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Abstract—Changes in the frequency and intensity of atmospheric severe convective events, including
heavy rainfall, thunderstorm, hailstorm, squall, and tornado, in the Russian regions during the warm
season are analyzed using different independent sources of information. Based on observations at Russian
weather stations in 1966–2020, the frequency of thunderstorm, hailstorm, and strong wind, the contri-
bution of extreme showers to total precipitation, and the cumulonimbus cloud fraction are estimated.
Based on satellite data, the frequency and intensity of tornado and squall events that caused windthrows
for 1986–2021 and the height of the top of deep convective clouds for 2002–2021 are also evaluated.
The ERA5 reanalysis data are used to analyze the frequency of conditions favorable for the develop-
ment of moderate and intense severe convective events in 1979–2020. The results indicate a general in-
tensification of severe convective events in most Russian regions, except for a number of regions in the
south of the European part of Russia. The frequency of moderate hazards has a decreasing trend, and the 
frequency of the most intense severe hazards has an increasing trend. It is reasonable to take the results
into account when developing plans for the adaptation of Russian regions and industries to climate
change.
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IN TRO DUC TION

Since the second half of the 20th century, global surface air temperature has risen by 1.1°C [40]. Due to
a number of positive feedbacks and local impacts [66], surface air temperature in the Northern Hemisphere
high latitudes has increased more quickly than on average for the globe: in particular, in Russia, by 2.5 times
since 1976 [8]. There is a change in the mid-tropospheric temperature pattern: in particular, the lapse rate
increased over the Northern Hemisphere land with the increase in surface air temperature [18]. The warming
leads to the increase both in atmospheric moisture capacity [71] and actual moisture content [31]. The rise
in surface air temperature and air humidity, as well as the increase in the lapse rate intensify atmospheric
convection and may lead to the strengthening and increased frequency of atmospheric severe convective
events [16, 17]. 
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The fam ily of severe convective events (SCEs) usually in cludes large hail (with a di am e ter of >2 cm),
squalls with a wind speed of >25 m/s, tor na does (most of ten EF1) [30]. Some pa pers con sider heavy show -
ers [30] caus ing river floods as SCEs [44]. In over whelm ing ma jor ity of cases, SCEs as so ci ated with
multicell and supercell clouds, so called se vere con vec tive storms (see, for ex am ple, [26, 30]), which are
also char ac ter ized by high light ning ac tiv ity [46]. Con sid er able neg a tive con se quences are as so ci ated with
SCEs, in clud ing the de struc tion of build ings and in fra struc ture fa cil i ties, hu man loss, con tin u ous dam age to 
the for est cover [49, 57], in par tic u lar, in Rus sia [37, 54, 65]. There is an in creas ing dam age caused by
SCEs [57], which, on the one hand, is as so ci ated with the in crease in the ex po sure and vul ner a bil ity fac tors, 
but may also be partly as so ci ated with the in creased fre quency of SCEs. 

The pres ent pa per an a lyzes changes in the fre quency of SCEs and some in di ca tors that in di rectly char -
ac ter ize this fre quency in Rus sia. The anal y sis is based on dif fer ent sources of data, in clud ing ground-based 
and sat el lite ob ser va tions and reanalysis data. The dis cus sion of the re sults is com ple mented with the re -
view of avail able stud ies in this re search area. 

DATA AND METHODS

Data of stan dard me te o ro log i cal ob ser va tions from 521 Rus sian sta tions [4] for 1966–2020 (for wind,
from 1977) were used to es ti mate the fre quency of SCEs. The warm sea son from April to Sep tem ber was
an a lyzed. Based on these data, both di rectly SCEs (ex treme show ers, strong wind) and other vari ables char -
ac ter iz ing the fre quency of de vel op ment of at mo spheric con vec tion (but not the in ten sity) were con sid ered: 
to tal shower pre cip i ta tion, day time Cb cloud frac tion, hail of any in ten sity (it is im pos si ble to dis tin guish
only large hail from the data of cur rent ob ser va tions since there is no in for ma tion about the hail size), thun -
der storm pres ence.

The fre quency of days per warm sea son, when hail storms, thun der storms, and wind speed above 20 or
25 m/s were re corded, was as sessed for ev ery year. The fre quency was cal cu lated as the ra tio of the num ber
of such days (for ex am ple, thun der storm or hail storm days) to the to tal num ber of days from April to Sep -
tem ber. The Cb cloud frac tion nCb was es ti mated from in for ma tion on the mor pho log i cal type of clouds and 
on the low-level cloud amount for the day light hours (08:00 to 20:00 lo cal time). If only Cb were ob served
at the mo ment of ob ser va tion, nCb was equal to the low-level cloud amount (cu mu lus and cu mu lo nim bus
clouds are tow er ing ver ti cal ones but are coded as low-level clouds as their base is at the al ti tude of <2 km),
re gard less of the fact whether clouds from an other level were ob served syn chro nously with Cb (so called
up per-bound es ti mate) [35]. If there were no Cb at the mo ment of ob ser va tion, nCb was as sumed equal to 0.
For the whole warm sea son, nCb was cal cu lated as the mean over all ob ser va tions ex pressed in per cent.
Shower pre cip i ta tion was found from the in for ma tion about to tal pre cip i ta tion, cur rent and past weather, as
well as the cloud type (more de tail on the tech nique can be found in [23]). Ex treme show ers were de fined as 
the 95th per cen tile of the em pir i cal dis tri bu tion of convective pre cip i ta tion (heavy show ers, ac cord ing to
the clas si cal def i ni tion “events with pre cip i ta tion ³30 mm/hour” were not cal cu lated in the study). The con -
tri bu tion of ex treme show ers to to tal pre cip i ta tion for April–Sep tem ber was also com puted [36]. 

The changes in all an a lyzed pa ram e ters at the sta tions with the ab sence of data for 5 and more years, as
well as at moun tain sta tions (the al ti tude of >1000 m) were con sid ered in sig nif i cant. When eval u at ing
shower pre cip i ta tion and Cb cloud frac tion, it is nec es sary to take into ac count sub jec tiv ity of weather and
cloud type de ter mi na tion, as well as the jumps in the fre quency of cer tain types of clouds at some sta tions,
which are highly likely artefacts [47]. The uni for mity of sta tions for such jumps was tested us ing the pro ce -
dure de scribed in de tail in [36]. The changes in shower pre cip i ta tion and Cb cloud frac tion at the sta tions
with the re vealed nonuniformity were con sid ered in sig nif i cant.

The in for ma tion about windthrows in the for est zone of the Eu ro pean part of Rus sia (EPR) [65] for
1986–2021 based on their iden ti fi ca tion from the Land sat data and their sub se quent test ing us ing high-reso- 
lution im ag ery was used to eval u ate the fre quency of se vere squalls and tor na does (EF1 and higher cat e go -
ries). The more de tailed de scrip tion of the pro ce dure for search ing and ver i fy ing squall and tor nado
windthrows, as well as the char ac ter is tics of the windthrow da ta base is given in [65], where the pos si ble
fac tors of tem po ral inhomogeneity of the se ries are also pre sented. How ever, the con clu sion is made about
the quasiuniformity of the se ries for con tin u ous windthrows with an area above 1 km2. Such windthrows
were se lected from the da ta base [65] and were fur ther an a lyzed (the da ta base was com ple mented with the
events for 2018–2021). 

Sat el lite data on the height of the top deep con vec tive clouds cal cu lated from MODIS data for dif fer ent
cloud char ac ter is tics were used as an in de pend ent es ti mate of the to tal in ten sity of con vec tive pro cesses.
The MOD_06_L2 prod uct from the MODIS 6.1 col lec tion was used [29], which is data for the cloud char -
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ac teristics for the re gion within the sat el lite’s field of view with a 5-minute step. The vari able
cloud_top_height_1km with a res o lu tion of 1 km was used to es ti mate the cloud height. At the same time,
to as sess whether a cloud pixel be longs to the type of deep con vec tive clouds, con di tions were im posed on
the op ti cal thick ness (³23) and the man da tory pres ence of the ice phase, for which the vari ables Cloud_Op -
ti cal_Thick ness and Cloud_Phase_Op ti cal_Prop erties, re spec tively, were used. The height of deep con vec -
tive clouds was cal cu lated for North ern Eur asia (45°–70° N, 30°–150° E) for a month as the mean height of
all cor re spond ing pix els in this re gion in a given month. The change in the height over the pe riod of
2002–2021 was an a lyzed. The cloud height in the day time and night time (from 08:00 to 20:00 and from
20:00 to 08:00, re spec tively) was con sid ered sep a rately. Due to the sig nif i cant vol ume of ini tial data, the
anal y sis was pre sented for July and was based on Terra sat el lite ob ser va tions.

The ingredients-based approach was used to assess conditions favorable for the formation of SCEs [44].
In the framework of this approach, the values of convective instability indices and their critical values
formalizing specific atmospheric conditions associated with the formation of SCEs were analyzed (see,
for example, [45]). The calculation of the indices was based on the data of the modern ERA5 reanalysis [50]
with a high horizontal (~30 km), vertical (20 levels from the ground to the level of 300 hPa), and temporal
(1 hour) resolution. For Northern Eurasia for 1979–2020, more than 50 different convective instability
indices (thermodynamic, dynamic, composite) were computed. The present study analyzed changes in the
values only for some of them (which are more often used in the modern studies of SCEs and are the most
informative in the framework of the ingredients-based approach (see [30, 69, 70]: convective available
potential energy CAPE [55], convective inhibition energy CIN [41], and the WMAXSHEAR index. The
latter is the product of wind shear (in the layer from the surface to 6 km) by the square root of the doubled
CAPE and is a quite reliable predictor of intensive SCEs [70]. When calculating CAPE and CIN, initial
temperature and humidity of the lifting air volume were calculated as the mean for the lower kilometer
layer (so called Mixed Layer CAPE/CIN). The changes in the lightning activity index were also evaluated,
which is the product of hourly values of CAPE and precipitation P (P  ́CAPE) [62]. The changes in the
mean values of the indices (over the period from April to September) and the frequency of the series of
some critical values were computed. 

The interannual vari abil ity of the an a lyzed vari ables was ap prox i mated by the lin ear trend cal cu lated us -
ing the nonparametric me dian Theil–Sen es ti ma tor, which is less sen si tive to out li ers than the stan dard
least-squares method [13]. The level of the trend sig nif i cance was es ti mated us ing the Mann–Kend all rank
cor re la tion co ef fi cient [13].

RE SULTS AND DIS CUS SION

Ac cord ing to ob ser va tions at weather sta tions, there are con sis tent and sig nif i cant pos i tive changes for
the char ac ter is tics of shower pre cip i ta tion, namely, precipitation totals for all showers, precipitation
accumulated during extreme show ers (the 95th per cen tile), and the con tri bu tion of these show ers to to tal
pre cip i ta tion (Figs. 1a, 1b, and 1c). A sta tis ti cally sig nif i cant in crease in the an a lyzed char ac ter is tics of
show ers was reg is tered at most sta tions, it was es pe cially sig nif i cant in the south of Si be ria and the Far East
(up to 8% per de cade at some sta tions). The small est changes (both in the mag ni tude and in the num ber of
sta tions with a sta tis ti cally sig nif i cant trend of the same sign) were re corded in the south ern EPR and south -
ern Ural. 

The sta tis ti cally sig nif i cant in crease in ex treme pre cip i ta tion (of any type) in most of Rus sia and the de -
crease in south ern Ural and the Lower Volga re gion were noted be fore in [12]. The in crease in the amount
of heavy sum mer pre cip i ta tion in the EPR is also ac com pa nied by the in crease (al though sta tis ti cally in sig -
nif i cant) in river run off dur ing floods [52]. In the south ern EPR, in par tic u lar, on the Black Sea coast dur ing 
the warm sea son, there are dif fer ently di rected trends in ex treme pre cip i ta tion at neigh bor ing sta tions [12],
which are reg is tered against a back ground of the gen eral re duc tion of pre cip i ta tion in sum mer and its in -
crease in the tran si tion sea sons [2].

The revealed increase in the frequency of extreme showers is generally consistent with an essential
increase in the number of heavy precipitation events that caused significant damage to the economy and
population [10] both due to heavy showers (³30 mm/hour) and very heavy rains (³50 mm/12 hours).
However, the database of such events [15] (an important source of information for assessing vulnerability 
of regions to severe weather events) is characterized by temporal inhomogeneity. In particular, essentially
the same events in different regions may be interpreted as one or as several events. For example, on July 9,
2011 at Kazan weather station (ID 27595), 68.7 mm of precipitation per 12 hours and 54 mm of preci-
pitation per 1 hour were recorded (the values were retrieved from the pluviograph data [27]). One rain

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 47   No. 5   2022 

AT MO SPHERIC SEVERE CON VEC TIVE EVENTS IN RUS SIA 345



event on that day met two criteria (heavy shower and very heavy rain) and was recorded to the database
[15] both as “very heavy rain” and “heavy shower.” At the same time, heavy precipitation in Kolomna
(ID 27625) on June 15, 2012 with total precipitation of 87.2 mm/12 hours and 69.9 mm/1 hour was
recorded to the database only as “very heavy rain,” while heavy precipitation in Ryazan (ID 27730) on
July 25, 2001 (73.6 mm/12 hours and 57.5 mm/1 hour) was recorded only as “heavy shower.” Other similar
examples of different interpretations of an event of the same type were also found, which indicates
nonuniformity of the database and a need in a number of assumptions when using these data for assessing
the interannual variability of SCEs. 

The increase in the contribution of extreme showers to total precipitation observed in most Russian
regions is accompanied by the lengthening of the dry period between precipitation events [75], with a
positive trend of 3–6% per decade for 1966–2012 [12]. At the same time, the precipitation frequency
reduction occurs primarily due to stratiform (large-scale) precipitation [36]. It should be noted that total
precipitation varies at a lower rate than the intensity of precipitation and the contribution of extreme
showers [36], in particular, the trend in annual total precipitation for Russia in 1976–2020 made up 2.2%
per decade [9]. Based on the numerical convection-permitting modeling, it was shown for the territory of
the USA that the decrease in the frequency of rains in the warm season expected due to global climate
change is associated with the decreasing frequency of light precipitation (£2 mm/day), while heavy
precipitation (³10 mm) becomes more frequent [42]. Evidently, similar trends may be expected for the
regions in Northern Eurasia. For example, the results of global and regional model simulations demonstrate 
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Fig. 1. The warm season (April–September) trends based on station observations for (a) total shower precipitation, (b) 95th per-
centile total shower precipitation, (c) contribution of the 95th percentile showers to total precipitation, (d) daytime Cb cloud
fraction, (e) frequency of thunderstorm days, (f) frequency of hailstorm days, frequency of days with maximum wind speed
above (g) 20 and (h) 25 m/s. The trends were calculated for 1966–2020 in figures (a–f) and for 1977–2020 in figures (g, h).
The large circles show statistically significant trends at the level of 95%.



the persistence of trends towards an increase in extreme precipitation and precipitation intensity and a
simultaneous extension of the dry period for the next decades [22, 43]. The extension of the dry period is
expected south of 60° N, and its shortening is expected to the north [22], which is associated with a
displacement of trajectories of extratropical cyclones to this region [19]. Air humidity also plays an
important role in establishing a certain pattern of dependence of extreme precipitation on temperature in
different regions of Northern Eurasia [28].

Along with the in crease in the amount of shower pre cip i ta tion in Rus sia, there is an in crease in the Cb
cloud frac tion (Fig. 1d) and the num ber of thun der storm days (Fig. 1e). It is more pro nounced in the south
of Si be ria and the Far East, which is con sis tent with the ear lier re sults [39]. High con sis tency of the num ber
of thun der storm days and con vec tive pre cip i ta tion was found be fore based on the lo cal con vec tive cloud
model and reanalysis data [5]. Against a back ground of the gen eral in crease in the num ber of thun der storm
days, a num ber of re gions with dif fer ently di rected trends were iden ti fied, in par tic u lar, some sta tions in the 
EPR and the Far East dem on strate sig nif i cant trends to wards a de crease in the num ber of thun der storm
days. In gen eral, there is the length en ing of the thun der storm sea son [6, 39], mainly due to the ear lier start
of light ning ac tiv ity in spring [6].

It should be noted that the fre quency of thun der storm days does not al low full eval u a tion of light ning
ac tiv ity (in par tic u lar, the num ber of light ning flashes per a cer tain area). A rather re li able in di ca tor of
con vec tion intensity, in par tic u lar, of light ning ac tiv ity, is the height of con vec tive clouds [1, 11, 72]. For
North ern Eur asia, there is a sta tis ti cally sig nif i cant in crease in the height of the top of deep con vec tive
clouds re trieved from MODIS sat el lite data (Fig. 2a), whose rate is ~280 m/de cade in the day time and
330 m/de cade at night. This more than twice ex ceeds the rate of the tropo pause height growth re trieved
over most re gions of North ern Eur asia (ex cept for north ern Si be ria) from ra dio sonde [14] and reanalysis
data [73]. The in crease in the height of con vec tive clouds in di cates a gen eral in ten si fi ca tion of light ning ac -
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Fig. 2. (a) The interannual changes in the  deep con vec tive cloud top height over North ern Eur asia (1) by day and (2) at night
in July ac cord ing to Terra/MODIS sat el lite data and (b) interannual changes (3) in the area of squall and tor nado windthrows
(for windthrows with an area of ³1 km2) in the for est zone of the Eu ro pean part of Rus sia, as well as (4) in the num ber N of 
convective storms that caused them ac cord ing to ex tended data [65]. The lin ear ap prox i ma tion of changes is shown, the solid

and dot ted lines show a sta tis ti cally sig nif i cant trend at the lev els of 99 and 90%, re spec tively.



tiv ity in the re gions of North ern Eur asia. This is also con firmed by other data, in par tic u lar, by light ning de -
tec tion data, based on which the in crease in the light ning flash rate was found both in the high lat i tudes [51]
and in sep a rate Rus sian re gions, for ex am ple, in Yakutia [67].

Avail able data sources do not al low any un am big u ous con clu sions about changes in hail ac tiv ity on the
ter ri tory of Rus sia: the over whelm ing ma jor ity of sta tions dem on strate in sig nif i cant trends in the fre quency 
of hail (Fig. 1f), both for the cases of small and large hail. The in for ma tion about the hail size is frag men -
tary and inhomogeneous (in par tic u lar, it is trans mit ted in the form of “Storm” tele grams not for ev ery phe -
nom e non). Taking into ac count the lim i ta tion of avail able data, it is rea son able to es ti mate rather the fre -
quency of at mo spheric con di tions typ i cal of the gen er a tion of large hail than the fre quency of hail events
[57, 60]. 

Taking into ac count rare oc cur rence and a char ac ter is tic scale of se vere squalls (>25 m/s) and tor na dos,
the as sess ment of their long-period vari abil ity based on sta tion data is dif fi cult. Pa per [25] shows a prin ci -
pal im pos si bil ity of us ing sta tion ob ser va tions for the cor rect sim u la tion of even a typ i cal num ber of tor na -
does, not to men tion their vari abil ity. At the same time, the in crease in the num ber of tor na dos noted in [25,
37] is ev i dently in stru men tal and as so ci ated with an in crease in the vol ume of in for ma tion. Ac cord ing to
uni form ob ser va tions of the max i mum wind speed at weather sta tions, there are quite small (mainly neg a -
tive) changes in the fre quency of days with wind speed of ³20 m/s (Fig. 1g), sig nif i cant changes were found 
in the east ern EPR, in the south of Si be ria, and on the coast of the Pa cific Ocean seas. The max i mum con sis -
tency is ob served for the sta tions in south ern Si be ria, where a neg a tive sig nif i cant trend in wind events dur -
ing the warm sea son (to –2% per de cade) was reg is tered at most sta tions. At the same time, the trends for
the events with storm wind (³25 m/s) based on sta tion data are in sig nif i cant (Fig. 1h). 

A pos si ble mea sure of in ten sity of squall and tor nado events in the for est zone is the area of con tin u ous
windthrows that they caused [64]. There has been a sig nif i cant in crease both in the num ber of con vec tive
storms that caused tor nado and squall windthrows (the trend value is 2.5 events per de cade) and in the to tal
area of windthrows (9.3 km2/de cade) for the for est zone of the EPR since the late 1980s (Fig. 2b). There is
high interannual vari abil ity in the area of windthrows, in par tic u lar, the years 2010 and 2021 stand out,
when so called “derecho” (long-lived squalls with a life time up to 8 hours) were formed on the west ern pe -
riph ery of block ing an ti cy clones and caused windthrows with a length of above 500 km and a mean width
of about 20 km [38]. Such events were reg is tered on the ter ri tory of Rus sia for the first time. 

It is rea son able to pro vide the fur ther as sess ment of long-period vari abil ity of the area of windthrows
and the num ber of con vec tive storms that caused them for the for est re gions of Si be ria and the Far East.
This will al low a more re li able es ti ma tion of trends in ex treme events in these re gions. How ever, such anal -
y sis would not be in for ma tive for the ar eas with the for est cover of <50% [63]. At the same time, it is es sen -
tial to take into ac count an in crease in vul ner a bil ity of the tree stand to wind im pacts in a case when strong
wind is ac com pa nied by in tense pre cip i ta tion [48]. By the end of the 21st cen tury, global cli mate mod els
show an in crease in the fre quency of com plex events with strong wind and heavy pre cip i ta tion (both meet
the 99th per cen tile) for North ern Eur asia, es pe cially for a more ag gres sive sce nario of anthropogenic emis -
sions [61].

Recently, the diagnosis of observed and expected changes in the frequency of severe convective storms
and accompanying SCEs has been carried out using convective instability indices based on the data of
radiosondes (for example, [16, 70]), reanalysis systems (for example, [7, 69, 70]), and global and regional
climate models (for example, [21, 24, 32, 53, 58]). In the latters both changes in different quantiles of the
index distributions and in the frequency of exceeding certain thresholds are analyzed. For example, the
possible threshold values are 150 J/kg for CAPE and 400 m2/s2 for WMAXSHEAR, their exceeding leads
to the development of moderate or severe convective events, respectively [70].

The val ues of con vec tive in sta bil ity in di ces cal cu lated from the ERA5 new gen er a tion reanalysis for
1979–2020 vary in dif fer ent di rec tions in dif fer ent re gions of Rus sia (Figs. 3 and 4). In par tic u lar, there is a
de crease in con vec tive ac tiv ity in the south of the EPR and Ural, where a de crease was re vealed both in the
mean val ues of CAPE (and de rived in di ces WMAXSHEAR and P ́  CAPE) (Fig. 3) and in the fre quency of 
crit i cal val ues of the in di ces (Fig. 4). This re duc tion is con sis tent with the re sults of [68], where the con vec -
tive in sta bil ity in di ces were cal cu lated from the ERA5 data with a higher ver ti cal res o lu tion (based on
sigma lev els). The de crease in P ́  CAPE is in gen eral agree ment with the de crease in the fre quency of thun -
der storm days re vealed from sta tion data (Fig. 1e). At the same time, the fur ther in ves ti ga tion is re quired to
clar ify the de gree of con sis tency of small and dif fer ently di rected changes in P ́  CAPE reg is tered in other
re gions with changes in the light ning flash rate ac cord ing to the light ning de tec tion data [51, 67] and with
the height of deep con vec tive clouds (Fig. 2a).
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In the po lar re gions, there is a small (in mag ni tude) but sig nif i cant de crease in CAPE. It is ev i dently as -
so ci ated with the weak en ing of ma rine cold air out breaks, in which con vec tion de vel ops in the Arc tic [56].
A sig nif i cant de crease in WMAXSHEAR is also ob served here due to the wind shear re duc tion. In the
south of the Far East, there are dif fer ently di rected and mostly in sig nif i cant changes in the con vec tive in sta -
bil ity in di ces. 

On the Black Sea coast and in south ern Si be ria, there are pos i tive trends in CAPE and WMAXSHEAR
and their crit i cal val ues, which in di cate an in crease in the prob a bil ity of de vel op ment of SCEs, in clud ing
in ten sive ones, in these re gions. At the same time, the in crease in CAPE is ac com pa nied here by the in -
crease in con vec tive in hi bi tion (CIN is usu ally ex pressed in neg a tive val ues, so the neg a tive trend means a
gen eral in ten si fi ca tion of con vec tive in hi bi tion) (Fig. 3c), which may lead to the con di tions for ex plo sive
con vec tion. In par tic u lar, the com bi na tion of rather low ab so lute val ues of CIN (>–50 J/kg) and high val ues 
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Fig. 3. The lin ear trend in the April–Sep tem ber mean val ues of con vec tive in sta bil ity in di ces: (a) CAPE, (b) CIN, (c)
WMAXSHEAR, (d) P  ́CAPE cal cu lated from the ERA5 reanalysis data for 1979–2020. The dots show a sta tis ti cally
significant trend at the level of 95%.



of CAPE fa vors the de vel op ment of con vec tion but leads to the for ma tion of mod er ate SCEs. How ever,
high ab so lute val ues of CIN (cor re spond ing to the val ues to –200 J/kg) in com bi na tion with high CAPE un -
der cer tain con di tions (when pass ing through the in ter cept ing layer) lead to the ex plo sive de vel op ment of
con vec tion and the for ma tion of es pe cially in tense SCEs [59]. In par tic u lar, such events may be im ple -
mented un der cer tain cir cu la tion con di tions, like, for ex am ple, in July 2012 in the area of Krymsk [54]. The
ide al ized model ex per i ments show that the main rea son for the in crease in CAPE and de crease in CIN in the 
Black Sea re gion is the warm ing of the Black Sea [3, 74]. The rev e la tion of rea sons for the con vec tion in -
ten sity growth in south ern Si be ria (that was also noted in [6, 20]) re quires fur ther re search. 

The investigation of reasons for the weakening of convection in the southern EPR is also interesting, par-
ticularly because global climate models do not reveal such regional features and demonstrate an increase in
the absolute values of CAPE and CIN with a further global temperature rise for entire Russia in the 21st cen-
tury [32, 53]. In particular, the intensity of development of mesoscale convective systems generating intense
SCEs is considerably affected by aerosol [33], whose regional trends are insufficiently correctly reproduced
in global climate models [34].

CON CLU SIONS

The pres ent pa per an a lyzes changes in the fre quency and in ten sity of at mo spheric SCEs in Rus sian re -
gions based on ground-based and sat el lite ob ser va tions and reanalysis data for the re cent de cades. The anal -
y sis re sults in di cate a gen eral in ten si fi ca tion of SCEs in most Rus sian re gions. The weak en ing of SCEs was 
reg is tered in south ern Ural and the re gions of the south ern EPR (ex cept for the Black Sea coast). The fre -
quency of mod er ate SCEs has a de creas ing trend, and the fre quency of the se vere ones has an in creas ing
trend. This con clu sion and a num ber of the re vealed re gional fea tures of changes in the char ac ter is tics of
SCEs re quire fur ther re fine ment, in par tic u lar, based on nu mer i cal ex per i ments with con vec tion-permitting
mod els, in clud ing the as sess ment of the role of lo cal and global pro cesses in these changes. 

The re sults may be used for as sess ing cli mate change risks, in par tic u lar, those as so ci ated with the for -
ma tion of SCEs, the ex pected changes in the in ten sity and fre quency of which should be con sid ered when
de vel op ing plans for the ad ap ta tion of Rus sian re gions and in dus tries to cli mate change.
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Fig. 4. The lin ear trend in the fre quency of events with (a) CAPE > 150 J/kg, (b) WMAXSHEAR > 400 m2/s2 in the warm
sea son (April–Sep tem ber) for 1979–2020. The dots show a sta tis ti cally sig nif i cant trend at the level of 95%.
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