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Ab stract—The over view of pa pers deal ing with the anal y sis of cur rent and fu ture cli mate change on
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for 1950–2020, trends in air tem per a ture and pre cip i ta tion are es ti mated for dif fer ent re gions of Rus sia.
A cor re la tion was found be tween changes in tem per a ture and at mo spheric cir cu la tion in di ces.
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The prob lem of cur rent and ex pected re gional cli mate change is rel e vant for the world com mu nity due
to the oc cur rence of cli mate threats and the need for ad ap ta tion to the on go ing cli mate change. A risk of
dam age to the ag ri cul tural pro duc tion from se vere weather and cli mate events is in creas ing across the
globe [7]

Rus sia is one of the ma jor pro duc ers and ex port ers of ag ri cul tural prod ucts and plays a lead ing role in
the world mar ket of grain. The grain in dus try is a base for sus tain able de vel op ment of most ar eas of the
agricultural in dus try and agrar ian ex port, there fore, the eval u a tion of the grain and le gume re sources of
Rus sia is a stra te gic goal of the state econ omy [5]. How ever, the de pend ence on weather con di tions makes
the ag ri cul tural pro duc tion un sta ble. Cur rently, there is in creas ing arid ity in most of the ag ri cul tural re gions 
of Rus sia, which has a neg a tive ef fect on the gross yield of grain crops [13].

Due to the sharp continentality of cli mate, droughts have the most sig nif i cant ef fect on the crop yield
among all se vere weather events in most of the Rus sian Fed er a tion [20].

Ac cord ing to the Na tional As so ci a tion of Ag ri cul ture In sur ance, the main risks in Rus sia that led to
in sur ance pay ments in 2012–2018 were soil droughts (22.2% of pay ments), at mo spheric droughts (21.7%), 
dry winds (19.5%), and wa ter logged soil (16.6%) [1].

Ac cord ing to [12], when pro duc ing crops, the as sess ment of cli mate risks is of par tic u lar im por tance,
since the de pend ence of the pro duc tion re sults on ran dom (pri mar ily me te o ro log i cal) fac tors is es pe cially
significant. In view of this, there is a need for re li able quan ti ta tive es ti mates of the weather and cli mate
im pacts on the grain crop pro duc tiv ity that would al low as sess ing cli mate risks and vul ner a bil ity of a ter ri -
tory. Cli mate risks of ma jor crop fail ures (R) are pro posed to be de ter mined as the prod uct of the fre quency
of ad verse hydro meteoro logi cal con di tions and the vul ner a bil ity of ag ri cul tural pro duc tion on a spe cific
ter ri tory:

R pV= (1)

where p is fre quency of a se vere weather event (%); V is vul ner a bil ity of ag ri cul tural pro duc tion (dimensi-
onless pa ram e ter).
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Agriculture vul ner a bil ity fac tors in Rus sian re gions lo cated in dif fer ent nat u ral and cli mate zones dif fer
con sid er ably. For north ern and wet re gions, the po ten tial vul ner a bil ity fac tors are freezes, ice crust for ma -
tion, overmoistening. In south ern and dry re gions, these are heat waves, droughts, dry winds, and dust
storms. An ad verse ef fect of global warm ing is grow ing cli mate arid ity in a sig nif i cant part of Rus sia. The
in creas ing fre quency of droughts is ob served not only in re gions with an ex pected pre cip i ta tion re duc tion,
but also in ar eas where the amount of pre cip i ta tion is in creas ing due to cli mate change.

As fol lows from the Third Roshydromet As sess ment Re port, the warm ing on the ter ri tory of Rus sia in
the re cent de cades has been al most twice faster than in the North ern Hemi sphere: by 0.51°C per de cade,
and ev ery de cade since 1981–1990 has been warmer than the pre vi ous one [19].

In view of this, the spatiotemporal fea tures of the tem per a ture re gime in the lower at mo spheric layer,
which is di rectly af fected by the Earth sur face, at mo spheric cir cu la tion, and ra di a tion re gime, were con sid -
ered us ing the ERA5 reanalysis data for 1950–2020. For this pur pose, the av er ag ing of monthly, an nual,
sum mer, and win ter means of air tem per a ture was car ried out for the en tire con ti nen tal ter ri tory of Rus sia,
as well as for nine quasihomogeneous cli ma tic re gions of the coun try (I is the north of the Eu ro pean part of
Rus sia (EPR) and West ern Si be ria, II is the north ern part of East ern Si be ria and Yakutia, III is Chukotka
and north ern Kamchatka, IV is the cen tral EPR, V is cen tral and south ern West ern Si be ria, VI is cen tral and 
south ern East ern Si be ria, VII is the Far East, VIII is the Altai and Sayan re gion, IX is the south ern EPR).
For the men tioned re gions and time in ter vals, the main sta tis ti cal char ac ter is tics (multiyear mean, stan dard
de vi a tion (SD), lin ear trend slope co ef fi cient, lin ear trend de ter mi na tion co ef fi cient, etc.) were com puted,
and the time se ries were smoothed by lowpass fil ter ing with the cut off point of 20 years. Fig ure 1 pres ents
the dis tri bu tion of the win ter and sum mer mean val ues of tem per a ture and the lin ear trend slope co ef fi cient
for the nine Rus sian re gions.

The anal y sis of the low-frequency change char ac ter is tics in the win ter (De cem ber–Feb ru ary) sur face air 
tem per a ture re vealed that dur ing 1950–2020, these tem per a ture val ues were in creas ing in the lin ear ap prox -
i ma tion at a rate of about 0.38°C/10 year on av er age all over the ter ri tory of the Rus sian Fed er a tion. The
high est rate of the win ter tem per a ture rise (0.5°C/10 years) was ob served in the re gion IV in clud ing the
cen tral EPR. As a re sult, there was a tem per a ture rise by 3.5°C here over the an a lyzed pe riod, if de fined
this from the linear trend, and by 2.6°C, if es ti mated from the low-pass com po nent with a pe riod of more
than 20 years. The great est con tri bu tion to the to tal vari ance (22%) was made by the lin ear tem per a ture rise
in the re gion VII (the Far East), where the low est vari abil ity of win ter tem per a tures has been ob served
(SD = 1.46°C). The lin ear trend in win ter tem per a tures was al most ab sent in the re gions III (Chukotka and
north ern Kamchatka) and VIII (the Atlai and Sayan re gion). This is as so ci ated with the fact that the ac tive
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Fig. 1. The mean sum mer and win ter val ues of sur face air tem per a ture (°Ñ) and lin ear trend slope co ef fi cient (°C/10 years)

over the pe riod of 1950–2020 in quasihomogeneous cli ma tic re gions of Rus sia.



tem per a ture rise in the re gion III has started only in the re cent 20 years, while the win ter tem per a ture rise in
the re gion VIII in the late 1990s even changed into a slight tem per a ture drop.

In sum mer (June–Au gust), sur face air tem per a tures on av er age over the ter ri tory of the Rus sian Fed er -
a tion in creased much more slowly, and the lin ear trend slope co ef fi cient was 0.20°C/10 years. The high -
est rate of the sum mer tem per a ture rise in the lin ear ap prox i ma tion was ob served in the re gion III
(0.34°C/10 years), where the lin ear trend was in sig nif i cant in win ter. The lin ear trend slope co ef fi cient
for sum mer air tem per a ture was also quite high in the re gions II and IX, where it was equal to about
0.26°C/10 years. The least pro nounced sum mer tem per a ture rise was reg is tered in the re gion IV, where the
win ter tem per a ture rise was, on the con trary, max i mal. This was as so ci ated with the fact that the sum mer
tem per a ture in this re gion was no tice ably de creased dur ing the pe riod un til the late 1970s. It was then in -
creas ing un til 2012 and has again been de creas ing in the re cent years.

Thus, in most Rus sian re gions, the tem per a ture rise was greater in win ter than in sum mer. The ex cep tion 
was the re gion of the cen tral EPR and the Altai and Sayan re gion, where in terms of the lin ear trend, the rate 
of  in crease in win ter and sum mer tem per a tures was al most the same and, in terms of the curve of the
lowpass com po nent, the tem per a ture rise was even slightly greater. The same sta tis ti cal char ac ter is tics were 
cal cu lated at the points of the grid with the 1° spac ing in lat i tude and lon gi tude for the ter ri tory of con ti nen -
tal Rus sia. Based on the re sults pre sented in a car to graphic form (Fig. 2), the fea tures of the spa tial dis tri bu -
tion and tem po ral vari abil ity of air tem per a ture were an a lyzed. The fig ure shows that the warm ing in win ter 
was more in ten sive than in sum mer.

The cor re la tion be tween the vari a tions in air tem per a ture and at mo spheric cir cu la tion in di ces was es ti -
mated to as sess the role of the cir cu la tion fac tor in the for ma tion of the ther mal re gime on the ter ri tory of
the Rus sian Fed er a tion.

The time se ries of the at mo spheric cir cu la tion in di ces for the North At lan tic Os cil la tion (NAO), East
At lan tic/Western Rus sia pat tern (EAWR), Scan di na via pat tern (Scand) char ac ter ize the os cil la tions of the
ma jor pres sure cen ters in the Euro-Atlantic sec tor, which af fect the changes in air tem per a ture and pre cip i -
ta tion in Rus sia. The At lan tic Multidecadal Os cil la tion (ÀÌÎ) as so ci ated with the sea sur face tem per a ture
anom a lies and oce anic heat trans fer in the North At lan tic forms cli mate anom a lies in the Eu ro pean sec tor
on de cad al and interdecadal timescales. For as sess ing the im pact of at mo spheric cir cu la tion on the ther mal
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Fig. 2. The val ues of the lin ear trend slope co ef fi cient (1950–2020) for sur face air tem per a ture (°C/10 years) in (a) Jan u ary

and (b) July ac cord ing to the ERA5 data.



re gime of Rus sia, the co ef fi cients of cor re la tion r be tween the time se ries of the cir cu la tion in di ces (AO,
NAO, EAWR, Scand) and air tem per a ture at 26 sta tions dis trib uted through out Rus sia were cal cu lated for
all months dur ing 1976–2019. The fol low ing fea tures were re vealed: the best cor re la tion with the NAO in -
dex was found for the air tem per a ture in the north west ern EPR dur ing De cem ber–March (in March, the
value of r for St. Pe ters burg reached 0.75), as well as in the cen tral EPR. The Arc tic Os cil la tion (AO) also
had the great est ef fect in the cold sea son, and the high cor re la tion was found in the Si be rian and Far East ern 
re gions (for Vladivostok in March, r = 0.61). Con se quently, the NAO and AO fa vor the for ma tion of pos i -
tive air tem per a ture anom a lies dur ing the cold sea son. 

The EAWR had the stron gest neg a tive im pact on the EPR and the Ural re gion dur ing April–Oc to ber
(e.g., for Kazan in Sep tem ber, r reached the value of –0.78), thereby fa cil i tat ing the air tem per a ture drop in
the warm sea son. The most ac tive in flu ence on the Volga re gion, the Cis-Ural re gion, and south ern West ern 
Si be ria is ex erted by the Scan di na via pat tern (r < 0). For ex am ple, air tem per a ture at the Si be rian sta tions
Yeniseisk, Novosibirsk, and Barnaul highly cor re lates with the Scand in dex all year round (r = –0.73 for
Barnaul in De cem ber). This was man i fested in neg a tive tem per a ture trends in south ern West ern Si be ria and 
in the Altai re gion in win ter dur ing 1976–2019 and all year round in south ern West ern Si be ria dur ing
2001–2019. The ter ri tory with the neg a tive air tem per a ture trend in Jan u ary in 2001–2019 oc cu pies al most
the en tire EPR, the Ural re gion, and the south of West ern and Cen tral Si be ria, which con firms the role of
the Scan di na via pat tern in the air tem per a ture de crease in these re gions.

The AOM fa vors the for ma tion of long-period tem per a ture anom a lies within both the whole North ern
Hemi sphere and the EPR. There was an os cil la tory re gime of air tem per a ture av er aged over the North ern
Hemi sphere and the EPR un til the mid-1970s, and then a sub se quent prev a lent role in cli mate warm ing was 
played by the green house ef fect.

Syn chro nous cor re la tions were cal cu lated be tween the air tem per a ture at 150 sta tions lo cated through -
out the Rus sian Fed er a tion and the AMO in dex for 1966–2020. The high est val ues of r were ob tained for
the cal cu la tions based on av er age an nual data. A higher cor re la tion was found for the cen tral and south ern
EPR, the south of West ern Si be ria and Chukotka (the val ues of r up to 0.61). At the same time, the cor re la -
tions were low in some re gions (the north ern EPR, the cen ter of Cen tral Si be ria, etc.).

The re sults of the pre sented anal y sis of re gional cli mate change in the re cent de cades and the role of the
cir cu la tion fac tor are gen er ally con sis tent with the ba sic con clu sions made in the pre vi ous stud ies [24–27].

The re gional fea tures of changes in the pre cip i ta tion re gime dur ing 1976–2019 on the ter ri tory of Rus sia 
were an a lyzed, in par tic u lar, in [15]. The anal y sis of the trends con structed based on an nual to tal pre cip i ta -
tion for 1976–2019 in di cated an in crease in the amount of pre cip i ta tion in most of Rus sia. De creasing to tal
pre cip i ta tion was ob served in the cen tral and south ern EPR, in the North Cau ca sus, where the lin ear trend
slope co ef fi cient was –10…–14 mm/year. In 2001–2019, the con trasts in the dis tri bu tion of pre cip i ta tion
over the ter ri tory of Rus sia in creased. For ex am ple, in West ern and Cen tral Si be ria, there was de creas ing
to tal pre cip i ta tion, while the an nual to tal pre cip i ta tion in creased in the east ern re gions of Rus sia. There was
a de creas ing pre cip i ta tion trend and, hence, an in creas ing arid ity trend in the south ern half of the EPR.

It should be noted that much at ten tion was paid in the lit er a ture to the prob lem of the for ma tion of
atmospheric droughts and their neg a tive ef fects on ag ri cul ture. For ex am ple, the au thors of [21] an a lyzed
the dy nam ics of se vere at mo spheric droughts in the south east ern EPR over the pe riod of 1936–2010. It was
noted that ac cord ing to the cli ma tic sce nar ios of global warm ing, the in creas ing trend in the fre quency, du -
ra tion, and area of se vere at mo spheric droughts in the south of the Rus sian Plain would be pre served un til
the end of the 21st cen tury. The later study [23] has dem on strated that mod ern and pro jected cli mate change 
cre ates sig nif i cant risks for the de vel op ment of Rus sian ag ri cul ture. It is ex pected that the south ern bound -
ary of short-term droughts with a length of 5–10 days per month will move to the north. In the re gions
where the end of the 20th cen tury was char ac ter ized by short-term droughts, their tran si tion to the cat e gory
of du ra ble droughts (>20 days per month) and the in creas ing risks of crop dam age are pre dicted.

It is note wor thy that the cli mate of grain-producing south ern re gions of Rus sia in the re cent de cades has
been char ac ter ized by the in creas ing fre quency and length of me te o ro log i cal droughts.

The au thors of [10] as sessed the im pact of pro jected cli mate change on the crop pro duc tiv ity on the ter ri -
tory of Rus sia dur ing the 21st cen tury based on new cli ma tic sce nar ios. The gen eral con clu sion is the fol -
low ing: if global warm ing leads to a 3.9–11.1% growth in the bioclimatic po ten tial of Rus sia’s ter ri tory by
the mid-21st cen tury as com pared to the cur rent one, the level of the bioclimatic po ten tial at the end of the
cen tury may be re duced by 7%, which may lead to the loss of grain crop pro duc tiv ity in the coun try by
16–18%.
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Taking into ac count the need for the ad ap ta tion of hu mans and econ omy, in clud ing ag ri cul tural in dus -
try, to the cur rent and fu ture cli mate change, the prob lem of as sess ing fu ture cli mate change on the vast ter -
ri tory of Rus sia be comes rel e vant [6, 22]. Ac cord ing to [22], the en sem ble pro jec tions of fu ture cli mate
change ob tained us ing the most ad vanced cli mate mod els show that at the turn of the 21st and 22nd cen tu -
ries, cli mate arid ity may pose a range of new threats to the de vel op ment of many Rus sian re gions. At the
same time, the for ma tion of the milder and wet ter cli mate as com pared to the re cent de cades is ex pected un -
der the in flu ence of global warm ing in most Rus sian re gions through out the 21st cen tury.

It was noted in syn op tic prac tice that with the be gin ning of the global warm ing pe riod, the num ber of
ultrapolar in va sions started de creas ing, and they have al most ceased by now. At pres ent, cold an ti cy clones
move not from the Kara Sea but from Green land to Scan di na via, the cen tral EPR and fur ther to Kazakhstan, 
and only their edges af fect the North ern Cau ca sus. Such tra jec to ries were also reg is tered be fore, but are
start ing to pre vail just now. The air formed over Green land in such an ti cy clones is less cold and more hu -
mid, so win ters are get ting warmer, and May be comes colder and wet ter. Strong spring droughts have not
been reg is tered in the EPR at all in the re cent de cade. The last ex tremely cold ultrapolar in va sion was ob -
served at the end of De cem ber 1979 and led to the de struc tion of not only win ter crops but also fruit trees.
In view of this, the pop u lar omen “if May is cold, a year will be corny” is al most al ways true. When May is
cold, as a rule, pre cip i ta tion is fall ing, which is so nec es sary for the suc cess ful growth of grain crops. It
should be noted that this is valid only for the EPR. In Si be ria, June is such a crit i cal month for the yield,
since spring crops are sown later there.

Cli mate change is re flected in the dy nam ics of the agroclimatic re sources of Rus sian re gions over the
past de cades. The au thors of [1, 2, 4, 8, 9, 11, 16–18] eval u ated the dy nam ics of the ther mal and hu mid ity
re gime pa ram e ters in sev eral ag ri cul tural re gions of Rus sia, as well as the weather and cli mate risks con -
nected with cul ti vat ing ag ri cul tural crops.

It has been shown that the be gin ning of the grow ing sea son is shifted to the ear lier dates, the sum of ef -
fec tive tem per a tures is in creas ing, and the amount of sum mer pre cip i ta tion in grain-producing re gions of
Rus sia is de creas ing now. There are cal cu lated lin ear in creas ing trends in the arid ity in dex de vel oped by
M.I. Budyko, as well as de creas ing trends in the Selyaninov’s hy dro ther mal co ef fi cient, which in di cates
grow ing cli mate arid ity. For en tire Rus sia, the warm ing trends have brought about a re duc tion of the cli -
mate-related spring wheat yield ap prox i mately by 12% from 1976 to 2015, i.e., by ~3% per de cade [14].

Taking into ac count the im por tance of the food se cu rity prob lem in Rus sia un der con di tions of chang ing 
cli mate and the role of cli ma tic fac tors in the for ma tion of crop pro duc tiv ity, it be came nec es sary to pre pare 
the spe cial is sue of the Rus sian Me te o rol ogy and Hy drol ogy jour nal called “Mod ern Cli mate Change and
Its Con se quences for Ag ri cul tural Sphere.”

This is sue pres ents the se ries of pa pers dealing with the as sess ment of the cur rent and fu ture cli mate
change on the ter ri tory of Rus sia and the dy nam ics of its agroclimatic re sources. Spe cial at ten tion is paid to
the nat u ral con di tions for the for ma tion of sum mer droughts that have a neg a tive im pact on ag ri cul tural
pro duc tion, to the eval u a tion of agroclimatic con di tions for win ter ing of win ter grain crops, and some other
fac tors that fa vor re veal ing an ob jec tive pic ture of the vul ner a bil ity of Rus sian re gions to neg a tive weather
events and cli mate risks aris ing when cul ti vat ing ag ri cul tural crops.

The re sults of the stud ies con tained in the pres ent is sue of the jour nal in di cate an am big u ous im pact of
global cli mate change on the fea tures of gen eral cir cu la tion in dif fer ent re gions of Rus sia. At the same time, 
these fea tures af fect the de vel op ment of at mo spheric pro cesses that are fa vor able or un fa vor able for dif fer -
ent kinds of eco nomic ac tiv i ties, in par tic u lar, for ag ri cul ture. In view of this, the de tailed in ves ti ga tion of
re gional cli mate change is re quired in or der to de velop meth ods for its pre dic tion.
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