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Ab stract—Cli ma tol ogy and vari abil ity of an ti cy clonic (AC-type) and cy clonic (C-type) wave break ing 
in the re gion of the sub trop i cal jet stream are in ves ti gated us ing the pre vi ously de vel oped method for
iden ti fy ing and clus ter ing Rossby wave break ing events. Po ten tial vorticity at an isentropic sur face of
350 K from the ERA-Interim and ERA5 reanalyses are used. The re sults of ap ply ing the meth ods for the 
two reanalyses are sim i lar. How ever, there is a high in con sis tency for cy clonic wave break ing events,
es pe cially in sum mer. The max i mum for both types of wave break ing is reg is tered in sum mer. There are 
two main max i mum ar eas for the AC type: At lan tic and Pa cific. A spe cific fea ture of the C type is the
cli ma tic max i mum in East Asia, prob a bly due to the sum mer de vel op ment of the East Asian mon soon.
The in ten sity of the AC-type wave break ing for the en tire North ern Hemi sphere dur ing the year dem on -
strates a pos i tive trend. Sea sonal changes of the AC type were also con sis tent for the two reanalyses,
global changes are less con sis tent for cy clonic wave break ings, and sig nif i cant trends are ba si cally ab -
sent. The re gional anal y sis re vealed that the fre quency of AC-type wave break ing in sum mer de creases
over the East ern At lan tic and in creases over Eu rope. The agreed and pos si bly re lated changes in the AC
and C types are re corded in the Asia-Pacific. In sum mer, there is a de crease in the C-type oc cur rence
over East Asia and an in crease in the AC-type oc cur rence over the East ern Pa cific. How ever, these
changes were found only for the ERA-Interim and re quire fur ther anal y sis and in ter pre ta tion.
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1. IN TRO DUC TION

The origin of the great number of large-scale weather-generating phenomena in the troposphere depends 
on the propagation and breaking of long Rossby waves [3, 5, 15, 18, 20, 40]. The authors [28, 29] gave the
definition of the Rossby wave breaking (RWB), which occurs when cold advection in the eddy flow leads to
the meridional breaking of potential vorticity (PV) contours, so that the meridional derivative of PV is nega-
tive. Depending on the direction of the inclination of the breaking PV contours, the Rossby wave breaking
is divided into anticyclonic (AC) and cyclonic (C) types [26, 38]. The Rossby wave breaking occurs when
PV fluxes are formed, with the poleward movement of air masses with low PV and the movement of air with
high PV toward the equator [38]. For example, the Rossby wave breaking when the flow with low PV
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moves to the pole and the west relative to the flow with high PV is classified as the AC-type breaking. The
process when the flow with low PV moves to the pole and the east relative to the high-PV flow is classified
as the C-type breaking. Two RWB types have different transport and mixing properties [30]. 

There are many pat terns in the RWB pro cesses, which have been ex plored to dif fer ent ex tents. Po ten tial
vorticity ob ser va tions [14, 16] show that the up per sub trop i cal tro po sphere is the area of the most fre quent
Rossby wave break ing, sim i lar to the “surf-zone” in the win ter time strato sphere mid-latitudes. As well as in 
the strato sphere, the tro po spheric flow is very inhomogeneous here, with the wave-like type in im me di ate
prox im ity to the wave break ing area, where the flow is highly non lin ear. The wave break ing has a close
con nec tion with the re gimes and char ac ter is tics of jet streams. The jet stream re gime is highly de pend ent on 
the re la tion ship be tween two types of jet streams in the lower at mo sphere: sub trop i cal and mid-latitude
ones. In ad di tion to dif fer ent lat i tu di nal po si tions, these two jet stream types dif fer in the ver ti cal struc ture,
vari abil ity char ac ter is tics, and ex ter nal forc ing [21]. The sub trop i cal jet is con cen trated close to the sub -
trop i cal bound ary of the Hadley cell, it is rel a tively sta ble and largely caused by the trans fer of the ab so lute
an gu lar mo men tum of the mean me rid i o nal cir cu la tion. The mid-latitude jet is lo cated in side the Fer rel cell
and is con nected with mid-latitude storm tracks. This jet is formed mainly as a re sult of the baroclinic wave
eddy mo men tum flux con ver gence. Both jets are char ac ter ized by the ver ti cal wind shear as so ci ated with
the low-level me rid i o nal tem per a ture gra di ent, but the ver ti cal shear and the tem per a ture gra di ent are
higher for the sub trop i cal jet. Two types of jets can merge into one or can be split into two sep a rate in ter act -
ing jets, which launches com plex pro cesses [31, 35]. The strong jet in the up per tro po sphere near the sub -
trop i cal bound ary of the Hadley cell is ob served in win ter in both hemi spheres. In the North ern Hemi sphere 
win ter, the jet stream has a pro nounced lon gi tu di nal struc ture with two jets over the At lan tic Ocean and one 
jet over Asia and the Pa cific Ocean. Nev er the less, in win ter, the jet over the Pa cific Ocean in the North ern
Hemi sphere, which is of ten called sub trop i cal due to its lat i tu di nal po si tion, is partly gen er ated and main -
tained by ed dies. More pre cisely, it can be con sid ered as a jet with ther mal and eddy forc ing [9, 22]. For
sum mer, a very special feature is noted, the so called “north ward jump” of the sub trop i cal jet [23]. This is
closely con nected with an in crease in the num ber of wave break ing and block ing events in sum mer [4, 6, 8,
39]. The ap proach based on the pre sen ta tion of PV per tur ba tions as nor mal modes in the mod els of at mo -
spheric dy nam ics shows that the eddy length scale is the key pa ram e ter de ter min ing the pat tern of wave
break ing and feed back of ed dies with the mean flow. Con se quently, long waves break more of ten
anticyclonically and short waves break cy clon i cally. When baroclinity in the up per tro po spheric lay ers in -
creases, long waves be come more un sta ble and break anticyclonically, shift ing the jet to ward the pole.

Some stud ies [19, 34] showed that the hu mid ity growth fa vors more fre quent oc cur rence of cy clonic
wave break ing as com pared to an ti cy clonic one. The au thor of [32] ex plained this fact: la tent heat emis sion
in creases the in ten sity of cy clones more than that of an ti cy clones, hence, more C-type events oc cur. Since
the ÀÑ and C types shift the jet to the pole and equa tor [38], re spec tively, the in crease in the num ber of
Ñ-type events will fa vor the jet dis place ment to the equa tor.

The au thors of [37] for the first time pro vided the ob jec tive anal y sis of an ti cy clonic and cy clonic RWB
types for the North ern Hemi sphere in win ter dur ing 1958–2006. It was shown that the win ter cli ma tol ogy
of the fre quency and size (zonal ex tent) of both RWB types at an isentropic sur face of 350 K in the North -
ern Hemi sphere and the spa tial dis tri bu tion of the RWB are con sis tent with the o ret i cal con cepts of the
RWB in the shear flow. For ex am ple, ac cord ing to [17], when Rossby waves prop a gate from the
extratropical tro po sphere to the strato sphere, the main flow is the zonal av er aged shear flow, which in -
cludes west ern winds al ter nat ing with east ern ones. As suming that the main flow moves with a speed that is 
a func tion of lat i tude and the wave has a cer tain phase ve loc ity, there is a place where the flow speed co in -
cides with the wave phase ve loc ity. This is a line called the crit i cal line for the fixed value of lat i tude, and
its neigh bor hood is called the crit i cal layer where the RWB oc curs.   

The climatology and long-term variability of the RWB over the longest period were considered in [7,
15]. The authors of [7] rely on the variability of potential temperature on the dynamic tropopause (PV-Q)
over the period of 1979–2011 based on the NCEP DOE Reanalysis 2 data. The authors of [15] investigated
the variability based on potential vorticity at the levels between 320–380 K over the period of 1981–2015
using the MERRA-2 data. Seasonal features and average annual parameters were studied in both papers. To 
understand the potential of RWB identification methods, it is necessary to recall the basic regularities of
intersecting isentropic surfaces and constant PV surfaces (Ertel potential vorticity field). The surface of 370 K 
basically intersects the constant PV surfaces approximating the tropopause of 2–4 PVU (potential vorticity
unit) only in the tropics and does not cover the area of the subtropical jet. The surface of 330 K crosses the
surfaces of 2–6 PVU only in the mid-latitudes and describes processes associated with the polar-front jet
stream. The surface of 350 K crosses the dynamic tropopause in the transition area between the tropics and
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mid-latitudes on the subtropical slope. The dynamic tropopause (2 PVU) intersects both surfaces of 330
and 350 K and, therefore, comprehensively captures processes in the subtropical and middle latitudes. 

Paper [2] presents the overview of the key processes related to the Rossby wave breaking, as well as the
method for their identification and clustering. The potential of applying this method for analyzing the
climatology and long-term variability of the RWB number is also discussed there. The considerable
development of reanalysis data allows full-fledged research in this area. The objective of the present paper
is to investigate the Rossby wave breaking in the region of the subtropical tropopause which has a signifi-
cant effect on the temperature and precipitation anomalies in Eurasia in summer, as its characterizes the
advection of air masses from the tropics. Therefore, the variability of potential vorticity at the level of 350 K
was chosen as the analyzed parameter [33]. Despite the advantages in the analysis of blocking formation,
the value of PV-Q insufficiently indicates specific features of the RWB in the transitional subtropical zone. 
A reason for such close attention was the situation with an increasing number of flash floods, heat waves,
and wildfires [11, 36]. It is known that the irreversible deformation of the vorticity field accompanying the
breaking may both provoke heavy precipitation due to the vertical mixing in the troposphere and be a
reason for the set-in of the stable blocking anticyclone [20, 40]. In addition, the fact of northward
displacement of the Hadley cell edge was revealed [15, 25], and the shift of the subtropical jet stream was
noted in some papers [15]. Therefore, the detailed assessment of the RWB variability in the area of the
subtropical jet is necessary. Moreover, as shown in [5], the change in the position of jet streams may lead to
the change in the RWB type.

The objective of the study is the detailed analysis of climatology and long-term variability of Rossby
wave breaking in the subtropical tropopause region. The analyzed period is longer than that used previ-
ously, from 1979 to 2018. The focus is not only on average annual and season features, but also on regional
climatic manifestations of the RWB and variability for every month, which allows discussing a number of
important issues.

2. DATA AND METHODS

The cal cu la tion of cli ma tol ogy and long-term vari abil ity of Rossby wave break ing was based on the re -
sults ob tained in [2] and pre vi ously pre sented for the ERA-Interim reanalysis data as lon gi tude-time di a -
grams (avail able at http://sibnigmi.ru/RWB/RU/RWB_long-term_1979-2019/). The an nual, sea sonal (cal -
en dar), and monthly val ues were an a lyzed. In ad di tion to the ERA-Interim (EI), we pro vide the re sults of
cal cu la tions based on the ERA5 (E5) reanalysis for 1979–2018 [12], which was de vel oped to sub sti tute the
ERA-Interim avail able for the pe riod un til Au gust 2019. 

In 2021, the Eu ro pean Cen tre for Me dium-range Weather Fore casts (ECMWF) pub lished the pre lim i -
nary ver sion of the E5 dataset for the pe riod of 1950 to 1978 con tain ing data at isentropic sur faces and
equal vorticity sur faces [10]. At this stage, these data are not used for ob tain ing an es ti ma tion of long-term
RWB vari abil ity, since there is a cer tain inhomogeneity in the se ries of pri mary break ings which was com -
posed of two E5 se ries (the graph is not pre sented). How ever, cal cu la tions were per formed to an a lyze the
daily vari abil ity of the RWB based on the E5 over the whole avail able pe riod of 1950–2020. They may be
use ful in the syn op tic anal y sis of block ing and are also avail able (https://bit.ly/3i8d1GC). How ever, it
should be em pha sized that the ERA5 ver sion for 1950–1978 is cur rently pre lim i nary
(https://www.ecmwf.int/en/fore casts/datasets/reanalysis-datasets/era5). 

The anal y sis of long-term vari abil ity of the RWB pa ram e ters was based on the fol low ing ap proach. First 
of all, global changes were es ti mated for cy clonic and an ti cy clonic RWB types. Let us briefly re call the
main stages of reanalysis data pro cess ing from [2]. For the EI and E5 data, at first the pro ce dure was car ried 
out for iden ti fy ing pri mary break ings by the PV lev els from 0.3 to 9.8 PVU with a step of 0.5 PVU at the
PV-Q sur face of 350 K for 12:00 UTC. Then, they were grouped and fil tered, and the cen ters in ter po lated
to the reg u lar 0.75° grid were found for the groups of events. Thus, the co or di nates and char ac ter is tics of
the num ber of in volved PVU break ing lev els and to tal area of break ing zones were ob tained for the sub se -
quent anal y sis for each time of ini tial data. Due to the con sid er able spa tial com pres sion of in for ma tion at
the stage of clus ter ing, a rel a tively small num ber of val ues turned out to be at the grid points. This subse-
quently led to some nu ances in cal cu la tions based on the reg u lar grid. Let us con sider this in more de tail.

For analyzing the climatology, the sum of breaking levels was calculated for each grid point and was
normalized with respect to the point with the maximum sum (to ensure that the resulting frequency maps
are representative for the Northern Hemisphere analysis). This procedure was executed both for the entire
observation series and separately for the seasonal and monthly samples. In addition, the aggregation over
the sectors equal to 45° of longitude was performed to evaluate the real values of the RWB frequency of
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occurrence. Note that it is difficult to calculate the real frequency on the grid due to the data compression to
the grid points as a result of clustering.

The vari abil ity was as sessed for the en tire North ern Hemi sphere and for in di vid ual sec tors with the
max i mum RWB fre quency. For this pur pose, var i ous spa tial ag gre ga tions were car ried out us ing the data
on the num ber of break ing lev els sit u ated at the grid points. When se lect ing sec tors for the re gional es ti ma -
tion of the break ing pa ram e ters vari abil ity, the au thors re lied on the po ten tial vor tex prop er ties. The Rossby 
wave evo lu tion de pends on the PV gra di ent. When the me rid i o nal PV gra di ent is low, high-amplitude
Rossby waves can break, lead ing to the mix ing of PV in lon gi tude in the lim ited area of the wave break ing.
The RWB is man i fested as a large-scale and ir re vers ible break ing of PV con tours at isentropic sur faces
[27]. It may be as sumed from gen eral con sid er ations that the ar eas of vorticity lines where break ings most
of ten oc cur, are on av er age wider than the ar eas with no break ings. There fore, the au thors an a lyzed trends
in the thick ness of the PV con tour of the area of 2–6 PVU for the level of 350 K. The trends were com puted
for monthly mean val ues of the me rid i o nal dif fer ence be tween the co or di nates of the field of vorticity of 2
and 6 PVU for each lon gi tude point with a step of 0.75°. This pro ce dure was ex e cuted for the both datasets.
Fig ure 1 pres ents the re sults for April, the en tire sum mer, and Oc to ber, and other re sults can be found in the
web ver sion (https://bit.ly/3zD74av). The ar eas of sig nif i cant changes were se lected pro ceed ing from the
fol low ing cri te ria. Firstly, the area should be larger than or equal to 15° of lon gi tude; sec ondly, the ar eas
with a break of less than or equal to 5° were united into one zone. Even if the mod i fied area was de tected
only from one dataset (which rarely oc curred), the vari abil ity of break ings in this area was as sessed for the
both reanalyses (Figs. 1b and 1e).

3. RE SULTS AND DIS CUS SION

3.1. Cli ma tol ogy of Break ings

Ta ble 1 pres ents the to tal num ber of break ings for the sea sons and the whole year. It is clear that the
num ber of the de tected AC-type RWBs al most does not dif fer for the an a lyzed reanalyses, and their an nual
sums al most co in cide. The num ber of C-type break ings ac cord ing to the ERA5 and ERA-Interim dif fers
more sig nif i cantly (on av er age by 1.5 times).
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Fig. 1. (1) The mean position of the area of 2–6 PVU, (2) the significant (p = 0.05) expansion, (3) the narrowing, the width
reflects a degree of the trend slope coefficient in (a, d) April, (b, e) October, and (c, f) summer for (a–c) the ERA-Interim and
(d–f) ERA5 reanalyses. The areas of trend changes for calculations have the following borders: in April: (1) 45°–  95° W,
(2) 5° W–22° E; in October: (1) 17°–45° W, (2) 93°–132°  W, (3) 160° E–177° W; in summer: (1) 2°–61° E, (2) 12°– 53° W,

(3) 82°–127° E. The article with colored figures is available at the site http://link.springer.com.



Fig ure 2 pres ents the RWB fre quency of oc cur rence for the sea sons, the full ver sion is avail able at
https://bit.ly/3AGoKUj. Not the ab so lute fre quency at each grid point but the fre quency rel a tive to the
max i mum grid point is pre sented, which is nec es sary for il lus trat ing the ar eas of max i mum fre quency. The
ab so lute fre quency is rep re sented by the num bers for the 45° sec tors. Only data for the E5 dataset are given
for the AC-type RWBs, as a good con sis tency with the EI data was gen er ally re vealed. For the C type, both
re sults are pro vided to show the ar eas and sea sons for which the dif fer ences are max i mal. 

In gen eral, the pre sented dis tri bu tions agree with the con clu sions made in [7, 15], but there are some
differences. For the an ti cy clonic break ings, the ar eas with max i mum fre quency are sit u ated over the North
At lan tic and North Pa cific. Over the At lan tic Ocean, ex cept for the sum mer, the zone of the max i mum is
shifted to the east ern re gions. Over the Pa cific Ocean, the ar eas of the max i mum are more man i fested in
sum mer. The lo cal max i mum de tected [15] in the area of the Sea of Okhotsk in sum mer is fuzzier in our dis -
tri bu tions. For the cy clonic break ings, there is the max i mum in the area of north ern East Asia in all stud ies,
in clud ing out dis tri bu tions, which is prob a bly caused by the mon soon de vel op ment in sum mer. Our dis tri -
bu tions, as well as the dis tri bu tions in [15] point out the max i mum of cy clonic RWBs in sum mer as com -
pared to the other seasons. On the contrary, in paper [7] the max i mum RWB was found for the win ter,
which is prob a bly as so ci ated with spe cific fea tures of the PV-Q data. The au thors ex plain this by the shift of 
the baroclinity zone to ward the equa tor. Un for tu nately, pa per [15] does not pres ent data for the tran si tion
sea sons, there fore, their com par a tive anal y sis is dif fi cult.

Ac cord ing to the EI, the fre quency of C-type break ings in all sea sons is higher than ac cord ing to the E5.
For win ter, the area of max i mum dif fer ences is sit u ated in the East ern Pa cific off the west ern coast of
North America. In spring, the zone of max i mum dif fer ences is lo cated over North Amer ica. For sum mer
and au tumn in most of the North ern Hemi sphere, the RWB fre quency is lower ac cord ing to the E5. Es pe -
cially sig nif i cant dif fer ences (al most two-fold) can be seen in East Asia, in the sec tor of 90°–135° E. The
rev e la tion of rea sons for the above dif fer ences goes be yond the scope of the pres ent re search and will be
con sid ered in fu ture stud ies. The work ing hy poth e sis ex plains this by the gen eral dif fi culty in de ter min ing
ge om e try of C-type break ings dur ing the pe riod of max i mum cy clone ac tiv ity over the con ti nents, es pe -
cially over Eur asia.

3.2. Vari abil ity of Rossby Wave Breaking Pa ram e ters

Global changes. Fig ure 3 shows the an nual char ac ter is tics of the RWB pa ram e ters for the en tire North -
ern Hemi sphere which take into ac count the num ber of days with the RWB and the num ber of PV lev els in -
volved in the break ing (sim i lar to the lon gi tude-time di a grams (http://sibnigmi.ru/RWB/RU/RWB_long-
term_1979-2019/) but with sum ming over lon gi tudes) ac cord ing to the considered reanalyses. Data of the
two datasets on the AC-type break ing in ten sity are con sis tent and dem on strate a sig nif i cant re li able pos i -
tive trend. This agrees with the re sults of [15], but the trend de tected in the pres ent study is more pro -
nounced. The au thors of [15] also dis cussed a pos si ble im pact of cli mate warm ing on the dis place ment of
high- and mid-latitude jets to ward the pole, which may af fect an in crease in the AC-type RWB fre quency
and a de crease in the C-type RWB fre quency.

The pa ram e ters of cy clonic break ings are less con sis tent for the two datasets, and the re li able neg a tive
trend com po nent can be seen only for the ERA-Interim.

All sea sonal and monthly graphs are avail able at https://bit.ly/39zD5WD. Let us con sider only sig nif i -
cant changes (the con fi dence is >80%, such level is caused by the fact that the an a lyzed char ac ter is tic is a
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Ta ble 1. The to tal num ber of an ti cy clonic and cy clonic Rossby wave break ings ac cord ing to the ERA5 and
ERA-Interim reanalyses

Sea son
AC type C type

E5 EI E5 EI

Win ter
Spring 
Sum mer
Au tumn
To tal

3013
3798
9129
6783

22723

3142
3896
8934
6677

22649

413
558

2279
1320
4570

617
977

2995
1758
6347



pri ori char ac ter ized by high vari abil ity). Sea sonal changes in the AC-type RWB pa ram e ters are also con sis -
tent like an nual ones for the two reanalyses, the pos i tive re li able trend (the sig nif i cance is >90%) was found 
for all sea sons ex cept au tumn. For cy clonic break ings, changes are also less con sis tent: ac cord ing to the EI,
there is a neg a tive trend for all sea sons ex cept au tumn; ac cord ing to the E5, a sig nif i cant neg a tive trend is
typ i cal of win ter only. For the ÀÑ-type RWB, the max i mum growth is ob served in Jan u ary–May and July
ac cord ing to the EI and ex cept Feb ru ary and May for the E5. For the C-type RWB, due to higher vari abil ity
typ i cal of sep a rate months, there are al most no sig nif i cant trends, sig nif i cant neg a tive vari a tions are typ i cal
of De cem ber only. For the cy clonic break ing, there is a high in con sis tency be tween the reanalyses: for ex -
am ple, for July, the neg a tive in sig nif i cant trend (79% of val ues) was ob served for the EI data, while the
pos i tive and sig nif i cant trend (86%) was ob tained for the E5. As noted above, ge om e try of the C-type RWB 
is more com plex, and the is sue of the re sult ing dif fer ences for the C type should be an a lyzed sep a rately.

Taking into ac count a pro nounced in crease in the fre quency of the AC-type RWB, let us show which re -
gions con tain ex treme cases for this type (for the C type, such search was not per formed due to the in con sis -
tency of the reanalyses). The re sult ing graphs are avail able at https://bit.ly/3uasfje. Ac cord ing to Fig. 2, the
At lan tic and Pa cific zones were dis tin guished when the max ima for the sea sons were di vided into zonal
sec tors. It should be noted that the re li abil ity of the trends is slightly lower than for the RWB summed over
the en tire North ern Hemi sphere. This is as so ci ated with the oc cur rence of large vari ance due to the in crease
in interannual vari abil ity. For win ter, the most con sis tent changes were re corded for the At lan tic sec tor, the
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Fig. 2. The dis tri bu tion of the Rossby wave break ing fre quency (sea sonal to tal) rel a tive to the max i mum zone in the North ern
Hemi sphere: (a–d) AC type ac cord ing to the ERA-Interim, (e–l) C type ac cord ing to the (e–h) ERA5 and (i–l) ERA-Interim.
(a, e, i) Win ter; (b, f, j) sum mer; (c, g, k) au tumn; (d, h, l) spring. The in ten sity of the color of the zone char ac ter izes the to tal
num ber of united break ing events at each grid point, the num ber of events was nor mal ized rel a tive to the point with the max i -
mum num ber of cases per sea son. The nu mer als show the val ues of the ab so lute fre quency for the 45° sec tors.



pos i tive trend with the max i mum con fi dence is typ i cal of the E5. In July, on the con trary, the max i mum
changes are reg is tered in the Pa cific zone, the pos i tive trend is con sis tent for the two datasets, and the max i -
mum re li abil ity is typ i cal of the EI. The fre quency of AC-type break ings in the At lan tic zone based on the
EI con fi dently de creases but re mains in vari able ac cord ing to the E5. The spring pe riod stands out due to the 
fact that pos i tive sig nif i cant changes in the AC-type RWB fre quency are typ i cal of the both zones and were
found in the both datasets. No sig nif i cant changes are ob served for au tumn, which is quite nat u ral. The
changes found for the spring sea son are con sis tent with those from [7]. 

Re gional changes. Let us pro ceed to more de tailed re gional anal y sis of max i mum changes in the area of 
2–6 PVU as so ci ated with the sub trop i cal jet stream. The most re li able changes were ob tained for the
AC-type RWB (the full ver sion is avail able at https://bit.ly/3ETlabR). Over the West ern At lan tic, a pos i tive 
trend in the RWB num ber was found in April ac cord ing to the EI. Over Eu rope, a re li able in crease in the
RWB fre quency oc curs in May ac cord ing to the EI. A pro nounced but sta tis ti cally in sig nif i cant (due to
vari ance) de crease in the AC-type RWB fre quency is ob served over the East ern At lan tic in June. An in -
crease in the fre quency in July was re corded over the Cen tral Pa cific, also only ac cord ing to the EI. De spite
the de creas ing thick ness of the zone of max i mum vorticity over the East ern At lan tic, there is an in crease in
the RWB num ber here in July for the both reanalyses. An in crease in the RWB num ber was de tected over
Eu rope in Au gust ac cord ing to the both datasets. De spite a gen eral growth of the RWB num ber in win ter,
their con fi dent de crease was found over North Amer ica in De cem ber. In Sep tem ber and Oc to ber, the RWB
num ber over the East ern Pa cific de creases ac cord ing to the both datasets. Ac cord ing to the E5, there is an
in crease in the RWB num ber over the Cen tral Pa cific in No vem ber. Over Eur asia, a de crease in the thick -
ness of vorticity lines and in the RWB num ber was reg is tered in De cem ber. How ever, tak ing into ac count
in sig nif i cance of the break ing pro cesses there in the sub trop i cal jet in winter, the prediction that the jet
stream area in De cem ber be comes less disturbed, is more reliable.

The most sig nif i cant changes were ob tained for the whole sum mer sea son. On av er age for the sum mer
for the both datasets, there is a con fi dent in crease in the RWB num ber over Eu rope and a de crease over the
East ern At lan tic (Figs. 4a and 4b), the E5 data with the most sig nif i cant trends are given. This is con sis tent
with the re sults of most stud ies of changes in block ing events in the Euro-Atlantic sec tor [24]. For the
Ñ-type events, the num ber of re li able re sults, as well as of break ings of this type is much smaller. Ac cord -
ing to the both reanalyses, there is a sum mer time de crease in the cy clonic RWBs over the East ern At lan tic,
but their num ber in July grows ac cord ing to the EI. In sum mer, the num ber of the C-type RWBs also con -
sid er ably de creases over East Asia, es pe cially in July, but only ac cord ing to the EI (Fig. 4c). This trend co -
in cides with the trend to wards an in crease in the RWB num ber over the West ern Pa cific, which is ob served
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Fig. 3. The vari abil ity of the an nual num ber of break ing events tak ing into ac count the num ber of days and in volved level
of (a, c) AC- and (b, d) C-type break ing for the North ern Hemi sphere based on two reanalyses: (a, b) ERA-Interim and
(c, d) ERA5. (a) Trend Tr = 10.35, the trend sig nif i cance p = 0.005; (b) Tr = –2.76, p = 0.022; (c) Tr = 11.73, p = 0.003; (d)
Tr = –0.30, p = 0.732.



both for July (ac cord ing to the changes in the vorticity zone thick ness) and the whole sum mer (Fig. 4d). In
No vem ber, an in ter est ing ten dency was found over Eu rope: un til the late 1990s, the cy clonic RWBs were
ab sent here, but since the early 2000s their fre quency has be come no tice able, this fea ture is con firmed by
the both reanalyses.

To con clude the re gional anal y sis, the authors note that in some cases it would be cor rect to con sider
switch ing be tween the re gimes with higher and lower RWB fre quen cies and their phys i cal pre req ui sites
rather than trends. The same con clu sion was made by the au thors of [1], who an a lyzed re gional changes in
the num ber of block ing events in West ern Si be ria. 

4. CON CLU SIONS

Based on the method for iden ti fy ing and clus ter ing Rossby wave break ing events pre sented in [2], the
cli ma tol ogy and vari abil ity of an ti cy clonic (AC-type) and cy clonic (C-type) break ing in the sub trop i cal jet
stream re gion are in ves ti gated. For this pur pose, data on po ten tial vorticity at the 350 K isentropic sur face
from the ERA-Interim and ERA5 reanalyses for 1979–2018 with a res o lu tion of 0.75° were used. In gen -
eral, the re sults of ap ply ing the meth ods for the two datasets are con sis tent, but there is great un cer tainty for 
cy clonic break ings, es pe cially on a re gional scale dur ing the pe ri ods of max i mum RWB fre quency (sum -
mer, au tumn). The pat tern of cy clonic break ing for the an a lyzed reanalyses needs fur ther de tailed in ves ti -
ga tion on a syn op tic level.

The ob tained long-term RWB vari abil ity is gen er ally con sis tent with the re sults of the pub lished stud ies. 
For the AC type in all sea sons ex cept au tumn, two main zones of the max ima pre vail: At lan tic and Pa cific.
Dur ing the year, only the po si tion of the cen ters of these zones changes, the max i mum is ob served in sum -
mer. A more com plex and less con sis tent dis tri bu tion as com pared to the pre vi ous stud ies has a fre quency
of C-type break ing. Its max i mum is also ob served in sum mer, the zones of max i mum C-type RWB fre -
quency are shifted to the north rel a tive to the AC-type RWB cen ters. One of the key fea tures, in our opin -
ion, is the cli ma tic max i mum fre quency of C-type RWB in East Asia, which is prob a bly caused by the sum -
mer mon soon de vel op ment in East Asia. 

The in ten sity of AC-type break ing for the en tire North ern Hemi sphere is in good agree ment for the two
datasets and dem on strates a sig nif i cant re li able pos i tive trend. This is con sis tent with the data ob tained in
[15], but the trend found in the pres ent study is more pro nounced. Cy clonic RWBs are less con sis tent ac -
cord ing to the two reanalyses, and only the ERA-Interim shows a sig nif i cant neg a tive trend com po nent.
This is due to the gen eral dif fi culty of de ter min ing ge om e try of the C-type RWB dur ing the pe riod of max i -
mum cy clone ac tiv ity over the con ti nents, es pe cially over Eur asia.
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Fig. 4. The change in the num ber of AC-type Rossby wave break ings in sum mer over (a) Eu rope, (b) the At lan tic and (d)
Pa cific oceans, as well as (c) in the num ber of C-type break ings over East Asia ac cord ing to the (a, b) ERA5 and (c, d)
ERA-Interim. (a) Tr = 2.38, p = 0.001; (b) Tr = –2.96, p = 0.164; (c) Tr = –1.15, p = 0.042; (d) Tr = 1.78, p = 0.212.



We an a lyzed the vari abil ity of the re gions for which changes in the fre quency of Rossby wave break ing
and in the thick ness of the vorticity zone be tween the lines of 2–6 PVU are ob served. In the Euro-Atlantic
sec tor in sum mer, the fre quency of AC-type break ing de creases over the East ern At lan tic and in creases
over Eu rope. To gether with the growth of the RWBs of the same type in May, an un fa vor able sit u a tion is
de vel op ing in Eu rope with an in creased fre quency of block ing events and num ber of se vere weather events
as so ci ated with heat waves and pre cip i ta tion. The con sis tent and pos si bly re lated changes in the AC- and
C-type RWB pa ram e ters were found in the Asia-Pacific. In sum mer, there is a de crease in the num ber of
C-type break ings over East Asia and an in crease in the num ber of AC-type break ings over the East ern Pa -
cific. A de crease in C-type fre quency with out sig nif i cant changes in AC-type oc cur rence in East Asia prob -
a bly ex plains sig nif i cant changes in the thick ness of the mean vorticity area. How ever, these changes were
de tected only for the ERA-Interim reanalysis and re quire fur ther anal y sis.
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