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Summary

The article presents results of monitoring changes in some phenological characteristics of the ice cover of Lake
Ladoga over the past 55 years. A steady tendency has been observed for a decrease in the duration of ice forma-
tion and the area of fast ice since the beginning of the 90s. A comparison is made of the average spatial patterns of
ice formation dynamics between the periods 1964-1994 and 1993-2019. Since the beginning of the 90s, there has
been a change in the ice characteristics of Lake Ladoga, directly related to a reduction in the duration of the cold
period. The duration of ice events averaged over the past 30 years has decreased by about a month compared with
the previous thirty-year period. Fast ice began to cover only 30% of the lake surface compared to 80% in previ-
ous years. The frequency of winters with incomplete freeze-up (remaining ice free areas) increased from two to six
years per decade. The warming effect is most clearly seen in the central part of the lake. Such significant changes in
the dynamics of ice phenology cannot but affect the functioning of the entire ecosystem of Lake Ladoga.
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MpepcTaBneHbl M3MEHEHUs1 HEKOTOPbIX GEHONOrMUYeCKUX XapaKTepUCTMK NeAsHOro MoKpoBa Jlagox-
CKOro o3epa 3a nocnefHue 55 net. YctaHOBNEHa YCTONYMBAA TeHAEHUMNA YMEHbLUEHUA NPOAOIIXUTENb-
HOCTU negoo6pa3oBaHUA 1 Naowaay Npunas ¢ Hayana 1990-x rogoBs, UTO CBA3aHO C COKpaLLeHeMm npo-
LOMKUTENBbHOCTU XONOAHOro nepuoga. BbinonHeHHOe cpaBHeHMe oCpefHEHHbIX MPOCTPAHCTBEHHbIX
3aKOHOMEPHOCTEN AVHaMUKKM Nlefoobpa3oBaHna 3a neprogbl 1964-1994 n 1993-2019 rr. ¢ nepeKkpbl-
TeM B OAVH rof NO3BOANIIO BbIABUTb YMEHbLLEHVE BO BTOPOW Neprof NPUMEPHO Ha MecAL, MO CpaBHe-
HWIO € NepBbiM 30-NeTHMM NePUOAOM CPefHel NPOJOCIKUTENbHOCTM CMNOLWHOMO fIefoCTaBa.

Introduction

Lakes and their shores are the habitat of aquatic
organisms, fish, wildlife and humans. Each lake dif-
fers in terms of such characteristics as geographical
location, the influence of the catchment basin, the
morphology of the basin, the chemical composition
of the water and the biota inhabiting it, hydrological
parameters, including thermal and ice regimes. De-
pending on the size of the lake, there is a limited range
of external influences which allows its ecological state
to remain stable. Noticeable changes in the environ-

ment to varying degrees can lead to a change in limnic
characteristics. Such characteristics include the ice re-
gime of large lakes. Over the past 30 years, significant
changes in ice characteristics for lakes in the Northern
Hemisphere have been recorded [1], in particular, a
decrease in the total duration of ice formation [2].
The consequences of these ongoing changes due
to winter warming in the phenology of ice cover can
significantly affect the functioning of the Ladoga Lake
ecosystem, as has already been noted for Lake Peip-
si located nearby [3]. A change in lake ice cover can-
not but affect its thermal regime, its vertical oxygen
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exchange, the development of phytoplankton, dur-
ing the period of spring heating, which begins earlier.
In the absence of ice, the aquatic mammals feeding
cubs on ice [4] have problems. The supply of monas-
tery on the Valaam Island when stable freeze-up in the
northern part of the lake was carried out along the ice
route. Recent years, shipping to the island has been
carried out all year round. This paper shows how cli-
mate warming, observed over the past 30 years, has af-
fected the average spatial pattern of freeze-up, break-
up, and the duration of fast ice cover on Lake Ladoga.

Materials and methods

Europe’s largest freshwater dimictic Lake Ladoga is
located in northeastern Europe. Its area is 17.765 km?,
its average depth is 48.3 m, the maximum depth is
233 m in the northern part of the lake, and the water
volume is 858 km? (Fig. 1). Meteorological data from
the Sortavala weather station, located on the northern
shore of the lake, were used to assess the meteorology
of the Lake Ladoga region. This meteorological station
was chosen among others located on the coast and is-
lands of Lake Ladoga as the most filled with data. Data
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Fig. 1. Lake Ladoga with its depths in meters
Puc. 1. JTanoxckoe 03epo ¢ yKazaHHEM ero IIyOUH B METpax

on average daily air temperature for the years from 1913
to 1936, when the weather station was in Finland, al-
lowed [5] to reconstruct ice conditions on Lake Ladoga
in the absence of observations on the degree of ice cov-
erage of the lake. A sum of the average daily air temper-
atures during the entire cold period, including seasonal
thaws, was used as an integral winter characteristic asso-
ciated with the ice events. The duration of a cold period
was calculated between the dates of steady transition of
average daily air temperatures through 0 °C in the fall
and spring. The changes in the duration of the cold pe-
riod and the sums of average daily air temperatures dur-
ing this period are shown in Fig. 2. A statistically signifi-
cant at p-level 0.05 trend is shown by solid line.

Over the past 30 years, these changes have become
statistically significant and indicate a decrease in the
severity of winters. In 2020, the shortest winter over
the entire period of monitoring was recorded with the
smallest sum of average daily air temperatures during
the cold period. The reduction in the duration of the
cold period occurs mainly due to a statistically signifi-
cant five days shift of a stable transition of the daily av-
erage air temperatures through 0°C in autumn to later
dates [6]. It should be noted that the article considers
only the spatial distribution of ice cover by various re-
mote sensing methods, the data on ice by coastal sta-
tions being of a fundamentally different nature. Regular
observations of the spatial distribution of ice on Lake
Ladoga have been made since 1943. Until 1992, aerial
reconnaissance of the ice was carried out by the Hy-
drometeorological Service about two times a month,
and maps of Lake Ladoga’s ice cover indicating its co-
hesion were published [7]. Starting from 1971, space
images were added to data obtained by airborne recon-
naissance, which made it possible to make schemes of
the freeze-up and break-up of the lake depending on
the different direction of the prevailing winds [8]. Re-
cently satellite imagery has become the main source for
studying the lake ice cover. Over the past 20 years, data
from the NOAA series of satellites with kilometer-res-
olution AVHRR instruments has been supplemented
with MODIS satellites with 250-meter resolution and
from 2015 Synthesized Aperture Radar (SAR) data
from the European Sentinel-1 satellite with 100 m res-
olution have become freely available.

The annual monitoring of the ice cover starts from
the moment its detected by remote sensors. Then, for
each suitable image, ice lake coverage is calculated with
an accuracy of 10%, taking into account its cohesion.
The end of the ice phenomena on the lake is consid-
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ered the date when the observed ice occupies less than
5% of the lake. The duration of ice on Lake Ladoga
remained at a stable level of about 170 days before the
beginning of the 90s, after that the duration shows a
clear tendency to decrease (Fig. 3, a), mainly due to
a shift to a later date of the onset of ice. Lake Ladoga
is not completely covered by ice every year. Years with
remaining open water areas occur. Fig. 3, ¢ shows the
number of years with incomplete ice cover per decade.
Before the beginning of the 1990s, one to two winters
with incomplete ice cover were observed per decade. In
recent years this number has increased to six.

From constant observations of lake ice cover by re-
mote sensing, it is possible to calculate the ice cover
index each winter. The ice cover index [9] is the integral
of lake ice cover over the winter, normalized to the inte-
gral of average lake ice cover over the period from 1945
to 1994. This period was chosen for normalization since
it is characterized by the absence of a significant trend
in the lake ice cover index. From 1945 to 2020 ice cover
indices were calculated from field data. At the same
time, the linear dependence of the dates of ice cover
freeze-up and break-up on the sums of the average daily
air temperatures, accumulated to these dates were ob-

Homep roma oTHOCUTCS K TOAYy OKOHYAaHUS 3UMBI,
TpeH npu ypoBHe 3Haunmoctu 0,05 1 ero koaduuu-
eHT JeTepMUHLUM R%: | — CTaTUCTMYECKN 3HAYMMBIIA;
2 — He3HAYUMBbIiA

tained [5]. This dependence was used to reconstruct the
seasonal change in the ice cover and to calculate the ice
cover indices for the years from 1913 to 1936, since ob-
servations of the ice distribution over Lake Ladoga were
not carried out during those years. Fig. 3, b shows the
change in ice cover index over the past 100 years and its
trend [5], extended now up to 2020. The last period has
a statistically significant decrease in the ice cover index.

In the process of preparing data on the lake ice
cover, an digital file was compiled with more than 1000
aerial and satellite images from 1964 to 2020. Based on
linear relationships [10], a way was proposed for cal-
culating the increase and decrease in the average value
of ice cover in each of 180 fixed ten-kilometer cells. To
construct a smooth seasonal course of ice cover for each
cell, the data were averaged by 10 days with 5-day shifts.
The course of ice cover for each cell was approximated
by two linear equations: for ice percentage increasing
and decreasing. In some cells according to the long-term
average data, a complete ice cover can be observed for
a very short time, in other cells the complete ice cover
may last up to several months, or the area may never be
completely covered with ice. To analyze the impact of
climate change on the ice characteristics of the lake, the
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Fig. 3. Annual variability in the ice char-
acteristics of Lake Ladoga:

a — duration of ice phenomena; b — trends in
the ice cover index of Lake Ladoga; ¢ — the
number of years with incomplete freezing per
ten year running average; see Fig. 2 for symbols
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period from 1964 to 2019 was divided into two with one
year overlap: from 1964 to 1994 and from 1993 to 2019
years. For each period, the areas of increasing and de-
creasing of fast ice cover and the duration of the period
with fast ice cover were calculated (Fig. 4).

Results and discussions

When constructing average schemes of increas-
ing and decreasing of fast ice cover of Lake Ladoga,
data were obtained on the average rates of freeze-up
and spring break-up of each cell. These data made it
possible to assess the correctness of data processing
on the smoothness of their distribution over the lake,
and to obtain average schemes of the rates of freeze-

TOCTH; ¢ — YUCJIO JIET C HETIOJHBIM JIeoCTa-
BOM 13 10 CKOJB3SINIUX; YCIA. 0003HAYCHUS
CM. Ha puc. 2

00 2010 2020

up and break-up of the lake for subsequent analysis.
The formation of fixed cohesive ice in the first period
began at the end of December in shallow Petrokre-
post Bay. The ice growth rate of each fixed cell in-
creased from 0.3% to 1.5% per day as the location
of the cell off the shore and sum of negative average
daily air temperatures accumulated. The results ob-
tained are in a good agreement with data from neigh-
boring Lake Onega [11], where the average value of
the increase in the lake ice cover per day is 1.55%.
Over the last ten days of February, the area of the
lake covered by fast ice increased sharply. By the be-
ginning of March, the formation of fast ice stopped,
leaving 20% of the lake surface occupied by floating
ice of various cohesion. In the second period, ice for-
mation usually started twenty days later, proceeded at
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duration of compact ice cover

Fig. 4. Spatial distribution of the average characteristics of the complete freezing of the Lake Ladoga:

a — freeze-up date (isoclines show the dates of fast ice spread; / — floating ice of varying concentration in tenths, 2 — Fast ice); b —
the duration in days of fast ice cover (3 — area without complete ice cover during all the winter) in the first period 1964—1994; ¢ and
d — the same in the second period — 1993—2019

Puc. 4. [IpoctpaHcTBeHHOE pacripeiesieHe CPeAHUX IS IBYX MEPUOIOB XapaKTepUCTUK MPUTIAsl Ha 03epe:

a — 3aMep3aHue (M30JMHMSIMU MOKa3aHbl 1aThl paclpoCTpaHeHus Tpunas; / — IruiaBaloiuii J€1 pa3IudyHON CIUIOYEHHOCTU B
Oasnax, 2 — npurnaii); b — NpoaOJKUTEIbHOCTh MTOJHOTO JIeAOCTaBa B CyTKax (3 — OTCYTCTBME MOJHOTO JIAOCTaBa Ha MPOTSIKe-
HMM BCeil 3MMBI) B IiepBbIit epuon 1964—1994 rr.; ¢ u d — 10 ke camoe Bo BTopoii mepuoa — 1993—2019 rr.
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about the same rate, but ended ten days earlier than
in the first period, while 70% of the lake surface re-
mained occupied by floating ice of various cohesion.

The spring break-up of fast ice cover on Lake
Ladoga is faster than its freeze-up due to the significant
wind activity in this region. The wind prevents the for-
mation of motionless ice and contributes to its destruc-
tion. In the first period, spring ice break-up began in
the central part of the lake in early March at a rate of
1% and then up to 2% per day near the shore. The last
formations of fast ice were observed along the north-
eastern coast in early April. In the second period, the
process of break-up of fast ice cover usually began ten
days earlier, ended also along the northeastern coast,
and continued as in the first period for a whole month,
despite much less initial ice. The destruction of ice in
the second period occurs slower than in the first peri-
od at an average rate of 1% per day. However, signifi-
cant differences in the rate of rise of spring air tempera-
tures between the two periods were not found. One of
the possible explanations for such an unexpected result
is statistically significant increase in the frequency of
calm conditions on Ladoga in the spring that has been
observed in recent years. Indeed, according to the data
at the Sortavala weather station, in March during the
first period wind speeds less than 3 m/s was observed
in 66% of the time and in the second period 76% of the
time, which weakened the influence of wind as a factor
accelerating the break-up of'ice.

For more than three months, fast ice cover during
the first period was observed in fixed cells along the
northeast coast. The central part of the lake remained
under the fast ice for about one month. On 20% of
the lake surface near the southwestern shore floating
ice of various concentrations was usually located. This
ice can move freely around the lake depending on the
wind. According to data averaged for the second pe-
riod, fast ice cover was recorded during a month or
less only in shallow water. In some winters the cen-
tral part of the lake was completely ice free. Averag-
ing the second period data showed that usually 70% of
the surface of the lake was not covered by compact ice.
Such significant changes in the degree of ice coverage
of the lake during the winter are manifested in an ear-
lier beginning of the spring warming of the lake, in an
increase in the period of vertical oxygen exchange, in
a lengthening of the period of development of cold-
water forms of phytoplankton during spring heating,
which begins earlier. In the absence of ice, aquatic
mammals feeding cubs on ice have problems.

Conclusion

Since the beginning of the 1990s, there has been a
change in the ice characteristics of Lake Ladoga, direct-
ly related to 12 days reduction in the duration of the cold
period. The average winter air temperature at the same
time statistically insignificantly increased by 1 °C. The
duration of ice events averaged over the past 30 years has
decreased by about a month compared with the previ-
ous thirty-year period. Fast ice began to cover only 30%
of the lake surface compared to 80% in previous years.
The frequency of winters with incomplete freeze-up (re-
maining ice free areas) increased from two to six years
per decade. The warming effect is most clearly seen in
the central part of the lake. Such significant changes
in the dynamics of ice phenology cannot but affect the
functioning of the entire ecosystem of Lake Ladoga.
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Pacmmpennsriii pedepat

O3épa 1 nx 6epera — MeCTOOONTAHNE BOITHBIX
OpPTaHU3MOB, PbIO, DUKUX XKUBOTHBIX U JIIOICH.
Kaxmoe o3epo crienmuuyHoO 10 TAKMM XapaKTepH-
CTMKaM, KaK reorpadudyeckoe IOJOKeHNE, BTN -
HUe BOJOCOOPHOTro OacceitHa, MOp(OJIorust KOTJI0-
BUHBI, XMUMUYECKHUI COCTAaB BOABI U HACEsOLIeH e
OMOTHI, TUAPOJIOTMYECKHUE TTapaMETPhI, B TOM YMCIIE
TePMUYECKUIA 1 JIETOBBIN peXMBI. B 3aBrCcUMOCTH
OT pa3Mepa o3epa CyIIeCTBYET Ipeae/bHbIN quara-
30H BHEILIHUX BO3JICUCTBUIA, IIPU KOTOPOM €ro 9K0-
JIOTUYECKOE COCTOSTHUE OCTAETCs JOCTaTOYHO CTa-
OMIBHBIM. 3aMEeTHBIE pedopMalluU OKpYyKarolIei
Cpebl B TOW WJIM MHOM CTENEHU MOTYT IPUBOIUTD K
M3MEHEHUIO TMMHUYECKUX XapaKTePUCTUK, K KOTO-
PBIM OTHOCUTCS M JIEAOBBIN PEXXUM KPYITHBIX 03€D.
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Mg 03ép CeBepHOTO IOIYIIAPHUS 3a ITOCISTHIE
30 yet ObUIM 3a(UKCUPOBAHBI OOJIee MHTEHCHUBHBIE
TEeMITBl MI3BMEHEHUSI JIGHOBHIX sIBIIeHU. OxXumaercs,
YTO MOCJICACTBUS IIPOAOJIKAIOIIEIOCS 3UMHETO T0-
TeIUICHUS U U3MeHEeHUsI (DeHOJIOTHH JIASHOTO I10-
KpoBa OyIyT MMETh pellaroliee 3HaueHre 111 (PyHK-
LIMOHMPOBAaHMS 3KOCHCTeMBI JIamoxkckoro o3epa, a
TaKxXKe IS PacIIOIOKEHHOrO psiioM Yyackoro osepa.
3amagya HaCTOSIIEH paOOThI — BBISICHUTD, KaK IOBIIH-
SIJI0 TIOTEIUICHWE KJIMMaTa Ha U3MEHEHHUE CPeIHUX
MIPOCTPAHCTBEHHBIX CXEM 3aMep3aHUsI, BCKPBITUS 1
MIPOIOJLKUTEIBHOCTH TIOJTHOTO JeaocTaBa Jlamox-
ckoro o3epa. [IpencraBieHbl pe3yIbTaThl HAOIIOIE-
HUM 32 TEHIEHIUEN MEXTONOBBIX U3BMEHEHWI 3UMHMX
TEeMIIepaTyp BO3AyXa U HEKOTOPHIX (DEHOIOTMUECKIX
XapaKTePUCTHUK JICAOBOrO IMOKPHITUA JlamokcKoro
o3epa. CpaBHEHHE CXEM CE30HHOTO YBEJIMYCHUS U
YMEHBIIICHUS pacIIpee/IeHIS IUTOIIAei IIPHUIIast, IT0-
CTPOEHHBIX TS IBYX ITepronoB — 1964—1994 1 1993—
2019 1T. C mepeKphITUEM B OIMH IO, II03BOJIWIIO OlIe-
HUTh UX MI3MEHEHUS 3a IIOCTICTHME 55 JIeT.

IMo nanubiM MeTeoctanuu Coprasana, Ajs pe-
rnoHa Jlagoxckoro o3epa B mociemane 30—40 ner
CTAaTUCTUYCCKNA 3HAUYMMO COKPATUJIMCH IPOIOJI-
KUTEITHLHOCTD XOJOAHOTO neprona (Ha 12 mHell) u
CYMMBI CpEeIHECYTOUHBIX TeMIIepaTyp BO3myxa. DTO
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