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Ab stract—The spa tial and tem po ral vari abil ity of the main cli ma tic in di ca tors on the ter ri tory of the
Volga Fed eral Dis trict in the 20th–21st cen tu ries is con sid ered. A gen eral in creas ing trend in air tem per -
a ture is re vealed, and a het er o ge neous pat tern of pre cip i ta tion changes is shown. The tem per a ture vari a -
tions un til the end of the 21st cen tury are an a lyzed on the ex am ple of Kazan us ing 40 CMIP6 cli mate
mod els for four anthropogenic sce nar ios. In the pa per, there is an as sess ment of the dy nam ics of
agroclimatic re sources on the ter ri tory of the Volga Fed eral Dis trict: the du ra tion of the grow ing sea son, 
the sum of pos i tive tem per a tures, to tal pre cip i ta tion, and photosynthetic ra di a tion. A cor re la tion has
been found be tween the tem per a ture fluc tu a tions in the re gion and the at mo spheric cir cu la tion in di ces
(NAO, AO, SCAND, and EAWR). For the ter ri tory of Tatarstan, a de gree of arid ity and waterlogging is 
eval u ated us ing the agroclimatic in di ces: the Budyko’s dry ness in dex, the Selyaninov’s hy dro ther mal
co ef fi cient, the Sapozhnikova’s mois ture in dex. It is shown that there is a ten dency to ward an in crease
in the du ra tion of the grow ing sea son, its heat sup ply and arid ity in the re gion in sum mer. A sta tis ti cal
es ti ma tion of the de pend ence of spring wheat yield on the agroclimatic in di ces on the ter ri tory of the
Re pub lic of Tatarstan is given.
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1. IN TRO DUC TION

The Volga Fed eral Dis trict (VFD) be longs to the most de vel oped re gions of Rus sia. A fourth of in dus -
trial and ag ri cul tural prod ucts in the coun try are pro duced here. The VFD area is 1037.0 ́  103 km2 (6.1% of
the ter ri tory of the Rus sian Fed er a tion), the pop u la tion is 28.8 ́  106 peo ple (19.82% of the pop u la tion of the 
coun try). Ag ri cul tural in dus try is most de vel oped in the cen tral and south ern parts of the dis trict, where the
nat u ral and cli ma tic con di tions for crop pro duc tion and an i mal hus bandry are more fa vor able. Sys tem atic
me te o ro log i cal ob ser va tions have been car ried out in the re gion since the mo ment of es tab lish ment of the
Meterological Ob ser va tory at Kazan Uni ver sity (1812), which has been in di cated in nu mer ous sci en tific
pub li ca tions [6]. The first cli ma tic stud ies of the Mid dle Volga re gion in clude the mono graph [2], in which
the ob ser va tional data for the pe riod un til the 1960s were used to eval u ate the ef fects of at mo spheric cir cu -
la tion, ra di a tion, and Earth sur face con di tions on the tem per a ture and hu mid ity re gime of the re gion.

A later pub li ca tion de scribed [8] the main cli ma tic char ac ter is tics and their spatiotemporal vari a tions in
the VFD over 1966–2009 un der con di tions of global warm ing. The au thors of [11–13] con sid ered the re -
gional cli mate changes against the back ground of the pro cesses in the North ern Hemi sphere, tak ing into ac -
count the in flu ence of at mo spheric cir cu la tion. Among more mod ern stud ies, the pub li ca tions [7, 9] should
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be noted, in which the fea tures of cli ma tic and agroclimatic changes on the ter ri tory of the VFD and the Re -
pub lic of Tatarstan in the re cent de cades were an a lyzed.

The ob jec tive of the pres ent pa per is to an a lyze the dy nam ics of cli ma tic and agroclimatic re sources in
the VFD over the pe riod 1966–2021 and to show the de pend ence of grain crop yield on spe cific me te o ro -
log i cal fac tors on the ex am ple of the Re pub lic of Tatarstan.

2. DATA AND METHODS

The monthly ob ser va tional data from 17 weather sta tions ho mo ge neously dis trib uted over the ter ri tory
of the VFD from the ar chive of All-Russian Re search In sti tute of Hydro meteoro logi cal In for ma tion–World 
Data Cen ter for the pe riod 1966–2021, as well as the daily ob ser va tional data from 13 weather sta tions in
the Re pub lic of Tatarstan for the pe riod 1966–2021 were used as ini tial data. The ERA5 reanalysis data
were taken to eval u ate sev eral agroclimatic pa ram e ters and the cor re la tions be tween air tem per a ture and the 
at mo spheric cir cu la tion in di ces. The char ac ter is tics of so lar ra di a tion were cal cu lated us ing the data from
https://power.larc.nasa.gov/ for 1983–2020. The at mo spheric cir cu la tion in di ces were taken from the da ta -
base https://crudata.uea.ac.uk/.

The long-term data were sta tis ti cally pro cessed. The mean val ues, stan dard de vi a tions (SD), lin ear trend 
slope co ef fi cients (LTSC), co ef fi cients of cor re la tion be tween the me te o ro log i cal pa ram e ters and at mo -
spheric cir cu la tion in di ces were found. 

The ex trac tion of the low-frequency com po nent in me te o ro log i cal se ries was car ried out us ing the Pot ter 
lowpass fil ter with a cut off point of 15 years and more. The re li abil ity of the re sults was es ti mated us ing the
F-test.

The dates of the sta ble 0, 5, 10 and 15°C cross ing for the av er age daily tem per a ture (ADT) of air in
spring and au tumn, the length of the pe ri ods when the ADT was above the men tioned thresh olds, the sums
of tem per a tures were de ter mined by the method de vel oped by D.A. Ped’ [5].

The Budyko’s dry ness in dex, Selyaninov’s hy dro ther mal co ef fi cient, and Sapozhnikova’s mois ture in -
dex were cal cu lated to as sess the moist en ing of the re gion us ing the for mu las pre sented in [3].

The intensity of photosynthetically active radiation (PAR) was computed using the formula from [1].

3. RE SULTS AND DIS CUS SION

Ac cord ing to [1], the shortwave ra di a tion in the wave length range l = 0.38–0.71 mm called
photosynthetically ac tive ra di a tion is of key im por tance for the growth of plants. It is among the ma jor fac -
tors of ag ri cul tural crop pro duc tiv ity.

In the pres ent study, PAR was cal cu lated for the pe riod of the ADT ex ceed ing 5 and 10°C, since the
av er age daily air tem per a tures at the be gin ning and end of veg e ta tion are about 5°C for the win ter and early 
spring grain crops and about 10°C for the late spring crops. This is how PAR is bound to the stages of the
grow ing sea son of grain crops. Ac cord ing to Fig. 1, its dis tri bu tion over the VFD is zonal. To tal PAR
decreased from south to north from 1720 to 1260 MJ/m2 in the pe riod with ADT > 5°C and from 1600 to
1080 MJ/m2 in the pe riod of ac tive veg e ta tion (ADT > 10°C). Con se quently, most of the VFD in the grow -
ing sea son is pro vided enough with so lar en ergy needed for crop pro duc tion. The spatiotemporal dis tri bu -
tion of sun shine du ra tion over the ter ri tory was pre vi ously con sid ered in [8].

Several statistical characteristics were calculated using the data of 17 weather stations to reveal the
main features of the annual and seasonal distribution of air temperature and precipitation in the VFD for the 
period 1966–2021. As follows from the data, the average long-term annual air temperature decreases from
southwest (the Marks station close to Saratov) to northeast (the Nyrob station) from 6.9 to 0.5°C. It is equal
to 3.0–4.7°C in the center of the district and decreases from 5.4 to 3.7°C from west to east. The lowest
temperatures were registered in the area of the Bugul’ma-Belebei Upland, in the mountain regions of
Bashkortostan, and in the northeast of the Perm krai. The annual isotherms are directed from northwest to
southeast.

In win ter, the av er age long-term tem per a ture rises from –14.5°C in the north east to –7.7°C in the south -
west. In the win ter months un der con di tions of neg a tive ra di a tion bal ance, the west ern ar eas of the VFD are
more sub jected to the warm ing ef fect of the North At lan tic, which gen er ates no tice able tem per a ture swings
be tween the west ern and east ern ar eas. For ex am ple, the win ter-averaged tem per a ture is equal to –8.8°C at
the Penza sta tion (the west of the VFD) and drops to –12.2°C at the Ufa sta tion (the east of the VFD). The
low est tem per a ture back ground is ob served in the north east of the re gion. For ex am ple, the av er age win ter
tem per a ture at the Nyrob sta tion is –14.5°C.
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In spring, a rapid tem per a ture rise oc curs, the tem per a ture is pos i tive ev ery where and in creases from
1.2°C in the north east to 7.4°C in the south ern ar eas.

In sum mer, un der con di tions of the max i mum ra di a tion heat ing, iso therms have a zonal pat tern. The av -
er age long-term tem per a ture in creases from 15.1°C (the Nyrob sta tion) to 21.5°C (the Marks sta tion) in
that pe riod, i.e., the zonal dif fer ence is 6.4°C.

In au tumn, the tem per a tures in the VFD are lower than in spring, but the tem per a ture av er aged over
three au tumn months re mains pos i tive. The low est au tumn tem per a ture has been re corded at the Nyrob sta -
tion (0.4°C), the high est tem per a ture has been reg is tered at the Marks sta tion (6.9°C).

The value of the stan dard de vi a tion of air tem per a ture s (SD) char ac ter iz ing the interannual vari abil ity
var ies in the VFD within the fol low ing lim its: s var ies from 1.0 to 1.2°C for the av er age an nual value, from
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Fig. 1. The spa tial dis tri bu tion of the av er age long-term to tal photosynthetically ac tive ra di a tion (MJ/m2) over the VFD
ter ri tory during the pe ri ods with an av er age daily tem per a ture of (a) >5°C and (b) >10°C.



2.4 to 3.2°C for win ter, from 1.4 to 2.0°C for spring, from 1.2 to 1.6°C for sum mer, from 1.4 to 1.6°C for
au tumn, i.e., the ter ri to rial dif fer ences are not so great. The tem per a ture vari abil ity is high est in win ter and
min i mal in sum mer.

The anal y sis of the dis tri bu tion of an nual and sea sonal co ef fi cients of the in clined trend b over the ter ri tory 
of the VFD cal cu lated for all 17 sta tions over the pe riod 1966–2021 has dem on strated that the pos i tive
annual val ues of b spa tially vary within small lim its: from 0.33°C/10 years (south east, the Zernosovkhoz
Ozernyi sta tion) to 0.50°C/10 years (the Kazan sta tion). The high est pos i tive val ues of b are reg is tered
in the winter months. The value of b in creases from 0.49°C/10 years in the south east of the VFD to
0.80°C/10 years in the north west (the Lal’sk sta tion). Sig nif i cant warm ing oc curs for the ter ri tory as a
whole in win ter. The in creas ing tem per a ture trend is also main tained in the other sea sons. How ever, the
warm ing rate is sig nif i cantly lower than in win ter. For ex am ple, the value of b within the dis trict var ies
from 0.19 to 0.38°C/10 years in spring, from 0.17 to 0.45°C/10 years in sum mer, and from 0.23 to
0.43°C/10 years in au tumn. The lin ear trends in tem per a ture are sta tis ti cally sig nif i cant at the 5% level with 
the co ef fi cient of de ter mi na tion R2L ? 3%. Thus, at most sta tions, the re vealed in creas ing tem per a ture
trends are sig nif i cant.

The es ti ma tion of fu ture air tem per a tures in Kazan was car ried out us ing the re sults of en sem ble sim u la -
tions with 40 cli mate mod els per formed un der four main CMIP6 sce nar ios: ssp126, ssp245, ssp370,
ssp585, cor re spond ing to the value of global anthropogenic ra di a tive forc ing achieved in 2100 and equal to
2.6, 4.5, 7.0, and 8.5 W/m2, re spec tively. In ac cor dance to a mod ern in creas ing trend in the at mo spheric
con cen tra tion of CO2, the most prob a ble sce nario is ssp245 (the CO2 con cen tra tion will grow up to ~600 ́
10–6 by the end of the 21st cen tury). The sim u la tions were per formed both for the en tire pe riod 2021–2100
and for the con sec u tive 20-year subperiods: 2021–2040, 2041–2060, 2061–2080, and 2081–2100.

Ac cord ing to the pro jec tions, the warm ing in win ter will be char ac ter ized by higher rates than in sum -
mer. Ac cord ing to the most likely sce nario ssp245, the air tem per a ture rise for dif fer ent sea sons and per
year in the con clud ing 20 years of the 21st cen tury (2081–2100) as com pared to 2021–2040 will be equal to 
2.9°C in win ter, 2.4°C in spring, 2.1°C in sum mer, 2.2°C in au tumn, and 2.4°C per year. Higher warm ing
rates are ex pected in case of the re al iza tion of the tough est sce nario (ssp585), but it is un likely. In this case,
at the end of the cen tury, the an nual tem per a ture in Kazan will in crease by 5.5°C, and the win ter one will
in crease by 6.6°C. It should be noted that there is a high cor re la tion be tween the tem per a ture changes in
Kazan and other parts of the VFD, so the re sults in di cate a gen eral sit u a tion in the re gion, which will re -
quire a fu ture cor rec tion of the list of cul ti vated crops.

The pre cip i ta tion re gime in the VFD is char ac ter ized by the fol low ing val ues. An nual to tal pre cip i ta tion
av er aged over 56 years (1966–2021) var ies in the VFD from 272 mm (the Zernosovkhoz Ozernyi sta tion)
to 661 mm (the Kirov sta tion). The great est amount of pre cip i ta tion is re corded in the north ern part of the
dis trict, and the small est one is ob served in the south and south east. Ac cord ing to [8, 9], lo cal pre cip i ta tion
zones are formed in the ar eas of wind ward slopes of the Bugul’ma-Belebei and Volga up lands, North ern
and Vyatka ridges, Ufa Pla teau, etc. In win ter, to tal pre cip i ta tion in the south ern ar eas is much smaller than
in the north ern re gions: for ex am ple, it is equal only to 48 mm at the Zernosovkhoz Ozernyi sta tion, 141
mm in Sam ara, and 133 mm in the Kirov sta tion. The spa tial dis tri bu tion of pre cip i ta tion is inhomogeneous, 
un like the tem per a ture dis tri bu tion. In spring, to tal pre cip i ta tion is slightly smaller than in win ter (in spring, 
from 69 mm in the south east to 126 mm in the north east). The great est amount of pre cip i ta tion is re corded
ev ery where in sum mer: from the min i mum of 94 mm in the south east (the Zernosovkhoz Ozernyi sta tion)
to 234 mm (the Perm’ sta tion). In the north west and north east of the VFD, to tal pre cip i ta tion is much
greater than in the cen ter and es pe cially in the south. In au tumn, the amount of pre cip i ta tion across the VFD 
is greater than in spring, es pe cially in the north ern part of the dis trict.

The tem po ral vari abil ity of pre cip i ta tion was es ti mated us ing the co ef fi cient of vari a tion Cv. The value
of Cv for an nual to tal pre cip i ta tion de creases from south east to north east from 23 to 13%. The value of Cv

for dif fer ent sea sons var ies within the fol low ing lim its: from 38% (the Orenburg sta tion) to 24% (the Lal’sk 
sta tion) in win ter, from 46% (the Zernosovkhoz Ozernyi sta tion) to 28% (the Lal’sk sta tion) in spring, from 
47% (the Orenburg sta tion) to 30% (the Kirov sta tion) in sum mer, from 39% (the Perelyub sta tion) to 24%
(the Perm’ sta tion) in au tumn. Thus, the vari abil ity of pre cip i ta tion in sum mer is more no tice able than in the 
other sea sons.

For ag ri cul ture, the in for ma tion about the tem po ral trends in pre cip i ta tion is of high in ter est. The anal y -
sis of the cal cu lated val ues of lin ear trends has shown that an nual to tal pre cip i ta tion in most of the VFD, es -
pe cially in its north ern part, is in creas ing. The max i mum rate has been reg is tered at the Nyrob sta tion
(41.22 mm/10 years). How ever, at some sta tions (ba si cally in the south ern half of the VFD), an amount of
pre cip i ta tion is de creas ing at a rate from –2.93 mm/10 years (the Penza sta tion) to –14.51 mm (the Saransk
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sta tion). In win ter, the val ues of b vary from 0.28 mm/10 years (the Orenburg sta tion) to 11.87 mm/10 years 
(the Nyrob sta tion). A slight pre cip i ta tion re duc tion is re corded at the Izhevsk and Bugul’ma sta tions (from
–0.32 to –1.64 mm/10 years). In spring, the vari a tion rates of pre cip i ta tion are low, and the val ues of b are
neg a tive at two sta tions (Lal’sk and Saransk). At the other sta tions, a slight in crease in to tal pre cip i ta tion
takes place: from 3.12 mm/10 years (the Zernosovkhoz Ozernyi sta tion) to 11.08 mm/10 years (the
Perelyub sta tion). The sum mer amount of pre cip i ta tion is in creas ing at a rate reach ing 13.09 mm/10 years
in the north ern part of the dis trict (the Lal’sk sta tion), while there is a neg a tive trend in the cen tral and
south ern parts of the VFD, which cre ates con di tions for the arid ity growth (the Sam ara sta tion, b =
–10.31 mm/10 years). In au tumn, this trend is in ten si fy ing: at 12 of 17 sta tions, b is neg a tive. For ex am ple,
at the Saransk sta tion, b = –6.88 mm/10 years. Only at the north ern sta tions, the pre cip i ta tion trend is pos i -
tive (at the Nyrob sta tion, b = 12.39 mm/10 years). In gen eral, the dis tri bu tion of the co ef fi cient b over the
dis trict is quite spotty, un like the dis tri bu tion of tem per a ture. In ad di tion, it should be noted that ac cord ing
to the cal cu lated val ues of R2L, the neg a tive trends are sta tis ti cally in sig nif i cant.

Sev eral pa ram e ters were cal cu lated to char ac ter ize the agroclimatic re gime of the VFD based on the
ERA5 reanalysis data for 1966–2021. Their dis tri bu tion over the re gion is given be low.

The length of the pe riod with an av er age daily air tem per a ture above 0°C in creases from 185 days in the
ex treme north east to 245 days in the ex treme south west, i.e., the dif fer ence is 60 days. The du ra tion of the
pe riod with ADT > 5°C changes in the same di rec tion from 145 to 200 days, the length of the phase of ac -
tive veg e ta tion with ADT > 10°C in creases from 95 days in the ex treme north east to 165 days in the ex -
treme southwest (Fig. 2a). In summer, the av er age daily tem per a ture of >15°C is reg is tered for 75 days in
the north east and 135 days in the south west. It is nat u ral that the spring 0, 5, 10, and 15°C cross ing for ADT 
starts ear lier in the south west and ends the  lat est in the north east.

The av er age an nual sum of av er age daily tem per a tures above 0°C de creases over the VFD from south -
west to north east from 3500 to 2000°C (the LTSC de creases in the re gion from 70 to 56°C/10 years). The
av er age an nual sum of ADT > 5°C de creases from south west to north east from 3400 to 1900°C (the
LTSC de creases in the same di rec tion at a rate from 70 to 58°C/10 years). The av er age sum of ADT >
10°C de creases in the same di rec tion from 3100 to 1500°C at a rate from 66 to 58°C/10 years (Fig. 2b). The 
sum of ADT > 15°C in sum mer de creases from the south west from 2600 to 900°C at a rate from 60 to
44°C/10 years.

The ab so lute value of the sum of neg a tive tem per a tures (be low 0°C) in creases from the south west to the
north east of the VFD from 1000 to 1800°C. The ab so lute value of the sum of ADT < –15°C char ac ter iz ing
the cold est part of the win ter sig nif i cantly in creases from south west to north east: from 400 to 1060°C. The
val ues of the LTSC point to a de crease in the sum of neg a tive tem per a tures at a rate up to 86°C/10 years,
which in di cates the cli mate warm ing.

For eval u at ing the con tri bu tion of at mo spheric cir cu la tion into the changes in cli ma tic in di ca tors, the
com pu ta tions were per formed for the co ef fi cients of pair cor re la tion be tween air tem per a ture, pre cip i ta tion, 
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Fig. 2. The dis tri bu tion of (a) the av er age num ber of days with an av er age daily tem per a ture of >10°C and (b) the av er age

sum of ac tive tem per a tures on the VFD ter ri tory over 1966–2021.



and the cir cu la tion in di ces: the North At lan tic Os cil la tion (NAO), the Arc tic Os cil la tion (AO), the East
At lan tic/Western Rus sia pat tern (EAWR), and the Scan di na via pat tern (SCAND).

Ac cord ing to [10], the air tem per a ture vari a tions ob served from the mid-20th cen tury in North ern Eur -
asia can be ex plained by the anom a lies of sev eral cir cu la tion pat terns. Here, in or der to as sess the role of the 
at mo spheric cir cu la tion in the for ma tion of the ther mal re gime of the VFD, the cal cu la tion was per formed
for the co ef fi cients of cor re la tion were be tween the monthly mean tem per a tures at the points of the reg u lar
grid with a res o lu tion of 0.25° ́  0.25° (ERA5 data) and the cir cu la tion in di ces for ev ery month over the pe -
riod 1979–2021 (for the sam ple vol ume n = 43 years and the  95% sig nif i cance level (r = 0.05), the crit i cal
value of the cor re la tion co ef fi cient was equal to 0.35). The re sults of the cal cu la tions were mapped. 

It has been found that the high est pos i tive cor re la tions be tween the tem per a ture at the grid points and the 
NAO in dex are ob served in the cold sea son (De cem ber–March). Isocorrelates are di rected from south west
to north east. In that pe riod, al most the en tire VFD, ex cept for the south east, is in the zone of pos i tive and
sig nif i cant cor re la tion co ef fi cients. The high est val ues of r are reg is tered in the north west of the VFD, and
then the cor re la tion de creases in the south east ern di rec tion. The max i mum val ues of r are 0.55 in De cem -
ber, 0.60 in Jan u ary, 0.55 in Feb ru ary, and 0.65 in March. In the other months, cor re la tions are in sig nif i cant 
and, from April to Au gust, neg a tive. Thus, the NAO fa vors the air tem per a ture rise in the VFD only over
De cem ber–March.

The significant positive correlations between air temperature and the AO index also take place in Decem-
ber–March (in January, r increases from northeast to southwest from 0.40 to 0.55; in February, the maximum
value of r = 0.55 is in the area of the Kirov station; in March, the correlations are the highest, they increase
from southeast to northwest from r = 0.35 to r =0.65 (isocorrelates stretch from southwest to northeast; in
December, the significant correlations (rmax = 0.55) are found only in the northern part of the VFD).

The cal cu la tions were also per formed for the cor re la tion co ef fi cients be tween the monthly mean tem -
per a tures and pre cip i ta tion at 17 VFD sta tions and the at mo spheric cir cu la tion in di ces NAO, AO, SCAND,
and EAWR for 1979–2021. The re sults of the cal cu la tions for tem per a ture are con sis tent with the es ti mates
based on the ERA5 data, but the co ef fi cients of cor re la tion be tween to tal pre cip i ta tion and cir cu la tion in di -
ces turned out to be in sig nif i cant.

In Jan u ary and Feb ru ary, the field of sig nif i cant neg a tive val ues of the cor re la tion co ef fi cient r be tween
air tem per a ture and the SCAND in dex is formed across the VFD. Isocorrelates are di rected from south west
to north east. The value of r in creases from north west to south east from –0.40 to –0.70 in Jan u ary and from
–0.55 to –0.70 in February (Fig. 3a). All this in di cates a strong cool ing ef fect of the Scan di na via pat tern on
the ter ri tory of the VFD in win ter. In March, the role of the SCAND is still man i fested in the south east of
the VFD (r = –0.60). The cor re la tion co ef fi cient in the north east of the VFD reaches –0.60 in May, and the
one in the east of the re gion in Oc to ber and De cem ber is –0.50. In the other months, the co ef fi cients of cor -
re la tion be tween the air tem per a ture and the SCAND in dex are in sig nif i cant.

The East At lan tic/West ern Rus sia pat tern has a sig nif i cant ef fect on the ther mal state of the en tire re gion 
in the warm sea son (April–Sep tem ber). The co ef fi cients of cor re la tion be tween air tem per a ture and the
EAWR in dex are neg a tive and reach the max ima of –0.70, –0.75 in that pe riod. For ex am ple, Fig. 3b shows
the dis tri bu tion of r in the VFD in May, the cor re la tion in the other months is much lower. Thus, the men -
tioned pat tern has a cool ing ef fect in the grow ing sea son.

The Re pub lic of Tatarstan is lo cated in the cen ter of the VFD. It be longs to the most de vel oped in dus -
trial and ag ri cul tural sub jects of the Rus sian Fed er a tion. Its area is 68000 km2, the pop u la tion is 3773 ́  103

peo ple. The main food plants on the ter ri tory of the re pub lic are grain and le gu mi nous crops and po tato,
whose de vel op ment and rip en ing de pend di rectly on cli ma tic fac tors: light, heat, and mois ture.

The anal y sis of the main pa ram e ters of the grow ing sea son com puted for the ter ri tory of Tatarstan based
on the daily data from 13 weather sta tions for the pe riod 1966–2021 dem on strated that the dif fer ences be -
tween the sta tions are small. For ex am ple, the spring 10° cross ing for ADT oc curs in Tatarstan ini tially in
May (on the 122th day from the be gin ning of the year) and then on the 126th day in the north. The sum of
pos i tive tem per a tures for the ac tive phase of the grow ing sea son on the ter ri tory var ies from 2319 to
2476°C, and to tal pre cip i ta tion in creases from the south west from 227 to 262 mm (the Bugul’ma Up land).
At the same time, the rate of the in crease in the grow ing sea son length var ies from the west from 0.6 to
3.4 day/10 years in the north east. The sum of tem per a tures is grow ing on the ter ri tory at a rate from 51.1 to
77.6°C/10 years, to tal pre cip i ta tion is in creas ing at a rate of 5.7 mm/10 years in the west of the Re pub lic of
Tatarstan and de creas ing at a rate of 1.9 mm/10 years in the east. In gen eral, soil and cli ma tic con di tions are
most fa vor able for the de vel op ment of ag ri cul ture in the south west ern and south ern ar eas of the re pub lic.
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The Budyko’s dry ness in dex, Selyaninov’s hy dro ther mal co ef fi cient, and Sapozhnikova’s mois ture

in dex were calculated us ing the for mu las from [3] to char ac ter ize the moist en ing of the ter ri tory based on

the daily data from 13 weather sta tions in Tatarstan. Ac cord ing to the cal cu la tions, the dry ness in dex in

sum mer var ies on the ter ri tory from 2.70 (the Kazan sta tion) to 3.16 (the Kaibitsy sta tion), the hy dro ther -

mal coefficient changes from 0.96 (the Kaibitsy sta tion) to 1.16 (the Bugul’ma sta tion), the mois ture in -

dex var ies from 0.84 (the Muslyumovo sta tion) to 1.03 (the Bugul’ma sta tion), which in di cates a gen er ally

bal anced in flow and out flow of mois ture. The LTSC val ues are pos i tive for the dry ness in dex and neg a tive

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 48   No. 9  2023

804 PEREVEDENTSEV et al.

Fig. 3. The co ef fi cients of the cor re la tion be tween tem per a ture and (a) the SCAND (Feb ru ary) and EAWR (May) in di ces.



for the hy dro ther mal co ef fi cient and the mois ture in dex, which in di cates a slight in creas ing trend in arid ity
of the re gion.

The slope co ef fi cient of the lin ear trend in the dry ness in dex var ies from 0.09 to 0.38 unit/10 years, the
LTSCs for the hy dro ther mal co ef fi cient are ev ery where neg a tive (from –0.1 to –0.4 unit/10 years), and the
ones for the mois ture in dex are also neg a tive (from –0.1 to –0.3 unit/10 years).

The Pot ter fil ter was used for each of 13 weather sta tions to ex tract low-frequency fluc tu a tions in the
time se ries of the an a lyzed in di ca tors. The gen eral fea tures in her ent in all re gions of the Re pub lic of
Tatarstan were re vealed: the du ra tion of the grow ing sea son reached the max i mum in the early 2000s and
then started de creas ing. The sum of tem per a tures reached the max i mum ap prox i mately in 2010 and has de -
creased in the re cent years. There has also been a re duc tion in pre cip i ta tion since 2008. A de crease in the
hy dro ther mal co ef fi cient is ob served ev ery where. The dry ness in dex is in creas ing, the mois ture in dex is de -
creas ing. The dis tri bu tion of the low-frequency com po nent ac cord ing to the Menzelinsk sta tion data is
given as an example (Fig. 4).

For as sess ing the ef fect of me te o ro log i cal fac tors on the agrosphere, the study was car ried out con cern -
ing the cor re la tion be tween the av er age spring wheat yield (A, centner/ha) over the ter ri tory of Tatarstan
and some in di ca tors of the tem per a ture and hu mid ity re gime also av er aged over the ter ri tory of the re pub lic
over the pe riod 1991–2020. The fol low ing agroclimatic in di ces were used: the to tal pre cip i ta tion of the hy -
dro log i cal year (SR11–10), No vem ber–June (SR11–6), May–June (SR5–6), the grow ing sea son (SR5–8), the av -
er age amount of pre cip i ta tion over Tatarstan in June (R6), the av er age tem per a ture over Tatarstan for
May–June (T5–6), the air tem per a ture for May (T5), the air tem per a ture for June (T6). The time se ries of
spring wheat yield and agrometeorological in di ces in the an a lyzed 3-year pe riod were uni form.
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Fig. 4. The dis tri bu tion of the low-frequency com po nent for the Menzelinsk sta tion in`the pe riod with the tem per a tures above 
10°C: (a) the du ra tion of the pe riod, (b) the sum of tem per a tures, (c) to tal pre cip i ta tion, and (d) hy dro ther mal co ef fi cient.



Ta ble 1 presents the sta tis ti cal scores for the an a lyzed pe riod, Ta ble 2 pro vides the co ef fi cients of cor re -
la tion be tween the char ac ter is tics un der con sid er ation (the sig nif i cant cor re la tion co ef fi cient r = 0.37 for the 
sam ple vol ume n = 30 and the 95% sig nif i cance level P = 0.05). The ta ble clearly shows the sig nif i cant pos -
i tive cor re la tions be tween spring wheat yield A and to tal pre cip i ta tion over No vem ber–June, May–June, the 
whole grow ing sea son, and June. A neg a tive sig nif i cant cor re la tion be tween the spring wheat yield and
June tem per a ture has been re vealed. Based on the re sults of the mul ti ple cor re la tion anal y sis be tween the
yield and the agrometeorological in di ca tors, the mul ti ple re gres sion equa tion was con structed that sets the
de pend ence of the yield on to tal pre cip i ta tion for May–June and tem per a ture in June:

A R T= + --2718 0 26 0 985 6 6. . . .S (1)

This equation describes 57% of total variance. Figure 5 presents the data on the actual spring wheat
yield in Tatarstan over 1991–2020 and on the one retrieved from the regression equation. The actual and
computed values of the yield are in good agreement with each other, which allows using the obtained
equation in the practical evaluation.

The pair cor re la tion be tween the val ues of photosynthetically ac tive ra di a tion and spring wheat yield
over 1991–2020 was also cal cu lated. The cor re la tion co ef fi cients turned out to be sig nif i cant and neg a tive
for the pe riod of April–June (r was equal to –0.53, –0.55, and –0.41, re spec tively). Con se quently, high ra -
di a tion back ground in spring does not fa vor the for ma tion of high spring wheat yields.

4. CON CLU SIONS

Finally, the fol low ing con clu sions can be drawn. In the en tire VFD, cli mate warm ing is go ing on in all
sea sons, which is es pe cially no tice able in the win ter-spring pe riod. Ac cord ing to the anthropogenic sce -
nario ssp245, an in crease in the av er age an nual tem per a ture by 2.4°C is ex pected in Kazan by the end of the 
21st cen tury. At the same time, there are a com plex pat tern of the pre cip i ta tion dis tri bu tion and a clearly
pro nounced arid ity trend for the sum mer-autumn sea son on a sig nif i cant ter ri tory of the VFD. The study
has re vealed the role of the at mo spheric cir cu la tion in the air tem per a ture fluc tu a tions. The NAO, AO,
SCAND, EAWR have turned out to be most ef fec tive modes. The cor re la tion of pre cip i ta tion with the
listed cir cu la tion os cil la tions has not been found. The de pend ence of spring wheat yield on the May–June
to tal pre cip i ta tion and June tem per a ture has been shown.
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Table 2. The correlation matrix of the yield À and agrometeorological indicators in Tatarstan during 1991–2020

Indicator A SR11–10 SR11–6 SR5–6 SR5–8 R6 T5–6 T5 T6

A
SR11–10

SR11–6

SR5–6

SR5–8

R6

T5–6

T5

T6

1.00 0.35
1.00

0.54
0.85
1.00

0.75
0.59
0.69
1.00

0.48
0.65
0.46
0.76
1.00

0.59
0.38
0.52
0.84
0.54
1.00

–0.52
–0.02

0.11
0.10
0.01
0.29
1.00

–0.23
–0.36
–0.26
–0.38
–0.38
–0.15

0.82
1.00

–0.62
–0.29
–0.42
–0.61
–0.48
–0.57

0.79
0.30
1.00

Table 1. The statistics of the yield À and agrometeorological indicators in Tatarstan during 1991–2020

Score A SR11–10 SR11–6 SR5–6 SR5–8 R6 T5–6 T5 T6

Mean
Median
SD
Minimum
Maximum

22.93
23.45

7.66
3.30

36.90

500.59
513.04

75.02
314.0  
632.0  

294.62
290.66

51.36
180.0  
414.0  

100.19
102.42

34.27
27.0  

164.0  

210.41
202.56

49.20
81.0  

278.0  

59.4  
56.06
27.71

7.0  
112.0  

14.97
15.03
  1.52
10.99
17.68

13.63
13.71

2.17
8.74

16.78

17.83
17.47

2.05
13.38
21.28

Explanations are given in the text.
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Fig. 5. The av er age spring wheat yield in the Re pub lic of Tatarstan: (1) ac tual; (2) re trieved from the re gres sion equa tion.


