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Thermal regime of rivers plays a great role in rivers ecological state. However,
there are a lot of gaps in our knowledge about thermal regime of rivers and about
long-term changes of water temperatures and river heat flow due to the scarcity of
open-source water temperature data. During the past decade study of thermal
regime of rivers has been focused on Arctic Region, primarily on North-East of
Russia. Nowadays, we are expanding the spatial coverage of river thermal regime
studies to the permafrost areas as regions with the most dynamic climate and
landscape changes. Studied area includes territory of Russia North of 60 N, Russian
parts of Baikal Lake and Amur River basins, basin of Okhotsk and Japan Seas and
Russian part of Caucasus. For all these regions, except the Arctic and Caucasus, our
investigations of the thermal regime of rivers are the first ones for the past 5-6
decades. We used monthly average water temperature data from more than 400
gauges on rivers in different landscape conditions for 1961-2022. Annual and
monthly heat flux was estimated for data from 200 gauges. Change-point years for
all studied characteristics, mean and standard deviations, changes after change-
point years and in 19912020 in comparison with 1961-1990 were estimated. More-
over, the analysis of air and water temperature relations was carried out. Results are
compared for different parts of permafrost zone and compared with Arctic non-
permafrost areas. Very low values of the thermal runoff of the North Caucasus are
shown. The regions in which local factors play a major role in shaping water
temperature compared to climatic ones have been identified, the Baikal basin, for
example.
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Introduction. The thermal regime of rivers plays a significant role in the
formation and functioning of aquatic ecosystems. Water temperature determines
oxygen saturation of water, survival rate, feeding intensity, and geographical
distribution of fish, including valuable species [1-6]. The distribution of water
temperature in rivers flowing in mountainous conditions is subject to vertical
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zonation [7]. Changes in river water temperature affect the ice regime [8]. The heat
flux of rivers largely determines the microclimate of river valleys, influences the ice
cover of freezing seas, and in permafrost regions, the heat flux is a factor in
intensifying thermal abrasion of riverbanks [9-12].

Intensive climate changes in the Arctic and in permafrost regions, expressed
as an increase in air temperature at high latitudes and changes in the characteristics
of permafrost, primarily an increase in the seasonally thawed layer, lead to
transformations of the thermal regime of rivers. At the same time, the limited amount
of open data on water temperature in rivers significantly constrains current under-
standing of the spatial and temporal characteristics of the thermal regime of rivers.

In Russia, the thermal regime of the Lena River [9, 13, 14], the basins of
Northeastern Russia, and the Russian Arctic (North of 60° N) are the most studied.
That is, the zone of continuous permafrost is the most studied. In recent years, many
long time series with the most recent hydrological data have been used for studies of
these regions [15-18].

At the same time, the regions of discontinuous permafrost in Siberia and the
Russian Far East, located South of 60° N, are not covered by modern assessments of
the spatiotemporal variability of water temperature in rivers. The most recent
comprehensive studies for the basins of Lake Baikal, the Amur River (in the Russian
part of the basin), Sakhalin Island and the Kamchatka Peninsula, as well as the coasts
of the Okhotsk and Japan Seas, were carried out in the 1970s as part of the
publications “Surface Water Resources of the USSR”, before the onset of intensive
climatic changes. Moreover, the level of detail in the study of the thermal regime of
rivers in these publications varies significantly.

The permafrost region of the North Caucasus should be mentioned separately.
Rivers flowing in the Caucasus are in physiographic conditions that are starkly
different from those of the Far East and the Arctic, which provides an opportunity to
compare the characteristics of formation and long-term variability of water
temperature under different conditions within the permafrost zone of Russia.

The aim of this work is to provide a modern synthesis of data on the thermal
regime of rivers in the permafrost zone of Russia.

Materials and Methods. For the analysis, data on mean monthly water
temperature in rivers for the period from 1961 to 2020 were used. The choice of
mean monthly temperature is justified by its theoretical significant climatic
determinacy [19]. The choice of the time period is determined, on the one hand, by
the need for two 30-year periods to assess the degree of changes in water temperature
characteristics, and on the other hand, by the delay in data processing from
hydrological gauges in various departments of Roshydromet, as well as by the fact
that before 1957, at most gauges, water temperature observations were carried out
once per day (8 a.m. local time), whereas modern observations are carried out twice
per day (8 am. and 8 p.m. local time). The work analyzed mean monthly
temperatures for the period from May to October, which at most gauges corresponds
to the open channel period.

It is important to note that water temperature is almost universally measured
near the banks. According to a number of studies, water temperature on large rivers
may differ between the bank and the midstream by up to 3-5°C. However, there is
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currently no way to account for these differences, using data from network
observations. Rivers are characterized by vertical homothermy, except for sections
with intensive groundwater inflow, or with significant warming of surface layers on
rivers with relatively slow flow. However, the former cases introduce a systematic
error that is leveled out at the regional level, and the latter are leveled out in monthly
and, even more so, long-term summaries.

For the analysis, data from 635 hydrological gauges on rivers of various sizes
were used. The densest network of hydrological gauges is characteristic of the North
of the European territory of Russia and the Southeast of Russia — the Amur River
basin and the Sea of Japan basin. Water discharge, necessary for calculating heat
flux, is measured at 348 of these gauges. Most of them (237 gauges) are located in
the Pacific Ocean basin.

Change-point years in water temperature series were identified using the
Buishand test. The presence or absence of a significant trend was determined using
the Mann-Kendall test, considering missing data in the series. The magnitude of
changes was determined using Sen’s slope. All statistical tests were performed at a
significance level of 5%.

The magnitudes of changes in water temperature were determined as the
difference between the mean values for 1991-2020 and 1961-1990. For convenience,
in some cases averaging was performed by river basins and regions of the Russian
Federation.

In this work, the current water temperature is considered to be the mean water
temperature for the period 1991-2020.

The heat flux of rivers was calculated using the formula

W = c,pTW,

where W, is heat flux, J/month; c, is specific heat capacity of water, J/(kg-°C);
p is water density, kg/m?; T is monthly mean water temperature, °C; W is water
flow, mé.

Fluctuations in the density and specific heat capacity of water at different
temperatures were not taken into account due to their small magnitude. The heat flux
in this work is presented in EJ/month (EJ = J -10'®). The total heat flux is presented
as the sum of monthly heat flux for May-October. For most of the study regions, this
value is equivalent to the annual heat flux.

It is important to note that for most rivers flowing into seas, the heat flux is
calculated not for the estuarial cross-sections, but for the closing gauges, which may
be located 500700 km away from the estuarial cross-section. Therefore, these values
should be considered as corresponding to those at the estuarial cross-sections with
caution.

The boundaries of the permafrost zone and the boundaries of territories with
different permafrost extent were obtained from [20].

Results and Discusion. The analysis showed that change-point years in water
temperature at most gauges occur in the 1990s and 2000s (Fig. 1), indicating a lag in
significant water temperature changes relative to the onset of climatic changes,
which occurred in the 1970s. Extremely early and extremely late change-point years
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are observed only in cases of significant gaps in the data series. Change-point years
may differ from river to river within the same regions, due both to characteristics of
the time series and to local factors.
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Fig. 1. Frequency of change-point years in individual decades.

Current water temperature varies during the year from 0 to 27°C, and in some
years the mean July temperature may exceed 30°C. Most of the studied rivers are
characterized by ice cover lasting from 7-9 months in the North of Central Siberia
to 3-5 months in the South of Siberia and Primorye. For rivers of the North Caucasus,
freezing is almost uncharacteristic, largely due to the turbulent nature of the flow,
the widespread occurrence of karst, and the absence of glacial feeding in winter.
However, water temperatures can be below 1°C even in the foothills, where negative
air temperatures are rarely observed during the winter.

Water temperature in the Arctic and permafrost zone of Russia increases from
northeast to southwest. A tendency toward a slight increase in water temperature in
zones of discontinuous permafrost can be noted, compared to nearby zones of
continuous permafrost (Fig. 2). Note that these differences are leveled out during the
period of maximum river water heating, in July and August. A certain decrease in
water temperature is observed in permafrost-free areas adjacent to territories
occupied even by isolated permafrost. This is especially noticeable in the North of
the European territory of Russia and on the Kola Peninsula.

Nevertheless, at the macroregional level, the more significant factors in the
formation of the spatial distribution of water temperature are latitude and, to a great
extent, elevation, as well as, possibly, the orientation of mountain slopes. This is
especially evident in Southeastern Russia, where submeridionally oriented mountain
ranges are widespread.

This relationship is equally evident in the Caucasus. It should be noted that
for small rivers within the permafrost zone, generally lower temperatures are
characteristic compared to other rivers in the regions, which is clearly seen in
Kamchatka, Sakhalin, and Primorye.
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Fig. 2. Mean water temperature (°C) in rivers in 1991-2020.
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Long-term changes in water temperature in the permafrost zone are generally
small (Tab. 1). The greatest changes are characteristic of the North of Western
Siberia, primarily the basins of the Nadym, Pur, and Taz Rivers, as well as the
tributaries of the lower Yenisei and rivers draining the Putorana Plateau. A relatively
large magnitude of changes is observed in regions with widespread discontinuous
permafrost or its absence. Another important factor appears to be the relatively warm
maritime climate.

Table 1
Magnitudes of changes in mean monthly water temperature in rivers
of selected regions in 1991-2020 compared to 1961-1990
Region/Month May June July August | September | October
North-East 0.3 0.1 0.2 0.4 0.6 0.3
Kamchatka Reg. 0.3 0.2 0.4 0.2 0.2 0.3
Sakha Reg. 0.4 0.8 0.8 0.5 0.3 0.1
Sakhalin Isl. 0.1 -0.2 -04 -0.2 0.2 0.5
Amur basin 0.1 0.4 0.2 -0.2 0.5 0.5
Primorskiy Reg. 0.7 0.7 0.5 0.3 0.3 0.5
Baikal basin 0.8 1.2 1.2 0.7 0.5 0.3
Yenisey basin 0.5 14 0.6 0.2 0.2 0.4
North of West Siberia 1.1 2.5 0.3 0.5 0.6 0.6
North of European part 0.9 11 0.3 0.3 0.8 0.9
Karelia 1.2 0.5 0.5 0.5 1.2 1.2
Kola peninsula 1.3 13 0.7 0.8 1 0.7
North of Kaucasus 0 0.4 0.7 1 0.7 0.9

The Arctic and permafrost zone of Russia are characterized by a statistically
significant increase in river water temperature over the long-term period. This is
especially pronounced in the continuous permafrost zone, particularly in the Lena
River basin (Fig. 3). In areas with potentially large influence of marine air masses
during the warm period, practically no trends were detected (the Kolyma, Penzhina,
and Anadyr basins). Relatively fewer trends were detected in discontinuous
permafrost zones and in permafrost-free zones. It is important to note that the largest
number of gauges with a monotonic increase in water temperature were detected in
the transitional seasons, in May—June and September—October. At the same time,
trends were practically not detected anywhere in the period 1991-2020 and in the
period after the change-point years, which indicates a rather slow change in the
thermal regime of rivers.

It is important to note the existence of significant decreasing trends in water
temperature, which occur almost everywhere in the study area, both with and without
permafrost, indicating that they are primarily determined by local factors.

The magnitude of changes in water temperature is generally quite small and
ranges from 0.1°C/decade to 0.5°C/decade. Water temperature increases somewhat
more intensively in June—September, the warmest months of the year. The greatest
increase in water temperature is observed in lowland areas with discontinuous
permafrost (Tab. 2).
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(in August, October) for individual months of the warm period.

From the territory of Russia, about 62.7 EJ/year reach the lower reaches and

estuarial areas of the Arctic Ocean rivers in the period after 1981 [21]. The largest
heat input is contributed by the Lena (16.5 EJ/year), Yenisei (15.1 EJ/year), and
Ob (13.9 EJ/year). More than 1 EJ/year is also contributed by the Yana (1.4 EJ/year),
Indigirka (2.2 EJ/year), Kolyma (3.6 EJ/year), Khatanga (1.9 EJ/year), Pechora (2.8
EJlyear), and Severnaya Dvina (3.1 EJ/year). In total, within the Arctic permafrost
zone, excluding the largest rivers listed above, the heat flux generated during the
year is about 14 EJ/year.

In the Lake Baikal basin, the heat flux generated during the year is about

2.5 EJlyear. More than 70% is contributed by the Selenga, and about another 15%
by several large tributaries. A comparable amount of heat flux is generated over
12 months in the North Caucasus. More than half of it flows into the Caspian Sea.
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Table 2
The magnitude of changes in water temperature during the period 1961-2020
in the presence of a significant trend
Region/Month May June July August September | October
North-East 0.2 0.5 0.4 0.3 0.3 0.1
Kamchatka Reg. 0.2 0.3 0.3 0.3 0.2 0.1
Sakha Reg. 0.2 0.6 0.4 0.3 0.3 0.1
Sakhalin Isl. 0.3 0.5 0.5 0.4 0.3 0.2
Amur basin 0.3 0.4 0.4 0.4 0.3 0.3
Primorskiy Reg. 0.4 0.4 0.5 0.5 0.4 0.2
Baikal basin 0.3 0.4 0.4 0.3 0.3 0.2
Yenisey basin 0.2 0.7 0.4 0.3 0.4 0.2
North of West Siberia 0.3 0.7 0.6 0.3 0.3 0.2
North of European part 0.5 0.6 0.5 0.4 0.3 0.4
Karelia 0.6 0.4 0.4 0.4 0.3 0.4
Kola peninsula 0.4 0.4 0.3 0.3 0.3 0.2
Kaucasus 0.4 0.4 0.4 0.4 0.3 0.4

In the Pacific Ocean basin, the heat flux generated during the year is 34 EJ/year,
of which about 30 EJ/year is generated in the Amur River basin. The heat flux of the
Amur itself is 18.5 EJ/year at 600 km from the mouth. Another about 1 EJ/year is
contributed to the Amur by the Amgun River before the estuarial area, but the degree
of transformation of the heat flux of the Amur itself downstream of Komsomolsk,
where the river turns North, remains unclear. In any case, more than half of the heat
flux of this Pacific basin is accumulated by the Amur and discharged in a localized
manner into the Amur Liman. The spatial distribution of heat flux for the entire study

area is shown in Fig. 4.

On the presented map, one can first note a tendency for heat flux to increase
as rivers emerge into the foothills of the Caucasus. In part, this, as in the Arctic and
Southeastern Russia, is explained by an increase in water discharge.
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The intra-annual distribution of river heat flux varies significantly across the
study area. The maxima of heat flux occur during the calendar summer period and
in many cases are associated with the period of maximum discharge, as in the Amur
basin and Lake Baikal basin, or with the recession of the flood, as in the North of the
European part and the North of Western Siberia. It is important to note that in the
rivers of Southeastern Russia, the intra-annual distribution of heat flux is somewhat
more uniform, i.e., the differences between individual months of the warm period
are smaller than in the Arctic, including in the continuous permafrost zone.
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At the same time, significant intra-annual fluctuations in the heat flux of the
Ussuri River, located in a monsoon climate with small areas of permafrost on its
tributaries in the mountains, are noteworthy. Also noteworthy are the sharp increase
in heat flux in spring, its stability in summer, and a rather sharp decline in autumn
on the Kamchatka River and the Verkhnyaya Angara River, which, despite being
geographically far apart, both have mountainous headwaters with significant
distribution of various permafrost types.

It is important to note that several large rivers among those studied are
regulated by reservoirs. For Arctic Rivers, it has been shown that at the present stage,
the anthropogenic reduction in heat flux has been overcome in the last decade. For
reservoirs in the Amur basin, no such assessments exist. Likewise, the impact of
irrigation systems and small reservoirs on the thermal regime of rivers in the North
Caucasus has not been assessed.

Discussion. The study shows that water temperature in rivers of the perma-
frost zone is somewhat lower than in rivers in permafrost-free areas. Differences in
water temperature are also observed within the permafrost zone itself, between areas
with different permafrost types.

However, no linear relationship between the spatial distribution of water
temperature and permafrost characteristics was detected at the study scale considered.
Presumably, the spatial distribution of water temperature is largely determined by
the same factors as the formation of permafrost, i.e., a combination of landscape and
climatic conditions. Such conclusions are primarily based on the significant amount
of data examined; however, estimates for the Arctic, in its Asian part, appear
somewhat less reliable due to the lower density of hydrological gauges. The presence
of permafrost apparently plays a more significant role in water temperature changes,
which are lower in the continuous permafrost zone than in discontinuous permafrost
zones. A large heat flux is generated in the permafrost zone, most of which, however,
enters the Arctic Ocean, as well as the Okhotsk and Japan Seas. It is worth noting
that the heat flux of the Amur River, part of whose basin is located outside the perma-
frost zone, is comparable to the heat flux of the Lena River, most of whose watershed
is in the continuous permafrost zone. Presumably, mountainous areas with wide-
spread distribution of various permafrost types reduce the total heat flux of the Amur.

Conclusion. During this work, the largest database on the thermal regime of
rivers was compiled. This allowed for an analysis of the spatiotemporal distribution
of water temperature in rivers. For the first time, an assessment of water temperature
characteristics at the level of individual months has been made for the entire
permafrost zone of Russia. An assessment of the role of permafrost in the formation
of water temperature is provided. For the first time in the last 50 years, the heat flux
to the Pacific Ocean from the territory of Russia has been estimated. A comparison
of rivers in the permafrost zone and rivers with significant glacial feeding in the
North Caucasus is presented for the first time.
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NNFUUUSULh UNuShulluly 64 <Uddrduduldv
UUN8ULUULUS SUrUsLL6Lh A6S6h FUTULHUTUNS
Q6rUU3hy 6dhUL

Udthnthnid

<nnuonid ipuyugyws G hwytipdujui vungujuud gninhbitipnid
hnunn gtimbtiph otipduyhtt ntidhth nrunitdbwuhpnipyut wpynibpbtpp, wn
YN Unyjuuh jintughtt hwyipdwjut vwungujupud gnnht b enuwumw-
h wpliuhuiub gnnpd: 1961-2022 pyulwbitph 635 hhnpnnghwujub
Juywbttiphg unwgyud myjuttiph hhdwb ypw wupgyty £, np oph obipdwunp-
Gwith pwpptipnid ppwnupduwyhtt Yhntipp wmtinh G niiigh; hhdbwubnod
1990-2000-wjmtt  pywywbbtinht, hbsp Juynid £ gbhnbiph  wipduquibiiph
nwgiwl dwuht® dphnnpuuyhtt jihdwyh thnthnpunipjui ujgph hwdibdunn:
Utipjuyhu oph eipdwumhbéwipn nmwwnmwbymd £ 0-hg dhisle 27°C, npntin
witilmgwon wpdtpbtipp pinpny G wbpbnhwn hwytpdujut vunguljuuo
gnunhbiitipht, hul] wdtibwpwpép wpdtipbtipp” wipnhwnwlubt hwytpduub
uwnguuud mupudpbtpnid: 1991-2020 pyuljubbtph phpwugpnid 1961-1990
pYuyubttinh haibiduwm ghipduwumhwith wdbibud e npuijul hnthnpunipynib-
tipp nhunyt Bo Wplwdunywt Uhphph hniupunid, Guptjhugnod b Aphdnpytined:
Woagnidughtt  tnubwlitphtt  (Wughu-hnithu U ubywmbdptip-hnlutidptn)
glipulpnyd b oph eipdwunmhbwbih pupdpugdwb yhawjugpnptit bpubujuh
dhunnidtitinpn, vwuy@ 1991 pyujubthg h yap yhawugpnptit tpwbjuh skb:
Gbwhwnyty £ wdtibudtd gimbtph’ Lebuwyh, Ghhutjh W Oph otipduyhtt hnupp
(wyth pwb 13-16 £Q/mwnh), htsytiu tule 50 mupjw phpwugpnid wnwehh
wiqut® Winiph (Anunuynpuwtiu 18,5 £Q/wmwph): 50 wmwpyu phpwugpnid
wnpwehlt whqui qwhwunyly £ fownun oyyhwbtinuh wjuquith glintiph
otipduyhtt hnupp, b hwitdwnnienit L juunwpytp hudtipdujub vwngw-
Jupuod gnunt b <jnruhuuyhtt Unduup gntph dheli:
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QOBPEMEHHBII?'I TEPMHYECKUI1 PEXXUM PEK B
POCCHUUCKUX APKTUYECKHNX U BEHHOMEP3JIbIX PAMOHAX

Pe3rome

[MpencraBieHsl pe3yabTaThl HMCCICAOBAHHS TEPMHUYECKOTO DPEXHMa peK,
NPOTEKAIOUINX B KPHOJIMTO30HE, B TOM YHCIIE B TOPHOW KpHoymTo3oHe KaBkaza u
apktuyeckoil 3oHe Poccun. Ha ocHoBanuu pgaHHBIX 635 THAPOJIOTHYECKHUX
noctoB 3a mepuoa 1961-2022 T1r. yCTaHOBIEHO, YTO MEPEIOMHBIE TOABI PSIOB
TeMIEepaTypsl BOABI MPUXOAATCS mpeumyniecTBeHHO Ha 1990-2000-e roasl, 4to
CBUJETENBCTBYET O 3alla3fblBAHUM PpEaKUUM PeK OTHOCUTEIbHO Hadaia
KJIMMaTHYeCKUX H3MeHeHHH B artMocdepe. CoBpeMeHHas TeMmIeparypa BOJBI
BapbupyeT oT 0 10 27°C, mpuyueM HanboJiee HU3KKUE 3HAYCHUS XaPaKTEPHBI JJIsl 30HBI
CIUTONTHON MEp3IIOTHI, a MOBBIIICHHBIE — /ISl 00JacTell MPEPHIBUCTON MEP3IIOTHI.
HawnbGonpimme nonoxuTensHbie N3MEHEHUS TeMiieparypsl 3a nepuon 1991-2020 rr.
o cpaBHeHuIo ¢ 1961-1990 rr. oTMeueHs! Ha ceBepe 3amagnoit Cubupu, B Kapenun
u [Ipumopre. CTaTucTUyeckr 3HAYMMBbIE TPEH/IBI TIOBBILICHUS! TEMIIEPATYPBI BOJIBI
MpeoOIaIaoT B MEPEXOAHbIE Ce30HBI (Mali—MIOHb M CEHTIOPh—OKTSIOPH), OIHAKO
nocne 1991 r. oHn cratrucTidecku He 3Ha4MMBbl. OLIEHEH TETIOBOM CTOK KpYTIHEH-
mux pek: Jlensr, Enuces u O6u (6onee 13—16 EJ/ron), a Takke Amypa, BIiepBbIC 3a
50 net (oxomo 18,5 EJ/ron). Briepseie 3a 50 meT gaHa OlleHKa TEIUIOBOTO CTOKA
pek OacceiiHa THXOro oOkeaHa W BBIIOJHEHO CPaBHEHHE PEK KPUOJIMTO30HBI M
Cesepnoro KaBka3za.



