majority of the authors compared average characteristics and their trends for two periods —
before (stationary climate) and after (nonstationary climate) pronounced climatic changes. As to the
comparison periods, the authors used different time intervals, which were selected depending on the
availability of data and the year of publication. Some studies were focused on 1961-1990 because
this period was recommended by the World Meteorological Organization (WMO) for data averaging
in the current climate [1, 2, 11, 13, 41]. At the same time, I.I. Soldatova [41] used data for this period
as being up-to-date with respect to 1893—1960. Other researchers considered 1961-1990 as basic and
compared it with data for the modern period. For example, B.M. Ginzburg [13] explored 1997-2003,
S.A. Agafonova and N.L. Frolova [1] examined 1991-2007, S.A. Agafonova et al. [2] and N.L.
Frolova et al. [11] focused on 1991-2014. Some scientists [34, 49] took the early 1980s as the time
of a noticeable increase in the average global air temperature based on research [4]. V.K. Smakhtin
[39] used data for 1975-2012 due to the Second Assessment Report of Roshydromet on Climate
Changes and Their Consequences [45]. According to this report, the most intense warming was ob-
served since the mid-1970s. Other scientists did not compare the two observation periods (periods of
stationary and non-stationary climate); their studies were based on the analysis of the examined char-
acteristics averaged with different steps: 12 years [9], 20 and 50 years [12], or 30 years [10], and
identified the period where the examined characteristics showed the greatest deviations.

Some investigations applied different statistical methods for the detection of the change point
and analysis of long-term changes in the ice regime. D.M. Livingstone [26, 27] determined the time
series change-point in the study of the break-up dates of lakes.
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Several studies examined long-term changes in the ice regime characteristics and looked for the
statistical significance of particular trends. Trends were tested in different ways: using the nonpara-
metric Mann-Kendall trend test [8, 10, 12, 21, 22, 23, 24], linear least-squares regression and non-
parametric methods [7]. Some studies checked the trend’s significance in the ice regime data using
the one-sample t-test [33, 37, 39, 48, 49], the Wilcoxon signed-rank test [7, 32, 49].

Data homogeneity was assessed only in a few studies [41, 34, 48, 49]. Several works examined
data for spatial autocorrelation which was found to be present and could result in underestimated
confidence intervals [7, 12, 17, 23, 24].

The overview of recently published research shows the absence of unified methodology for
determining the change point in the ice regime time series. Studies on the climate change impact on
the ice regime of water bodies apply different statistical techniques. Thus, the primary objective of
our study is to determine the change point in the ice formation dates using the methodological ap-
proach proposed in V.G. Kalinin and V.V. Chichagov [20].

More specifically, this paper addresses the following questions:

1. How are the ice dates in time intervals different from the dates in 1956-2018?

2. When is the change point in ice formation dates observed?

3. Do the observation series before and after identification of the change point are characterized
by homogeneity disturbance?

Study area

Kamskoe Reservoir catchment is located in Perm Krai (region) in the western part of the Urals.
It was constructed on the Kama River. The reservoir is a cascade regulator because it is the first in
the Kama cascade and has a water head of 22 m. The filling of the reservoir began in 1954 and ended
in 1956. At a retention water level (RWL), the water surface area is 1719 km?, the total volume is
10.7 km?, the active storage is 8.36 km?, the average depth is 6.2 m, the maximum depth is 28.1 m.
The reservoir is fed by river runoff and has crenelated shoreline and large bays. Kamskoe Reservoir
provides seasonal, weekly, and daily storage of flow.

Heat is unevenly distributed in the study area from north to south. During the year, the northern
part receives 15% less solar heat than the southern part. Even greater changes in the values of total
solar radiation are observed over the seasons. In the summer, the catchment area receives 80% of the
annual amount of heat, and in the winter — about 20% [38]. The northern location of the area contrib-
utes to the frequent invasion of cold Arctic air masses, which determine the climate severity. Cyclones
determine a sharp change in the weather — from warm to cold. The sharp drop in air temperatures is
especially pronounced when the average daily air temperatures are close to 0°C. During such periods,
the first ice forms on rivers and reservoirs in the autumn. The average air temperature from September
to October drops by 7-8°C. In October, the air temperature falls below 0°C. The 0°C isotherm dates
are observed within 1-1.5 months (September 26-November 13).

Data and methods

1. Data sources

Data were extracted from different sources: for 1956—1985 — from the Hydrological Yearbooks
[6]; for 1986—2007 — from the archives in the Perm Center for Hydrometeorology and Environmental
Protection; for 2008—2018 — from an open access database in the Automated Information System for
Water Bodies’ State Monitoring [5]. The collected data contain in situ observations for 63 years from
11 gauges on Kamskoe Reservoir. The ice formation dates were selected uniformly from daily water
level tables for all gauges according to the method given in 3.2.1.

2. Analysis methods

2.1. Identification of the stable ice dates

The stable ice formation dates (ice dates) in the autumn were selected as an ice regime param-
eter for the study. The ice dates were determined as follows: if the period with ice was longer than
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the subsequent period without ice, then the first date with ice was taken as the stable date of ice
formation; if the period with ice was shorter, then the first date after period without ice was taken as
the stable date of ice formation. To enable the comparability and averaging, the ice dates were repre-
sented by natural numbers as the number of days from September 1st.

2.2. Analysis of long-term fluctuations

Since the primary objective of this study is to detect the change point in the ice formation dates
for Kamskoe Reservoir, a decision was taken to examine it through long-term fluctuations in the
stable ice dates. The long-term average, early and late ice dates for a representative 40-year period
(1956-1995) were previously calculated and analyzed by V.G. Kalinin [19]. In our study, the obser-
vation period was increased by 1.5 times, covering 63 years (1956-2018). First, changes in the aver-
age long-term ice dates were analyzed for both subperiods (1956—1995 and 1956-2018), because we
needed to check ifthe average dates had changed over the last subperiods. It was also checked whether
the extreme (early and late) ice dates had changed. The average ice dates were also calculated for
different time intervals (with a 5-year step) and compared with average dates for the whole period
(1956-2018). That was made in order to control in which period the greatest deviations in the average
ice dates were observed.

2.3. Detection of the change point

An analysis of the ice dates long-term fluctuations cannot properly determine the trends and the
change point for the time series (the beginning of intraseries changes). Therefore, the studied dates
were smoothed with the Moving Average method [47] to level out interannual fluctuations. Smooth-
ing was done over the odd periods: 3, 5, 7,9, 11, etc. up to 31, with a one-year step.

The Differential Integral Curve method was used to assess the cyclic fluctuations of many hy-
drological parameters [3]. In the context of ice dates analysis, this method determines cyclical fluc-
tuations and identifies periods of earlier and later ice dates. This includes identification of the change
point, where the influence of climatic changes on the ice regime is noticeable. According to the

method, first the modular coefficient K = f—zwas calculated (where x is the dates of the series, X is the

average date of the series), then the values K-/ were determined. After that, an integral curve was
plotted by consecutive summing of those values.

2.4. Justification of the change point with statistical methods

The observation series were analyzed with the methodological approach outlined in V.G. Kali-
nin and V.V. Chichagov [20] using statistical methods. Since long-term fluctuations are random, these
methods can be used. The methodological approach is as follows:

1). Available series and their parts were tested for randomness with the Mann Reverse Arrange-
ments Test [29]. There are nonparametric tests for trend. This procedure is easy to apply and useful
for detecting underlying trends in random data records.

The reverse arrangements test is applied to determine the number of inversions. It consists in
calculating the number of pairs of elements in the series under study for which the sequence is vio-
lated. A violation of the sequence is understood as the presence of a pair of lower rank for a larger
element. The number of inversions should not be too small or large if the dataset behaves like an
independent random sample. Time series are independent if the zero hypothesis passes the test at p-
level >0.05. It is checked whether the data are independent and whether the results can be obtained
during observations of the same random variable.

2). The first 15 values of the autocorrelations and the p-values with the Ljung—Box test were
calculated to identify a relationship between the data in the time series. For p-level >0.05, the zero
hypothesis is accepted. This evidences the absence of autocorrelations.

3). The normality hypothesis of the ice dates was tested with three different criteria: Kolmogo-
rov—Smirnov One-Sample test, Lilliefors and Shapiro—Wilk tests [25, 36]. N.M Razali and Y.B. Wah
[35] shows that the Shapiro—Wilk test is the most powerful of these three criteria when testing for
normality.
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4). Applying the homogeneity criteria to the analysis of two parts of the data series without
prior checking their randomness using the reverse arrangements test can lead to erroneous results.
That is why testing with the homogeneity criteria: t- and F-tests and Mann—Whitney, Kolmogorov—
Smirnov, and Wald—Wolfowitz Runs tests [31] is possible in case of accepting the randomness hy-
pothesis for the parts of the data series under comparison. The studied parts of the series are consid-
ered homogeneous if the zero hypothesis of p-level is >0.05.

It should be noted that when testing the randomness and homogeneity hypotheses in a data
series, the values of p-level can be close to 0.05 (0.03 or 0.07). Therefore, in the analysis, the values
of p-level were separated: the zero hypothesis works at p-level >0.075; it does not work at p-level
<0.025; the values are boundary at 0.025<p-level<0.075.

Results and discussion
1. Analysis of long-term fluctuations
The spatial distribution of average long-term ice dates on Kamskoe Reservoir for 1956-2018 is
shown in Fig. 1. Ice phenomena begin in the shallow bay and gradually reach waters of the reservoir
where cooling occurs most rapidly. The formation of ice starts in the reservoir’s upper reaches in
Chusovskoy (Nizhnie Chalygi) and In’vinskii (Maikor) bays, then from north to south— from Berez-
niki to Chermoz (Fig. 1).

At the same time, ice for-

mation processes are observed in

Obvinskii (Il'inskii) and other

small bays in the central part of the

reservoir. Further, ice formation

spreads to the reservoir’s central

part (Visim, Sludka, Dobryanka

gauges) and is simultaneously ob-

served in the Chusovskoy (Vet-

lyany) and Sylvinsky (Troitsa)

reaches. Ice formation ends in the

Legend near-dam deep-water part of Kam-

- before 30 October skoe Reservoir (Fig. 1). Thus, the
- 30 October - 02 November - ganera] pattern of ice formation is

2

=]

% gzgx::zt:i from north to south and from the
B
B
EE
k4

¥ inskii

- 10-12 November reaches to the central part. Accord-
- 13-15 November ing to the long-term average data
- after 15 November for 19562018, ice phenomena
; -gauges form from October 30th to No-
izhnie Shalygi vember 3rd. It should be noted that
ice dates significantly fluctuate on
an annual basis, different gauges

Fig. 1. Average (1956-2018) ice dates at the gauges show synchronous fluctuations,

on Kamskoe Reservoir while ice dates tend to shift to the
Puc. 1. Cpemnne (1956-2018 rT.) 1aThl TIOSBICHUS JTb/a later side in recent decades
Ha 1/11 KaMCKOro BOJOXpaHIITUINA (Fig. 2).
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Fig. 2. Long-term fluctuations of the ice dates (D, days) (in the numbers of days from September 1st) for 19562018
Puc. 2. MHoroneraue u3MeHeHUs AaT NOosBiIeHus apaa (D, qan) (B uucnax ot 1 ceHtsops) 3a 19562018 rr.

The average long-term ice dates for 1956—1995 and 19562018 are presented in Table 1. Anal-
ysis of this table shows that the average dates for all gauges shifted to the late side by 2-4 days. The
change by £2 days is within the accuracy of determining these dates. At the Maikor, Chermoz, Ust’-
Kemal’, II’yinski, Dobryanka, Nizhnie Shalygi, and Troitsa gauges, the average ice dates changed by
3—4 days. At Dobryanka, the shift to the late side by 4 days can be explained by an increase in warm
water discharge from the Permskaya Hydro-Recirculating Power Plant (Permskaya HRPP). This shift
in days is associated with the commissioning of new power units in 1987, 1990, and 2017.
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Table 1
Long-term average, early and late ice dates for 1956—-1995 and 19562018
CpeaHeMHOroJIeTHUE, paHHUE U TIO3[THUE aThl MOSBIEHUA Jbaa 3a 1956—1995 u 19562018 rr.
Average Early date* Late date*
Gauge .
date Date Year Date Year
29 Oct 13 Oct 1976 22 Nov 1967
Berezniki +2 - = (- +2 =20+
31 0ct( ) 13 oa( ) 1976 ©) 24 Nov (+2) 2008 )
29 Oct 13 Oct 1976 22 Nov 1967
Ust'-Pozhva — (+2 - — (- 0 — (-
31 0ct( ) 13 oa( ) 1976 ©) 22 Nov ©) 1967 ©)
27 Oct 10 Oct 1982 12 Nov 1957,1981
Maikor +3 - — (- +15 +
30 Oct( ) 10 Oct( ) 1982 ©) 27 Nov( ) 2017 )
310ct 12 Oct 1976 22 Nov 1967
Chermoz +3 - — (- +5 = (+
03 Nov *+3) 12 Oct ©) 1976 ) 27 Nov (+3) 2008 )
03 Nov 14 Oct 1976 27 Nov 1967,1995
Visim +2 - — (- +1 — (+
05 Nov (+2) 14 Oct ) 1976 ) 28 Nov 1) 2008 )
03 Nov 15 Oct 1976 23 Nov 1967,1995
Ust'-Kemal' +3 - — (- — (+4 —— (+
06 Nov (+3) 15 Oct ) 1976 ) 27 Nov (+4) 2013 )
310ct 11 0ct 1976 26 Nov 1967,1995
Il'inskii +3 - — (- — (+1 —(+
03 Nov (+3) 11 0ct ©) 1976 ©) 27 Nov 1) 2008 )
04 Nov 11 0ct 1976 27 Nov 1967
Dobryanka +4 - — (- +17 — (+
Y 08 Nov( ) 11 OCt( ) 1976 ©) 14 Dec (+17) 2008 )
13 Nov 29 Oct 1966 01 Dec 1991
Kamskaya HPS — (2 - — (- +14 — (+
4 15 Nov (+2) 29 Oct ©) 1966 ©) 15 Dec (*+14) 2008 )
27 Oct 09 Oct 1982 14 Nov 1981
Nizhnie Shalygi +4 - — (- +29 — (+
e 31 Oct( ) 09 OCt( ) 1982 ) 13 Dec (+29) 2008 )
Troitsa 06 Nov 16 Oct 1976 27 Nov 1967
+3 - — (- +15 — (+
09 Nov( ) 16 OCt( ) 1976 ) 12 Dec (+15) 2008 )

* Date format is %(X »-X1), where X; and X; are the ice dates for 1956—1995 and 19562018, respectively; (-) — date/year
2
did not change; (+) — date/year changed.

b'¢
* dopmar gat X—l(Xg-X]),, rae X; u X — natel nosiBieHus apaa 3a 1956—1995 rr. u 19562018 rr. cooTBEeTCTBEHHO; (-)
2

— Jarta/Tom He H3MEHUINCH; (1+) — JaTa/Tox H3MEHHIKCH.

It is worth noting that trends toward late ice dates (warmer climate) persist at all gauges. The
late ice dates at Maikor and Troitsa shifted by 15 days, and at Nizhniye Shalygi ice started to appear
29 days later. The last decade (2008—2018) had a significant impact on the change in late dates. The
warmest years were 2008, 2013, and 2017. A significant change in the late ice dates also occurred at
the Dobryanka (+17 days) and the Kamskaya HPS (+14 days) gauges due to the heated waters from
the Permskaya HRPP. Overall, spatial correlation between the later dates of ice formation and years
was observed at all gauges except Ust’-Pozhva. While the early ice dates and the years when early
dates were observed did not change.

A similar pattern is observed in trends toward later freeze-up dates which are consistent con-
sistent with changes found by other researchers [10, 22, 26, 27, 28]. M.N. Shimaraev et al. [37] and
N.L. Frolova et al. [11] noted that climatic changes had been observed since the mid-1970s, which
was associated with the restructuring of the atmosphere and confirmed by an increase in air and ocean
temperatures.

The results, as shown in Table 2, indicate that for the first part of the time intervals the devia-
tions of the ice dates have a "-" sign. That means the average dates for particular time intervals fall
on earlier dates (cold climate) compared to the dates for the whole period (1956-2018). For the second
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part of the time intervals, these deviations have a "+" sign. That means the average dates fall on later
dates (warm climate).

The least deviations (up to 2 days) in the average long-term ice dates are observed for the 1—
4th time intervals. For the 5—7th time intervals, these deviations increase to 3—4 days, and for 8—11th
time intervals — up to 5—7 days for the second part of the time intervals. This indicates that in the last
two decades ice dates were determined by the climatic conditions. The largest deviations (up to
10 days) are shown by Maikor and Nizhnie Shalygi in the 10th time interval. These gauges are located
in shallow bays, where water masses cool very quickly.

Table 2
Deviation (in days) of the average ice dates from the average dates for the whole period (1956-2018)
OtkioHeHue (B THAX) CPEAHUX JIaT MOSBJICHHS JIbJa OT CPEIHUX 3a Bech nepuon (19562018 rr.)
3 § - N 3 :& S
N 3 sl S| 2|2 || & 2 |&s%] 2
£ |93 > S| 7] 3 = A
= 23 =
| 1956-1960 5 -1 -1 -3 -1 0 0 -4 2 2 -3 -2
19612018 58 0 0 0 0 0 0 0 0 0 0 0
1956-1965 10 -1 -2 -1 +1 2 0 2 -3 0 +1 -1
. 19662018 53 0 0 0 0 0 0 0 +1 0 0
1956-1970 15 -1 -1 -2 +1 -1 -2 -3 -1 -1 -1
3 1971-2018 48 0 0 0 0 0 +1 +1 0 0 0
1956-1975 20 -1 2 2 -1 -1 2 -2 -3 -2 -1 -2
! 1976-2018 43 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1
1956-1980 25 ) -3 -3 -3 -3 -3 -4 -4 -4 -3 -3
> 1981-2018 38 +1 2 2 2 2 2 R +2 12 +2 +2
6 1956-1985 30 -2 2 -3 -3 -3 2 -3 -4 -3 -3 -3
19862018 33 +2  +2 43 +2 43 +2 13 +3 +3 +2 +3
1956-1990 35 ) 2 -3 -3 -3 2 -3 -4 -3 -3 -3
7 1991-2018 28 +3 43 +4 +3 +3 +3 +4 +5 +4 +3 +4
g 1956-1995 40 -3 2 -3 -3 -3 -3 -3 -4 -3 -2 -3
1996-2018 23 +4  +4 46 +5 +4  +5 +6 +6  +5 +4 +5
1956-2000 45 2 2 -3 2 2 2 -3 -3 -3 -2 -2
? 20012018 18 +5  +4 +7 +6 +6 +6 47 +7  +6 +6 +6
1956-2005 50 2 2 -3 2 2 -1 2 -3 -2 -1 -2
10 20062018 13 +7 +6 +10 +8 +7 +6 +7 +10 +7 +6 +7
1" 1956-2010 55 -1 -1 -1 -1 -1 -1 -1 -1 0 -1 -1
20112018 8 +4  +4 47 +6  +5 +5 +4 +5 43 +4 +5

2. Detection of the change point

Smoothing of the ice dates over 3, 5, and 17-31-year periods did not allow us to reveal the
change point (the beginning of intraseries changes) due to too short and too long averaging periods,
respectively. At the same time, for the 7, 9, 11, 13 and 15-year periods the change point is clear
(Fig. 3). For three smoothing periods (11, 13, and 15-year), the year of the change point does not
change and is likely to fall on 1996.
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Fig. 3. Smoothed ice dates curves (D, days) for 9-year (a), 11-year (b), 13-year (c), and 15-year periods at I1’inskii

(solid line — stationary climate; dashed line — nonstationary climate)

Puc. 3. CriaxeHHble KpUBbIe AT NosiBieHus jibaa (D, auu) mis 9-neruero (a), 11-nernero (0), 13-nerHero (B)
u 15-netnero (1) Ha r/n WabuHCKU#I
(crutolIHAs JIMHUS — CTALIMOHAPHBII KIIMMAT; ITyHKTHUPHAS JIMHUSL — HECTALMOHAPHBINA KIIUMaT)

Fig. 4 apparently shows that ice was formed at earlier dates and later dates before and after
1997, respectively. Therefore, there is a split into two oppositely directed periods. This confirms the
results of the change point detection obtained above. Thus, under the conditions of Kamskoe Reser-
voir, the period of significant climatic changes starts in 1995—-1997 in the autumn.

2005 20

20

20

—— Berezniki
— Ust'-Pozhva
—— Maikor

—— Chermoz
— Il'inskii

Nizhnie Shalygi
— — Visim

———-Ust-Kemal'
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Kamskaya HPS

— — Troisa

— Average

Fig. 4. Differential integral curves of the ice dates for 19562018
Puc. 4. PasHOCTHO-MHTETpAbHBIC KPUBBIE AT MOSIBIICHUS J1b1a 3a 19562018 rr.

There are no similar studies devoted to the change point detection. Only papers related to trend
detection in ice dates show that trends with freeze-up dates for a group of lakes were most significant
in 1971-2000 [10]. X. Zhang et al. [51] showed widespread trends toward earlier freeze-up over
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1967-1996. Thus, the influence of modern climatic changes on the ice dates is likely to be most pro-
nounced in the last 25 years.

3. Justification of the change point with statistical methods

Application of the reverse arrangements test (Table 3) showed that the randomness hypothesis
for the observation series for 19562018 is rejected (the significance level is no more than 0.046) for
all gauges except Berezniki. This indicates significant changes in these data.

In addition, the randomness hypothesis is accepted for all gauges with a high level of signifi-
cance, with rare exceptions for the 1956—-1975, 1956-1995, and 19962018 observation series. How-
ever, for 19762018 the randomness hypothesis is usually rejected. This means that statistically sig-
nificant changes in the observation series began to occur from the mid-90s. Therefore, in Table 3 we
compare the observation series for 1956—1995 and 1996-2018.

Table 3
Values of the significance level of the reverse arrangements test
3HaueHHUsI YPOBHS 3HAUUMOCTH KPUTEPHsI HHBEPCHI
Gauge 1956-1975 1976-2018 1956-1995 1996-2018 1956-2018
Berezniki 0.823 0.027 0.270 0.319 0.090
Ust'-Pozhva 0.823 0.011 0.790 0.432 0.035
Maikor 0.631 0.008 0.189 0.207 0.046
Chermoz 0.064 0.000 0.153 0.114 0.017
Visim 0.024 0.001 0.260 0.057 0.041
Ust'-Kemal' 0.165 0.003 0.174 0.207 0.042
Il'inskii 0.501 0.000 0.438 0.754 0.004
Dobryanka 0.113 0.000 0.862 0.464 0.000
Kamskaya HPS 0.386 0.001 0.826 0.227 0.028
Nizhnie Shalygi 0.974 0.004 0.917 0.248 0.006
Troitsa 0.098 0.001 0.336 0.754 0.022

Note: the observation series with the accepted randomness hypothesis with significance levels less than 0.025 are itali-
cized; the observation series with the accepted randomness hypothesis with significance levels in the range from 0.025 to
0.075 are bolded; the observation series with the accepted randomness hypothesis with significance levels greater than
0.075 are given in roman type.

Ilpumeuanue: KypcuBOM BBIIEIICHBI Psbl HAOJIIOJICHUI C MPHUHATON I'MIIOTE30M CIIY4alHOCTH C YPOBHEM 3HAYHUMOCTH
Mmenee 0,025; >KkupHbIM TIPUQTOM BIIEICHBI P/l HAOIIOASHUH ¢ MPUHATON TUIIOTE30# CIIy4aifHOCTH C YPOBHSIMH 3HA-
yuMocTd B quanazoHe ot 0,025 mo 0,075; psiapl HAOMIOAESHHH C IPUHITON TMIIOTE30H CIy4aifHOCTH C YPOBHSMH 3HAYH-
MmocTH Bbitie 0,075 Bocripou3BeIeHbI PSIMBIM HIPH(TOM.

The hypothesis about the absence of the first 15 autocorrelations was checked with the Ljung
Box test, which gave the following results (only the smallest p-values are indicated below). For 1956—
1995, the zero hypothesis is accepted for all gauges (the minimum value of the real significance level
was found to be 0.07 for the Ust-Pozhva gauge, the real significance level was more than 0.1).
In 19962018, the zero hypothesis was accepted for all gauges (the minimum value of the real sig-
nificance level was found to be 0.08 for the Ust-Kemal gauge, the real significance level was more
than 0.25 for the rest of the gauges). Thus, for the observation series for all gauges for 19561995
and 19962018, it is justifiable to test the hypothesis of homogeneity.

To test the homogeneity hypothesis using t- and F-tests, we verified that the observation series
can be described in terms of normal distribution law. The results of testing the normality hypothesis
of the ice dates with three different criteria are presented in Table 4. It shows that the hypothesis of
homogeneity can be tested for all gauges using t- and F-tests.
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Table 4

Significance level of acceptance of the normality hypothesis for ice formation dates according

to the Lilliefors and Shapiro-Wilk tests

YpoBeHb 3HAYUMOCTHU PUHSTUS THITOTE36 HOPMAJIBHOCTH JIAT MOSIBIICHHS JIbJIa TI0 TECTaM
Jlmmredopca u Hlanupo-Ywuinka

Gauge Lilliefors Shapiro—Wilk
1956-1995 | 1996-2018 | 1956-1995 1996-2018
Berezniki p>0.20 p>0.20 0.48611 0.67761
Ust'-Pozhva p>0.20 p>0.20 0.76538 0.68079
Maikor p>0.20 p>0.20 0.77412 0.22098
Chermoz p>0.20 p>0.20 0.85040 0.91905
Visim p>0.20 p>0.20 0.89905 0.86134
Ust'-Kemal' p>0.20 p>0.20 0.91307 0.41866
I'inskii p>0.20 p <0.10 0.61162 0.31576
Dobryanka p>0.20 p <0.10 0.99631 0.13099
Kamskaya HPS p <0.05 p <0.10 0.12755 0.05411
Nizhnie Shalygi p>0.20 p>0.20 0.83244 0.07161
Troitsa p <0.20 p>0.20 0.80580 0.38671

Note: the significance levels are italicized, bold and roman fonts correspond to the Note to Table 3.
[Ipumeuanue: ypoBHU 3HAYMMOCTH BBIICIEHBI KYPCHBOM, TIOJTY)KUPHBIM H TPSIMBIM IIPU(GTOM COOTBETCTBYIOT IPHMeYa-

HHUIO B Ta0IL. 3.

The results of testing the homogeneity hypothesis for observation series using the homogeneity
criteria of two-sample t-, two-sample F-, Mann—Whitney and Kolmogorov—Smirnov One-Sample and
Two-Sample tests are presented in Table 5.

Table 5
Statistical characteristics of ice dates for 1956—1995 and 19962018
CraTHCcTHUECKUE XapaKTePUCTUKH JaT MOABICHUS Jbaa 3a 19561995 u 19962018 1T.

Gauge Mean-1 | Mean-2 pS SD-1 | SD-2 | pF | pMU pKS
Berezniki 58.9 65.8 0.005 | 8.38 | 10.03 | 0.318 | 0.006 | 0.022 | 0.043
Ust'-Pozhva 58.6 65.5 0.007 | 9.70 | 8.72 | 0.607 | 0.007 | 0.015 | 0.030
Maikor 57.4 66.2 0.000 | 799 | 10.68 | 0.112 | 0.002 | 0.012 | 0.025
Chermoz 61.0 69.3 0.000 | 8.23 8.65 | 0.765 | 0.000 | 0.000 | 0.001
Visim 64.4 71.3 0.005 | 875 | 9.28 | 0.729 | 0.006 | 0.014 | 0.027
Ust'-Kemal' 64.4 71.5 0.001 | 8.01 8.29 | 0.831 | 0.002 | 0.005 | 0.011
Il'inskii 60.9 70.4 0.000 | 8.75 8.91 | 0.897 | 0.000 | 0.000 | 0.001
Dobryanka 65.4 77.6 0.000 | 9.35 | 10.60 | 0.483 | 0.000 | 0.000 | 0.000
Kamskaya HPS 74.1 80.6 0.007 | 8.51 9.25 1 0.632 | 0.008 | 0.005 | 0.010
Nizhnie Shalygi 57.1 66.8 0.000 | 8.54 | 12.24 | 0.048 | 0.001 | 0.001 | 0.002
Troitsa 67.0 75.3 0.001 | 847 | 9.87 | 0.395 | 0.000 | 0.001 | 0.003

Note. Mean-1, SD-1 are the mean and standard deviations of ice dates in 19561995, respectively; Mean-2, SD-2 are the
average and standard deviations of these dates in 1996-2018; pS, pF, pMU, pKS are the significance levels of the two-
sample t-, two-sample F-, Mann—Whitney, and Kolmogorov—Smirnov One-Sample and Two-Sample tests. The signifi-
cance levels are italicized, bold and roman fonts correspond to the Note to Table 3.
Ipumeyanue. Mean-1, SD-1 — cpemHee U CTaHOApTHOE OTKIIOHEHHE JAT IMOSBICHHS JbAa 3a 1956—1995 rr. coorBer-
cTBeHHO; Mean-2, SD-2 — cpeqHee U cTaHAapTHOE OTKIOHEHHE 3TuX fat 3a 1996-2018 rr.; pS, pF, pMU, pKS — ypoBan
3HAYUMOCTH JABYXBEIOOPOYHOTO t-, TBYXBHIOOPOYHOTO F-, 0THOBBEIOOPOYHOTO M IBYXBEIOOPOYHOTO KpUTepHeB MaHHa —
VYuran u Kommoropoa — CMUpHOBa. YpOBHH 3HAYMMOCTH BBIICIICHB! KYPCHBOM, HONYKUPHBIM U NPSMBIM IIPU(TOM B

COOTBCTCTBUH C IIPUMECHAHNUEM K Tabm. 3.
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The results, as shown in Table 5, indicate that the homogeneity hypothesis for 1956—1995 and
19962018 should be rejected for all gauges. This confirms the stated assumption that significant
climatic changes at Kamskoe Reservoir are likely to have started in 1995-1997 in the autumn.

Conclusions

1. The average long-term, early, and late ice dates analysis for Kamskoe Reservoir for 1956—
1995 and 1956-2018 showed that the average dates for 1956—2018 were shifted at all gauges to the
late side by 2—4 days. The last decade (2008—2018) had a significant impact on the change in the late
dates. The warmest years were 2008, 2013, and 2017. The early ice dates and the years when they
were observed did not change.

2. Comparison of the average dates for different time intervals with the average for the whole
observation period revealed that ice dates were observed earlier for the first part of the time intervals.
The average dates fall on later dates for the second part of the time intervals. The greatest deviations
are noted when comparing time intervals after 1995.

3. The change point is clearly detected on the smoothed curves with a one-year step over a 7—
15-year period. When considering only 11-15-year smoothing, the first signs of change are observed
in 1996.

4. The beginning of the significant climatic changes in ice dates is noted in 1995-1997 on dif-
ferential integral curves.

5. The rejection of the randomness hypothesis for 1956-2018 for all gauges, with the exception
of Berezniki, indicates the presence of significant changes in these data. Moreover, for 1956—-1995
and 19962018 for all gauges the randomness hypothesis is accepted with a high level of significance.
Hence, no statistically significant changes were detected in the observation series.

6. Rejection of the homogeneity hypothesis for the observation series in 1956—-1995 and 1996—
2018 shows the presence of statistically significant changes at the turn of 1996.

Thus, the influence of modern climatic changes on the dates of ice formation in Kamskoe Res-
ervoir is likely to have started within the period of the last 25 years.
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