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Ab stract—Trends in agro-climatic re sources and wheat yields in the main grain re gions of Eu ro pean
Rus sia are con sid ered. The anal y sis is based on the re sults of cal cu la tions per formed with the Climate–
Soil–Yield sim u la tion sys tem. The re sults re veal a rel a tive de cline in cli mate-driven yields of 10 to 30% 
over two de cades for both win ter and spring wheat. Mul ti ple re gres sion equa tions link ing yield trends
with in di ca tors char ac ter iz ing the state of agro-climatic re sources are de ter mined. They show dif fer -
ences in cli mate driven yield trends be tween spring and win ter wheat. How ever, dif fer ences are only
mar gin ally sig nif i cant sug gest ing that switch ing from spring wheat va ri et ies to win ter wheat would not
com pletely neu tral ize the neg a tive im pact of cli mate trends. The prob a bil ity of oc cur rence of drought in
the grain re gions of the Eu ro pean part of Rus sia is cal cu lated for 1998–2017. The ar eas where the prob -
a bil ity of oc cur rence of se vere droughts dur ing May–Au gust equals or ex ceeds 50%  are de ter mined.
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1. INTRODUCTION

Studies deal ing with cli mate vari abil ity and change clearly in di cate the in creas ing im por tance of hydro -
meteoro logi cal fac tors for the sus tain able de vel op ment of ag ri cul tural pro duc tion. It is ex pected that over
the com ing de cades Rus sia will re main one of the lead ing ex port ers of grains on the world mar ket, pro vid -
ing a sig nif i cant con tri bu tion to meet ing the ex pected de mand for grain com mod i ties [26, 38]. From this
point of view, the ques tion of changes in hu mid ity and ther mal con di tions in the main grain pro duc tion re -
gions of Rus sia and neigh bor ing coun tries, and the im pact of ex treme cli ma tic con di tions on their grain
pro duc tiv ity re mains of great ac tu al ity [5, 19, 23].

Re gard ing the ter ri tory of Rus sia, changes in the fre quency and in ten sity of ex treme weather events
(floods, hur ri canes, droughts, etc.) in duced by cur rent warm ing are likely [3, 28]. Over most of Eu ro pean
Rus sia, there is al ready an in crease in the num ber of days with ab nor mally high rain fall dur ing win ter, but a
de crease in sum mer. There is also an in crease in arid ity in most ag ri cul tural re gions, in par tic u lar in the
main grain pro duc tion ar eas.

This sen si tiv ity of grain pro duc tion to ad verse weather con di tions makes the coun try’s ag ri cul tural pro -
duc tion un sta ble [17, 24, 31]. It is noted in [32] that re cent trends in an nual and sea sonal av er age tem per a -
tures al ready had a neg a tive im pact on the gross har vest.

The first goal of this work is to as sess trends in in di ca tors char ac ter iz ing agro-climatic re sources and
changes in grain pro duc tiv ity in the main wheat pro duc tion ar eas of the Eu ro pean part of Russia—the Cen -
tral Black soil Regions (CBR)—the part of the Cen tral Federal District (FD), the Volga Fed eral Dis trict
(Volga FD) and South ern Fed eral Dis trict (South ern FD). The sec ond goal is to es ti mate the fre quency of
oc cur rence of haz ard ous hydro meteoro logi cal phe nom ena (HP) over the past de cades in this area. We re -
call that about 75% of wheat acre age of Rus sia is con cen trated here [13, 36].
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2. MA TE RIALS AND METHODS

Hydro meteoro logi cal data. Two sources of me te o ro log i cal and agrometeorological data were used.
Firstly, the ar chives of the av er age air tem per a ture and pre cip i ta tion for each month from 1951 to 2017,
com piled by the In sti tute of Global Climate and Ecology of Roshydromet [4], for a to tal of 54 sta tions
evenly dis trib uted through out the study area.

Sec ondly, the data for 1992–2017 in cluded in the 10-day tele grams re ceived from the re gional of fices of 
Roshydromet on the 1st, 11th and 21st day of each month. These data are avail able for a to tal of 327 sta -
tions in the Cen tral FD, Volga FD and South ern FD and con tain both me te o ro log i cal pa ram e ters (in par tic u -
lar, air tem per a ture, pre cip i ta tion, hu mid ity, so lar ra di a tion) and agrometeorological data.

Statistics of yield and acreage. Yield statistics at the level of subjects of the Russian Federation for
1996–2015 were extracted along with the corresponding data on acreage from the yearbooks published by
the Federal State Statistics Service of Russia (Rosstat) [13]. The average yield at the Federal District level
was estimated as the weighted average of the regional yields, with weights proportional to the cultivated
area. To analyze the dynamics of yield and repeatability of poor yield  years, data on the yield of spring and
winter wheat as well as spring barley were used.

The Climate–Soil–Yield (CSY) sim u la tion sys tem. The CSY sim u la tion sys tem im ple ments a mech a -
nis tic de scrip tion of the pro duc tion pro cess and of the wa ter-thermal re gime of the agrocenosis [14, 17].
The in put in for ma tion for the sys tem are data from the net work of me te o ro log i cal and agrometeorological
ob ser va tions, as well as data on wa ter-physical prop er ties of the soil and the level of its fer til ity. CSY sim u -
lates crop phytomass and grain ac cu mu la tion, as well as of the main com po nents of soil wa ter bal ance and
soil mois ture re serves at the daily time step through out the grow ing sea son.

The CSY sim u la tion sys tem has been used for op er a tional pur poses since 1985, and has been ex ten -
sively tested in the past.

Tasks tack led with CSY in clude the prep a ra tion of bul le tins of cur rent agrometeorological con di tions,
the as sess ment of cli ma tic re sources, the mon i tor ing of the state of grain crops in all ma jor pro duc tion ar eas
of the Rus sian Fed er a tion, and the pro vi sion of short- and me dium-term yield fore casts.

These tasks are com pa ra ble to those un der taken at the Eu ro pean level by the Eu ro pean Com mis sion
Joint Re search Cen tre (JRC) in the frame work of the Mon i toring Ag ri cul tural Re sourceS (MARS) pro gram 
with the Crop Growth and Mon i toring Sys tem (CGMS) [29, 39]. The CSY is also used as main com pu ta -
tional tool for the prep a ra tion of cli mate change im pact as sess ments [8, 10, 11, 33, 37].

Vi su al iza tion of the re sults. For vi su al iza tion of the re sults, maps were pro duced with the geo graphic
in for ma tion sys tem QGIS (Quan tum GIS). Spa tial in ter po la tion of hydro meteoro logi cal and yield data was
based on kriging, as im ple mented in Surfer (Golden Soft ware).

3. RESULTS AND DIS CUS SION

3.1. Assessment of Agro-climatic Resources

A num ber of agro-climatic in di ces are cal cu lated by the CSY sys tem [16] and are then used for the fur -
ther anal y sis [11, 17]. Up dated in for ma tion on me te o ro log i cal anom a lies and trends cal cu lated ac cord ing to 
the method for mon i tor ing changes in the cur rent cli mate in Rus sia [18], is pub lished an nu ally [9]. Be low
we pres ent the cor re spond ing es ti mates of trends and in di ca tors of anom a lies of agro-climatic re sources
cal cu lated for the en tire pe riod of global warm ing (since 1976) and for the last 20 years (1998–2017).

Thermal regime. Over the recent decades, the availability of thermal resources has continued to
increase throughout the entire agricultural zone of Russia. The exceptions are some regions in Eastern
Siberia and the Far East of Russia.

 Over the past twenty years, the rate of in crease in Jan u ary tem per a ture (im por tant for as sess ing the con -
di tions of overwintering crops) has slowed down, al beit slightly.

Ta ble 1 pres ents es ti mates of changes in the ther mal re gime for the last two de cades as com pared to the
base line pe riod 1961–1990, their 95% con fi dence in ter vals and mean er rors. Across the ter ri tory of Eu ro -
pean Rus sia, the max i mum in crease in the sum of tem per a tures above 10°C and 5°C, re spec tively, was sig -
nif i cant, about 300–320°C. Es ti mates of these in di ca tors in the Volga FD are close to the av er age for Rus sia 
(~200°C).

The veg e ta tion pe riod (T > 5°C) in creased on av er age by 10 days in the re gions un der con sid er ation
(Table 1). Ac cord ing to the es ti mates given in [22], an in crease in the sum of tem per a tures in the range of
200 to 300°C al lows a switch from early-ripening va ri et ies of ce re als (bar ley, wheat, oats) to late-ripening
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va ri et ies, which are, as a rule, more pro duc tive. In CBR, for ex am ple, com pared to 1961–1990, it has re -
cently become pos si ble to grow corn for grain, early-ripening beans, late-ripening sun flower, mil let,
late-ripening va ri et ies of spring wheat and spring bar ley.

The moisture regime. A positive trend in spring precipitation amounts was observed almost throughout 
the entire agricultural area of Russia. Summer precipitation trends were negative in all Federal Districts of
European Russia, except for the North-Western Federal District, but positive in the Asian part of Russia
(APR), i.e., in the Ural, Siberian and Far Eastern Federal Districts. In these latter areas, the corresponding
trends were of 1.0, 3.0 and 8.0 mm/10 years, respectively [9].

Trends in sea sonal amounts of pre cip i ta tion and in di ca tors of mois ture re gime are pre sented in Ta ble. 2.
Anal y sis of the sim u la tion re sults for 1998–2017 shows that the de gree of arid ity in creased in all sea sons,
ex cept spring, over most of the ag ri cul tural areas.

 In this con text, it is im por tant to em pha size the pos i tive trends in the num ber of days dur ing the grow ing 
sea son (T > 5°C) with mois ture re serves in the ar a ble layer of the soil (0–20 cm) that are less than or equal
to 10 mm, which was the case through out the ter ri tory un der con sid er ation (the 10 mm thresh old de fines the 
HP “soil drought”). This con firms the cur rent trend of in creas ing arid ity.

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 45   No. 4  2020

292 PAV LO VA et al.

Ta ble 1. De vi a tions and their 95% con fi dence in ter vals of the av er age val ues of in di ca tors of heat sup ply to ag ri cul -
tural crops for the pe riod 1998–2017 from the av er age val ues for the pe riod 1961–1990

Re gion

Sum 
of air tem per a tures, °C

Tran si tion date          
in spring over          

tem per a ture (days)

Du ra tion of the pe riod
(days)

Du ra tion of the wheat
vegetational sea son,

days

>10°C >5°C 10°C 5°C T > 10°C T > 5°C spring win ter

CBR

Volga FD

Southern
FD

239 ± 17
(8.2)

202 ± 14
(6.6)

287 ± 41
(19.2)

248 ± 19
(8.9)

219 ± 16
(7.6)

317 ± 41
(18.8)

–4 ± 0.5
(0.2)

–2 ± 0.9
(0.4)

–2 ± 0.7
(0.4)

–5 ± 0.6
(0.3)

–3 ± 0.5
(0.2)

–9 ± 2.0
(1.0)

8 ± 0.6
(0.3)

6 ± 0.9
(0.4)

7 ± 1.5
(0.7)

10 ± 0.7
(0.4)

9 ± 1.4
(0.3)

10 ± 2.7
(0.3)

–4 ± 1.0
(0.4)

–6 ± 2.2
(1.1)

  4 ± 1.8
(0.8)

–3 ± 0.5
(0.3)

–4 ± 1.4
(0.6)

  4 ± 1.4
(0.6)

Note: Sta tis ti cal er rors of the av er age val ues are in pa ren the ses.

Ta ble 2. Es ti mates of the lin ear trend (units/10 years) in sea sonal pre cip i ta tion amounts and in di ces of mois ture
con di tions for the pe ri ods 1998–2017 and 1976–2017

Area

The amount of pre cip i ta tion, mm/10 years

DI,           
units/10 years

N,          
days/10 years

win ter spring sum mer au tumn

dur ing the grow ing sea son
of wheat

spring win ter

1998–2017

CBR
Volga FD
Southern FD
Rus sia

  3
–6
–5
  1

9
2

13
5

–9
–2

–24
2

  –0.2
    3
–18
  –1

  0.4
–3
  8
  4

8
5
8
6

0.05
0.07
0.13
0.04

1
3
3
1

1976–2017

CBR
Volga FD
Southern FD
Rus sia

0
2

–4
3

3
5
7
6

–8
–8
–7
–0.4

–2
–1
  4
  0.1

–13
–12

7
–5

–10
–8

8
–3

0.05
0.05
0.04
0.02

4
4
1
2

Note: DI is the dryness index of M.I. Budyko; N is number of days with moisture reserve  ³10 mm in the soil layer 0–20 cm.



Due to the large vari abil ity of the pre cip i ta tion re cords, se ries of ob ser va tions over a twenty-year pe riod
do not al ways al low to ob tain sta tis ti cally sig nif i cant es ti mates of lin ear trends. Thus, es ti mates of au tumn
pre cip i ta tion trends for 1998–2017 and 1976–2017 dif fer both in mag ni tude and sign (Ta ble 2). The ho mo -
ge neous dis tri bu tion of de cad al amounts of pre cip i ta tion is con sis tent with the data in [21].

With the min i mum amount of hydro meteoro logi cal in for ma tion (av er age monthly val ues of air tem per a -
ture and pre cip i ta tion) the CSY sys tem can cal cu late the hy dro ther mal co ef fi cient of G.T. Selyaninov
(HTC), the dry ness in dex of M.I. Budyko (DI), and the other in di ca tors of soil mois ture.

Ac cord ing to A.I. Budagovsky [1], one of the best cri te ria for as sess ing and mon i tor ing drought is the
evap o ra tion def i cit DE:

DE = E0 – E (1)

where E0 is the so called evaporability (the max i mum pos si ble evap o ra tion) and E is ac tual evap o ra tion.
The CSY sys tem cal cu lates a sim i lar in di ca tor, i.e., the ra tio of these val ues (E/E0). The lo cal cor re la tion 

of this mois ture in dex with the yield of spring and win ter wheat is es ti mated at 0.70–0.80 (with HTC in the
range 0.30 to 0.50). The maps in Fig. 1 pres ent the results of the eval u a tion of this in di ca tor for the grow ing
sea son of spring wheat dur ing 1996–2005 and 2006–2015. On top of me rid i o nal and lon gi tu di nal gra di ents, 
there is a marked ten dency for an in crease in HTC, that is, an in crease in the de gree of arid ity over most of
the ter ri tory un der con sid er ation. Moisture de fi ciency did not in crease be tween these two de cades in the
north ern part of Cen tral FD and Volga FD.

3.2. Assessment of Actual Yield Trends

De crease in growth rate of wheat yield was found in many ar eas around the world [25, 35]. Rec og nizing
the ex is tence of a com plex of fac tors as so ci ated with the in tro duc tion of new va ri et ies, changes in ag ro -
nomic prac tices, or even changes in ag ri cul tural pol icy, Peltonen-Sainio et al. [34], Fin ger [27], and Brisson 
et al. [25] con cluded that in France the ab sence of a pos i tive yield trend in the re cent past was partly due to
more un fa vor able cli ma tic con di tions.

This is con sis tent with the find ings of Lobell et al. [32] who an a lyzed the pos si ble ef fects of warm ing
and changes in pre cip i ta tion pat terns on the yield trends of ma jor crops on the na tional scale. The con clu -
sion, how ever, is op po site to that of Licker et al. [30] for the Rostov re gion, who found that cli mate vari -
ables dis play ing the most pro nounced trends had only a mi nor im pact on yield trends.

Over the past de cade, the spa tial or ga ni za tion of grain pro duc tion in Rus sia was sig nif i cantly changed.
Pro duc tion be came in creas ingly con cen trated in re gions with more fa vor able en vi ron men tal and cli ma tic
con di tions. In 2016, 58% of grain was har vested in the south ern part of Eu ro pean Rus sia, with an other 21%
in the south ern re gions of the Volga FD and the Urals FD, de spite the fact that these two macro re gions to -
gether oc cupy only 10% of the ter ri tory of Rus sia [7].

Let us con sider how the yield of grain crops changed dur ing the pe riod of global warm ing (since 1976)
in the main cul ti va tion ar eas of Eu ro pean Rus sia. Ta ble 3 pres ents the sta tis ti cal char ac ter is tics of the yield
se ries of spring wheat, win ter wheat, spring bar ley as well as grain and le gu mi nous crops as a whole for the
pe ri ods of 1998–2017 and 1976–2017.

The data show high positive trends (b) in spring wheat yield over 1998–2017 in CBR and Southern FD,
amounting to 7.9 and 6.5 (centner/ha)/10 years, respectively (Table 3). The coefficient of determination (D) 
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Fig. 1. Average values of the moisture sufficiency coefficient (E/E0) over the growing season of spring wheat in (a)
1996–2005 and (b) 2006–2015. 



explained by the linear trend is quite high and ranges from 51 to 63%. In regions with a large spring wedge
(in the Volga FD) the trend was also positive, but smaller in magnitude (3.2 centner/ha for 10 years).

Winter wheat is the main grain crop in many regions, and more than 80% of its acreage is concentrated
in Southern FD, in the CBR and in the lower Volga regions. Since 1976 and for a shorter period (since
1998) there has been a significant positive trend in winter wheat yield in the main cultivation areas of
European Russia. Large positive trends in winter wheat yields (b) over 1998–2017 are observed in the CBR 
and the Southern FD, being of 8.2 and 7.7 (centner/ha)/10 years, respectively. Positive, but less significant
yield trends (b), namely, ~3.1 (centner/ha)/10 years, were obtained for the Volga FD (Table 3).

Across the European part of Russia, in CBR, Volga FD and Southern FD, where 75% of spring barley
acreage is concentrated, the interannual variability (V) of its yield over the past twenty years was relatively
high, ranging from 28 to 33% according to calculations for 1998–2017. Estimated yield trends for spring
barley and spring wheat are close in values (Table 3) and present similar spatial patterns.

Time se ries of the ac tual yield of spring and win ter wheat and their lin ear trends, as well as the dy nam ics 
of the re spec tive acre age for the pe riod of 1996–2015 in the CBR, Volga FD and South ern FD (Fig. 2) con -
firm the main find ings, as pre sented above. Mi nor dif fer ences in trend es ti mates could be due to a shift in
the be gin ning and end of the es ti mated pe riod.

In ad di tion to differences in the over all level of pro duc tiv ity of win ter and spring wheat be tween Fed eral 
Dis tricts, Figure 2 il lus trates the over all in crease in yields since 1995. Trend anal y sis re vealed that in the
Volga FD and South ern FD, spring wheat yield lev els sta bi lized af ter 2010. There is a sharp rise in spring
wheat yield in the CBR. The yield of win ter wheat was in creas ing in the en tire ter ri tory un der con sid er ation 
in 2011–2015.
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Ta ble 3. Sta tis tics of yield time se ries for 1998–2017 and 1976–2017 (calculations based on Rosstat data)

Area
1998–2017 1976–2017

m s V b D m s V b D

Spring wheat

CBR
Volga FD
Southern FD
Rus sia

18.0
14.1
13.4
15.4

5.9
4.0
5.4
4.3

33
28
40
28

7.9
3.2
6.5
5.3

63
22
51
51

15.8
13.6
11.8
13.5

5.0
3.4
4.6
4.2

32
25
39
31

2.5
0.8
1.8
1.9

38
8

25
30

Win ter  wheat

CBR
Volga FD
Southern FD
Rus sia

23.9
18.9
27.5
21.7

6.0
5.3
6.5
5.7

25
28
24
27

8.2
3.1
7.7
6.3

66
12
49
44

20.7
18.1
25.4
20.0

5.8
5.2
5.8
5.3

28
29
23
28

3.3
1.2
2.1
1.9

47
8

20
21

Spring bar ley

CBR
Volga FD
Southern FD
Rus sia

19.8
15.6
15.4
16.3

5.7
4.4
5.1
4.2

29
28
33
26

7.6
3.1
6.0
4.8

61
18
47
44

17.5
15.1
15.1
15.0

5.3
3.9
4.3
4.0

30
26
29
27

2.6
0.8
0.8
1.4

37
7
5

23

Grains and le gumes

CBR
Volga FD
Southern FD
Rus sia

19.8
15.4
24.8
18.9

5.8
4.0
6.5
5.1

30
26
26
27

8.6
3.5
9.2
7.1

75
27
70
60

17.2
14.4
22.4
17.0

5.2
3.5
5.6
4.5

30
24
25
26

2.9
1.2
2.6
2.1

48
19
31
32

Note: m is average, centner/ha; s is  mean square deviation, centner/ha; V is coefficient of variation,%; b is coefficient of 
the linear trend, (centner/ha)/10 years; D is coefficient of determination, %. Here and in the Table 4 boldface means
“statistical significant at 5%.”



Spring wheat acreage in Volga FD has decreased significantly over the past two decades, by about 2000
thousand hectares. Since 2007, there has been a relative stabilization at 4000 thousand hectares. In CBR
and Southern FD, where the area under spring crop cultivation is small, such drastic changes have not been
observed. Nevertheless, one should note the reduction of acreage in the Southern FD for the period of
2007–2014. The area occupied by winter wheat increased in the territory of all three Federal Districts and
stabilized over the last five years (Fig. 2).

3.3. Climate-driven Yield (Simulation with the CSY System)

To assess the impact of climate change in recent decades on wheat yields, we made a retrospective
analysis (from 1996 to 2015) with the help of the simulation system CSY [15, 33, 37]. The CSY system has
been in use for agro-climatic monitoring and medium- and long-term forecasting for more than 30 years.

In or der to re veal the cli mate com po nent of yields, for all sim u la tions the pa ram e ters as so ci ated with ag -
ro nomic prac tices and land use man age ment were kept fixed and ad justed in ac cor dance with the cur rent
lev els of ag ri cul tural tech nol ogy. Plant pa ram e ters for grain crops (spring and win ter wheat), ini tial and
bound ary con di tions were taken from the op er a tional ver sion of the CSY sys tem.

The dynamics of the actual and calculated yield of spring wheat in the Volga FD and winter wheat in the 
Southern FD for the period of 2006–2015 is presented in Fig. 3. The average values of the actual and simula-
ted yield of spring wheat in the Volga FD for the period from 2006 to 2015 are close to each other, and are
of 12.4 and 12.6 centner/ha, respectively. CSY simulations reproduce well the low yield levels experienced in 
2010 as a consequence of extreme aridity, 5 centner/ha. Simulated and actual data on winter wheat yield in the
Southern FD for the last five years are consistent, although the average actual yield (32.1 centner/ha) is
lower than the simulated value (37.4 centner/ha). The most likely reason for this is that the CSY system
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Fig. 2. (a, b) Evolution of yield (centner/ha) and (c, d) acreage (1000 ha) for (a, c) spring and (b, d) winter wheat during
1996–2015 in the CBR (1), Volga (2) and Southern (3) Federal Districts. Yields were aggregated taking into account acreage
as given by Rosstat.

Fig. 3. Evolution of (1) actual (Rosstat data) and (2) simulated (the CSY system) yields of spring wheat in the (a) Volga FD
and (b) winter wheat in the Southern FD for the period 2006–2015. Yields were aggregated taking into account acreage as
given by Rosstat. 



does not consider the agrometeorological conditions of the autumn-winter period which may introduce a
certain error in the simulations.

The spatial distribution of the average climate-driven yields of spring and winter wheat for the periods
1996–2005 and 2006–2015 reflects, firstly, the higher productivity of winter wheat (~25 centner/ha) than
of spring wheat (~15 centner/ha) and, secondly, the difference in yields between the southern and south-
western, as well as between the eastern and southeastern regions of European Russia (Fig. 4). Average
yields range from ~40 to 50 centner/ha for winter wheat on the eastern border of the Southern FD and CBR
to less than 15 centner/ha for spring wheat in the Orenburg and the Perm regions. This marked difference
mirrors not only the agro-climatic background but also regional differences in the level of soil fertility (the
most fertile soils being located in the Krasnodar region and CBR).

Sim u la tions show that in 2006–2015 the cli mate-related yield of both spring and win ter wheat de creased 
in com par i son with 1996–2005, but to a greater ex tent for spring than for win ter wheat (Fig. 4). This is typ i -
cal for the most vul ner a ble ar eas in re la tion to HP events of drought: the Volgograd re gion, the south of the
Saratov and Sam ara re gions and the Orenburg re gion. The de cline in win ter wheat yields for the past de -
cade in com par i son to the pre vi ous one is also vis i ble, al though less sig nif i cant (Fig. 4).

The results of CSY re veal that dif fer ences be tween spring and win ter wheat trends cal cu lated from ac -
tual yields al most dis ap pear when con sid er ing sim u lated cli mate-driven yields. With a few ex cep tions
(spring wheat in the Re pub lic of Mari El, Nizhny Novgorod and Kirov re gions and in the north of the Perm
re gion), it is pos si ble to in fer a neg a tive trend equiv a lent to a rel a tive de crease of ~15–20% over 20 years.
This is quite sig nif i cant but gen er ally con sis tent with the trends in heat and mois ture in di ca tors char ac ter iz -
ing agro-climatic re sources for the same pe riod.

Taking into ac count the share of acre age, the cli mate-driven long-term de cline in win ter wheat yields
was ap prox i mately equiv a lent to –12, –28, and –8% in CBR, South ern FD, and Volga FD, re spec tively.
The cor re spond ing sta tis ti cal es ti mates for spring wheat were –11, –30, and –17% in CBR, South ern FD,
and Volga FD, re spec tively. Spring wheat was more sus cep ti ble to the ef fects of in creas ing tem per a ture and 
re duced pre cip i ta tion dur ing the grow ing sea son than win ter wheat, pri mar ily due to the later on set of the
main phases of de vel op ment around ger mi na tion-maturation. Hence, dif fer ences in re sponses to re cent cli -
mate trends are ev i dent, but sta tis ti cally not suf fi ciently sig nif i cant to jus tify neu tral iz ing the neg a tive im -
pact of cli mate trends through switch ing from spring wheat va ri et ies to win ter wheat.
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Fig. 4. Av er age yield of (a, c) spring and (b, d) win ter wheat for the pe ri ods of (a, b) 1996–2005 and (c, d) 2006–2015 as sim u -
lated with the CSY sys tem.



The ques tion arises which of the trends in ob served agro-climatic in di ca tors (pre dic tors) af fect in first
place the trends of cli mate-driven wheat yield (predictand). The set of pre dic tors cho sen for the anal y sis in -
cluded only in stru men tally ob served pa ram e ters, such as air tem per a ture and pre cip i ta tion for a par tic u lar
veg e ta tion pe riod, soil mois ture re serves or cer tain func tions of these in di ca tors  (HTC, DI, etc.) in the
north ern and south ern parts of Volga FD, South ern FD and in CBR.

Based on the identified interrelations we constructed multiple regression equations describing trends of
climate-driven productivity of spring and winter wheat as a function of trends in agro-climatic indicators
for four regions. Predictors, equation coefficients, and multiple correlation coefficients are presented in
Table 4. For example, the trend in the climate-driven yield of spring wheat in the Volga FD can be
described by the regression equation:

t t t tY T R N C= + - +– . . .301 007 010
6 VEG

                                                                                    (2)

where t
Y

 is the climate-driven yield trend, t
T6

 is the trend in June temperature, t
RVEG

 is the trend in total
precipitation, and t

N
 is the trend in the growing season length, C is intercept.

The co ef fi cient of de ter mi na tion for the mul ti ple re gres sion equa tion (2) is quite high, amount ing to
78% (R2 = 0.78).

Thus, it can be stated that in the south of the Volga FD the main contribution to the trend in climate-
driven spring wheat yield was related to the trend in June temperature t

T6
 (normalized estimate b = –0.58)

and the trend in growing-season total precipitation t
RVEG

 (b = 0.46). At the same time, in the Southern FD,
trends in climate-driven winter wheat yield were significantly influenced by the trends in May temperature 
t

T5
 (b = –0.50) and soil moisture on the date of vegetation renewal in spring, t

W100
 (b = 0.30) (Table 4).
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Table 4. Correlation coefficients, coefficients of the multiple regression equation, (1) and their normalized estimate
(b-coefficient) for 1996–2015

Federal District

Correlation
coefficient

Coefficient of the regression equation (b-coefficient)

R2 Radj tN tT5
tT6

tR6
tRVEG

tW100

Spring wheat

Central

Volga FD, north part

Volga FD, south part

Southern FD

0.67

0.79

0.78

0.56

0.42

0.62

0.61

0.31

0.62
(0.50)
–0.08

(–0.43)
–0.10

(–0.14)

–3.48
(–0.34)
–3.19

(–0.53)
–3.01

(–0.58)
–2.01

(–0.30)

0.03
(0.36)
0.07

(0.46)
0.12

(0.37)

Winter wheat

Central

Volga FD, north part

Volga FD, south  part

Southern  FD

0.74

0.86

0.67

0.68

0.51

0.74

0.46

0.42

0.55
(0.48)

0.14
(0.16)

–0.89
(–0.26)

–3.82
(–0.50)

–5.12
(–0.48)
–1.52

(–0.38)
–2.19

(–0.40)

–0.03
(–0.14)

0.11
(0.42)

0.029
(0.50)

0.10
(0.30)

Note: R2 is correlation coefficient; Radj is adjusted correlation coefficient; tN  is duration of the wheat growing season; 
tT5

, tT6  are average air temperatures for May and  June, respectively; tR6
, tRVEG

 are the amounts of precipitation for
June and the growing season of wheat, respectively, mm; tW100

 is moisture reserves in the soil layer 0–100 cm at the time 
of germination.



Overall, the results of the present study indicate that the negative trends in climate-driven yields across the
main grain areas of European Russia from 1998 to 2017 were caused by increasing aridity and changes in the
thermal regime over the growing season of grain crops. This suggests that the positive trends in actual yields
in this area over the past 20 years were largely due to the adaptation of land use systems to climate change.

4. HAZARDOUS HYDRO METEORO LOGI CAL PHE NOM E NA

4.1. As sess ment of Losses from Adverse Hydrometeorological Conditions

The de gree of dam age caused to ag ri cul ture by drought de pends on the area un der drought as well as on
the in ten sity and du ra tion of anom a lous dry ness. In the case of lo cal ized drought, the grain econ omy of the
coun try, as a rule, does not suf fer from big losses. In the case of in tense drought over large ar eas, the dam -
age caused by drought in creases dra mat i cally, mak ing it nec es sary to mon i tor drought evo lu tion ac cord ing
to cer tain in di ca tors or cri te ria [20].

For a comparative assessment of the intensity of drought and its damage, years characterized by local
yield minima in the time window 1995–2015 were selected (Table 5). Simulations performed with the
CSY system revealed that for European Russia the 2010 drought was the most significant event of the past
60 years in terms of yield losses relative to 2008, the year characterized by the highest yield levels. In 2010,
the shortfall in spring wheat productivity was of 62% in the Volga FD, 54% in the Southern FD and 50% in
the CBR. In the Volga FD comparable losses were obtained for 1998, when the decline in spring wheat
harvest was 60%. In the Southern FD in 2010, 2012, and 2013 the decline in spring wheat yield exceeded
50%.

Thus, on the large scale, the drought of 2010 led to a significant decrease in the yield of spring crops
over almost the entire territory of European Russia, in particular in the southeast. In 2010, the estimated
climatic yield of spring grain crops was lower than the corresponding yield in 2008 by more than 80% in
the Samara, Orenburg, Penza, and Saratov regions as well as in the Republic of Tatarstan. Significant losses 
of grain yield that exceed 60–70% compared with 2008, were observed in the Voronezh, Lipetsk, Tambov,
and Volgograd regions, in the republics of Bashkortostan, Mordovia, Chuvashia and Kalmykia, as well as
in the Krasnodar region (Fig. 5). The spatial patterns of drought in 2012, also shown in Fig. 5, indicate a
weaker intensity of drought in that year.

4.2. As sess ment of Territories Unfavorable for the Production
of Agricultural Crops

The territories of the Rus sian Fed er a tion subjects un fa vor able for crop grains were as sessed in re la tion
to two fac tors, drought and waterlogging. The choice of cli ma tic in di ca tors for the as sess ment is de ter -
mined by the “Rules of at tri bu tion of the ter ri to ries ad verse for the pro duc tion of ag ri cul tural prod ucts” ap -
proved by the Gov ern ment of the Rus sian Fed er a tion. The re sults of sim u la tions are trans ferred to the Min -
is try of Agriculture of the Rus sian Fed er a tion in the con text of op er a tional ac tiv i ties. 

The ap proach adopted for the as sess ment com prised two steps. First, the col lec tion, pro cess ing, and
con trol of ob ser va tions for tem per a ture and pre cip i ta tion at sta tions through col lect ing 10-day
agrometeorological tele grams KN-21 (since 1995). Sec ond, the sim u la tion of the crop de vel op ment and
eval u a tion of the HTC based on ob ser va tions from ~900 me te o ro log i cal and watch sta tions of the Hydro -
meteoro logi cal Agency lo cated within eight Fed eral Dis tricts and 85 Sub jects of the Rus sian Fed er a tion.
Cal cu la tions were car ried out for run ning 20-year pe ri ods: 1995–2014 and 1998–2017. The maps lo cat ing
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Table 5. Assessment of average drought-induced losses (%) in spring wheat yield in 1995–2015 relative to 2008 in
the Central, Volga and Southern Federal Districts (results of simulations with the CSY system)

Area
Yield losses, %

1995 1998 2010 2011 2012 2013 2014 2015

CBR
Volga FD
Southern FD

–26
–29
–33

–34
–60
–44

–50
–62
–54

–44
–27
–34

–20
–28
–54

–35
–39
–61

–8
–11
–36

–14
–36
–30



the ter ri to ries where the spec i fied cri te ria of arid ity and waterlogging are met, were pro duced us ing the geo -
graphic in for ma tion sys tem QGIS.

Figure 6 presents the spatial patterns of severe drought (HTC £ 0.6) during May–August and the
probability of waterlogging (HTC ³ 2.0) during August–September, for the period of 1998–2017 in the CBR,
Volga FD and Southern FD.

On re quest, ta bles and maps show ing the bound aries of ar eas with the prob a bil ity of se vere droughts in
50% or more of the con sid ered years and waterlogging in 30% or more of the years can be pro vided.

The cal cu la tions make it pos si ble to iden tify the re gions and mu nic i pal dis tricts of the Fed eral Dis tricts
vul ner a ble to se vere droughts (Ta ble 6). For ex am ple, the prob a bil ity of se vere drought dur ing May–Au -
gust in the Saratov re gion ranged from 10% in the Petrovsky dis trict to 90% in the Alexandrovo-Gaisky
dis trict. The prob a bil ity of droughts in the Novouzensky (85%), Krasnokutsky (75%), Ershovsky and
Ozinsky (70%) ar eas was high. The data of Ta ble 6 show that the high de gree of ex po sure to drought is typ -
i cal for the en tire Saratov re gion: in 51% of the years con sid ered about 46% of the area was un der drought.

The ap proach al lows iden tifying ar eas prone to one or the other HP events ac cord ing to the es tab lished
cri te ria at the scale of mu nic i pal i ties, re gions, and re pub lics for the pur pose of tak ing stra te gic de ci sions in
re la tion to ag ri cul tural pro duc tion, ag ri cul tural in sur ance, and other types of sup port to farm ers, as car ried
out by cen tral and lo cal au thor i ties.

5. CONCLUSIONS

The in crease in grain pro duc tion has brought Rus sia to a lead ing po si tion in the world grain trade, and
main tain ing the cur rent level of pro duc tion is a pri or ity. Along with the so lu tion of socio-economic and ag -
ro nomic prob lems, it is also im por tant to as sess in time trends in agro-climatic re sources.
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Fig. 6. Map of the areas facing severe drought with a probability of ³ 50% in the period May–August (1) and waterlogging
with a probability of ³30% in the period August–September (2), according to data for 1998–2017.

Fig. 5. De vi a tion rel a tive to 2008 (%) of cli mate-driven spring wheat yield in 2010 (a) and 2012 (b), as sim u lated with the
CSY sys tem.



The sim u la tion sys tem CSY, im ple mented based on a mod ern gen er a tion of dy namic mod els of the pro -
duc tion pro cess and in stru men tal ob ser va tions of cli mate, soils and crops, ac cu rately re pro duces the cur rent 
state and vari abil ity of agro-climatic re sources across the ag ri cul tural land of Rus sia at dif fer ent scales
(Fed eral Dis tricts, re gions, Mu nic i pal Dis tricts).

Changes in  re sources across the ag ri cul tural ar eas of Rus sia are as so ci ated with the warm ing ten dency
ob served in the last quar ter of the 20th–early 21st cen tury. Most sen si tive ar eas to cli mate change are the
main grain-producing re gions of Eu ro pean Rus sia, that is, the CBR, Volga FD, and South ern FD. There a
de crease in cli mate-driven yields of wheat is ob served.

The lack of pos i tive trends in cli mate-driven yields of spring and win ter wheat in these re gions over
1998–2017 was caused by in creas ing arid ity and changes in grow ing-season ther mal re gime of grain crops.
Pos i tive trends in ac tual yield over the same pe riod are there fore likely due to the im prove ment of ag ri cul -
tural tech nol o gies for grain crops cul ti va tion and achieve ments of do mes tic breeding, i.e., the in tro duc tion
of high-yielding va ri et ies and hy brids.

Neg a tive trends in cli mate-driven yields re vealed for some re gions of south ern Rus sia are not yet dra -
matic, but may be come so if ad ap ta tion mea sures are not taken to coun ter act the ef fects of ob served cli mate
change in the pro duc tion of grain crops.
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