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Abstract—Many large-scale dynamic phenomena in the Earth’s atmosphere are associated with the
processes of propagation and breaking of Rossby waves. A new method for identifying the Rossby
wave breaking (RWB) is proposed. It is based on the detection of breakings centers by analyzing the
shape of the contours of potential vorticity or temperature on quasimaterial surfaces: isentropic and
iserthelic (surfaces of constant Ertel potential vorticity (PV)), with further RWB center clustering to larger 
regions. The method is applied to the set of constant PV levels (0.3 to 9.8 PVU with a step of 0.5 PVU)
at the level of potential temperature of 350 K for 12:00 UTC. The ERA-Interim reanalysis data from
1979 to 2019 are used for the method development. The type of RWB (cyclonic/anticyclonic), its area
and center are determined by analyzing the vortex geometry at each PV level for every day. The RWBs
obtained at this stage are designated as elementary breakings. Density-Based Spatial Clustering of
Applications with Noise algorithm (DBSCAN) was applied to all elementary breakings for each month.
As a result, a graphic dataset describing locations and dynamics of RWBs for every month from 1979 to 
2019 is formed. The RWB frequency is also evaluated for each longitude, taking into account the
duration of each RWB and the number of levels involved, as well as the anomalies of these parameters. 
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1. IN TRO DUC TION

Synoptic-scale eddies vor ti ces play a key role in the mix ing and trans port in the mid dle and high lat i -
tudes. Such vor ti ces at the ini tial stage of their de vel op ment are formed due to baroclinic in sta bil ity; at the
stage of barotropic de cay, a wave is bro ken and ab sorbed ei ther in the crit i cal layer or in front of it, which
of ten causes an ir re vers ible mix ing of am bi ent air [15, 35]. The phase of such barotropic de cay was called
the “wave break ing” [28]. The Rossby wave break ing (RWB) is an ex tremely sig nif i cant dy namic pro cess
in the at mo spheric circulation that is con nected with a num ber of large-scale events such as at mo spheric
block ing, cut off cy clones, storm tracks, North At lan tic and North Pa cific teleconnection pat terns, mon soon
sys tems [2, 6, 21, 25, 27, 33, 36, 40, 41]. In ad di tion, the RWB pro cesses are in di rectly (through the wave
en ergy trans fer) as so ci ated with the for ma tion of wave pack ets, sud den strato spheric warm ings, and other
pro cesses that oc cur through the tro po sphere–strato sphere in ter ac tion [10, 26, 28, 32]. The prop a ga tion of
Rossby waves is de ter mined by the char ac ter is tics of po ten tial vorticity (PV). When the me rid i o nal PV gra -
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di ent is small, high-amplitude Rossby waves can break, which leads to the PV mix ing in the longitude-
limited wave break ing area. In its turn, the RWB is man i fested as a large-scale ir re vers ible over turn ing of
the con tours of a po ten tial vor tex on isentropic sur faces [27]. The break ing pro cesses are de scribed in the
frame work of the the ory of in ter ac tion be tween fi nite-amplitude waves and the main stream for mu lated in
the 1970s and 1980s [5]. In the re cent pa pers, the ac tiv ity of fi nite-amplitude waves is de ter mined us ing the
de vi a tions of po ten tial vor tex con tours from the zonal sym me try [19]. Un like in pre vi ous the o ries, the wave 
ac tiv ity is eas ily cal cu lated, which al lows some sig nif i cant sim pli fi ca tions.

The Rossby wave breaking is a key process in the occurrence of most westerlies blocking events. It
provides a mechanism of irreversible deformation of the circulation pattern (a change in the sign of the meri-
dional gradient of potential temperature or vortex). This mechanism is typical of blocking with a meridional
inversion of the geopotential height (potential temperature) gradient typical of so called Rex blockings [22,
25, 30, 39]. The deformation of PV contours accompanied by the deep invasion of high-vorticity air masses 
to the tropics (or low-vorticity ones to the polar regions) during the RWB periods facilitates the formation
of the abnormal pattern of weather and, in particular, of extreme events. The range and scale of weather
anomalies depend, in particular, on a region and a type of wave breaking: anticyclonic (AC) or cyclonic (C) 
types [38], which, in turn, are determined by the jet stream features [7, 25].

In the recent decades, there have been synchronous changes both in the parameters of large-scale waves
and in the number of observed weather extremes. Some studies associate the accelerated warming in the
Arctic with the weaker and increasingly wavy mid-latitude westerly jet, which favors blockings with more
frequent extreme events in the mid-latitudes [3, 12, 16–18, 24, 34, 42]. The authors of [20] presented an
overview of publications that support a poleward shift of the Northern Hemisphere storm tracks. The authors
of [4, 23, 29] demonstrate an increasing number of blocking episodes in the Northern Hemisphere in the
20th and 21st centuries. The essential changes in the key climatic parameters related to RWB, as well as an
increase in the number of weather and climate extremes caused an avalanche-like increase in the interest in
the variability of RWB in the Northern Hemisphere and related processes. However, a difference in the
approaches to the estimation of the RWB number led different researchers to different results not only in
terms of climatology of RWB zones but also in the assessment of their long-term variability. This difference
is especially caused by different types of quasimaterial surfaces (isentropic and constant Ertel VP,
iserthelic) used for the analysis, as well as by different methods for identifying a fact of RWB (the calculation
of the gradient relative to the central latitude or the analysis of the contour geometry) [6, 9, 11, 25, 31, 37].

Let us fo cus on sev eral key re sults ob tained for the lon gest se ries in the North ern Hemi sphere. In 2018,
the au thors of [20] showed that the AC type of RWB be comes more fre quent and is shifted to ward the pole,
es pe cially in sum mer for the isentropic sur faces of 350 and 370 K; the fre quency of C type in creases for the
sur face of 320 K. The au thors of [9] dem on strated a west ward shift in the AC RWBs and an in crease in the
C-type fre quency in the North Pa cific in win ter and sum mer for po ten tial tem per a ture at the level of PVU
(the dy namic tropo pause; PVU is po ten tial vorticity unit). The au thors of [9] sup posed that these changes
may be as so ci ated with a change in the po si tion of jet streams and in their re la tion to the RWB type. Some
re gional es ti mates of the RWB vari abil ity over Asia were ob tained in [11]: a de creas ing fre quency of the
AC RWBs was found for Cen tral Si be ria. 

The pres ent study pro poses a mod i fied method for iden ti fy ing and quan ti fy ing RWBs based on two key
ap proaches. Firstly, this is the clas sic de ter mi na tion of the RWB ge om e try, in clud ing the iden ti fi ca tion of
the type (AC or C) [37], the center, and area of RWB. Sec ondly, the clus ter ing of the cen ters of in di vid ual
RWBs was used for the first time to iden tify the main RWB ar eas; it al lows the de tailed dis crim i na tion be -
tween in di vid ual RWB events dur ing a month (or an other time pe riod). The dis crim i na tion be tween the
RWB ar eas is es pe cially ur gent for  the re gions and sea sons where the in ter ac tion be tween plan e tary waves
and the po lar vor tex be comes max i mal, and the RWB takes the most com plex forms. Re vising the ap -
proaches to the anal y sis of RWB iden ti fi ca tion, the au thors pri mar ily set the fol low ing tasks, that can not be
solved on the ba sis of ex ist ing RWB re sults:

—the ob jec tive anal y sis of RWB dy nam ics dur ing the sea sons in in di vid ual years with out us ing syn op -
tic charts of vorticity (for ex am ple, the prob lem of an a lyz ing the cold win ter of 2011/2012, the RWB anal y -
sis for ex treme pre cip i ta tion events in the Far East in 2013, etc.);

—the anal y sis of the RWB anom aly as a whole for sep a rate months and sea sons;

—the pos si bil ity of as sess ing long-term vari abil ity of RWB for any North ern Hemi sphere re gions; 

—the wide ac cess of sci en tific au di ence to the re sults of ap pli ca tion of the ob jec tive method for the
RWB iden ti fi ca tion.
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The de vel oped method is rather flex i ble and can be ap plied not only to quasimaterial but also to iso baric
sur faces and to the de scrip tion of RWBs for any re gion.

2. DATA AND METHODS

2.1. Data

The ERA-Interim reanalysis data with a hor i zon tal res o lu tion of 0.75° ́  0.75° for 12:00 UTC were used
[13]. The method is im ple mented us ing data on po ten tial vorticity on the isentropic sur face of 350 K. The
al go rithm is uni ver sal and, if nec es sary, can be used for other sur faces. The pres ent pa per dem on strates the
iden ti fi ca tion of RWBs in the area of the sub trop i cal tropo pause lim ited by the sub trop i cal jet stream [31].
Twenty iserthelic levels from 0.3 to 9.8 PVU with a step of 0.5 PVU were taken for the study.

2.2. Methods

De ter mining the RWB con tour ge om e try. The co or di nates of the po ten tial vor tex con tours were de -
ter mined for each PV level. The al go rithm for the RWB de tec tion is based on the method used to an a lyze
the vor tex con tour ge om e try, with the iden ti fi ca tion of the area of mul ti ple in ter sec tions with a beam orig i -
nat ing from the pole point, with a step of 1° in lon gi tude [37]. 

The poly gon of the po lar vor tex con tour is used as ini tial data in the al go rithm. At the ini tial stage, the
in ter sec tions of this poly gon with the beams drawn from the pole point with the 1° step are found. While
mov ing coun ter clock wise along the con tour, the con sec u tive cases for which at least three in ter sec tion
points are found, are grouped (Fig. 1a). Thus, a new group is cre ated at the first de tec tion of the mul ti ple in -
ter sec tion of the beam with the con tour and is filled with such cases till the in ter sec tion of the next beam
with the con tour be comes the only one. The com plex geo met ric fea tures of the con tour (at the me rid i o nal
in ter sec tion of sev eral RWB ar eas) are taken into ac count by an a lyz ing the lat i tu di nal shift be tween the in -
ter sec tion points on the cur rent and pre vi ous beams that are the clos est to the pole. It should not ex ceed 3°.
The poly gon (“break ing tongue”) is formed for each of these groups. The next stage con sists in iden ti fy ing
the open ing and clos ing points for ev ery poly gon. For this pur pose, the oc cur rence of each point of the con -
tour in the area of the tongue poly gon is checked when pass ing coun ter clock wise along the po lar vor tex
con tour. The first phase of the oc cur rence is con sid ered as an open ing point, and the last case is con sid ered
as a clos ing point. If the lat i tude of the open ing point (3 in Fig. 1b) is greater than the lat i tude of the clos ing
point (4 in Fig. 1b), the type is clas si fied as an ti cy clonic (AC), oth er wise it is cy clonic (C; Fig. 1c).

The co or di nate of the RWB cen ter is cal cu lated as a cen troid of points de ter min ing the RWB con tour
(the black dot in the area 2 in Fig. 1). 

The al go rithm was com ple mented for the cor rect de ter mi na tion of the po lar vor tex con tour fea tures in
the area of the zero me rid ian. For the con tin u ous anal y sis of RWBs, the ini tial field is mir rored rel a tive to
90° of lon gi tude and, if the RWB that was ab sent due to the con tour clo sure in the area of the zero me rid ian
is de tected, the re con structed con tour is used in stead of the orig i nal one. Some con di tions were added to fil -
ter in sig nif i cant ar eas [9]:

—the length of the con tour must ex ceed 1500 km along the per im e ter;
—the RWB area must extend for more than 5° in lon gi tude.
The ad di tional con di tions for fil ter ing by area ac cord ing to which the con tour area must be more than

500000 km2, were also added.
Thus, at the ini tial stage, the fol low ing in for ma tion was ac cu mu lated for ev ery day of ev ery month: the

pres ence of RWB for each of 20 con tours, its type, and the co or di nate of its cen ter. The whole dataset ob -
tained at this stage was des ig nated as el e men tary break ing (EB). 

Clustering RWB cen ters. The monthly sam ple of EB cen ters in terms of spa tial and tem po ral dis tances
be tween the cen ters is in ves ti gated to group (clus ter) events with a sin gle cen ter. The prob lem of clus ter ing
points by the dis tance be tween them is to be solved, i.e., the prob lem of group ing of the set of ob jects into
sub sets (clus ters).

The ap proach is based on the DBSCAN (Den sity-Based Spa tial Clus tering of Ap pli ca tions with Noise)
al go rithm [14], with an ex ten sion for the time co or di nate (ST-DBSCAN) [8]. The clus ters are cal cu lated us -
ing monthly sam ples of iden ti fied EBs sep a rately for AC and C types for each year for all PV lev els. The
events are grouped by the dis tance be tween the geo graphic co or di nates of EB cen ters us ing three main
spatiotemporal thresh old val ues. Two of them are: Eps1 is the thresh old of spa tial den sity (the max i mum
spa tial dis tance) be tween two points, for which the clus ter ing is con sid ered; Eps2 is the tem po ral thresh old
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(the max i mum time in ter val) be tween two points, for which the clus ter ing is con sid ered. In the ex per i -
ments, the thresh old for the num ber of days was equal to the num ber of days in the sam ple (Eps2 = 31); in
this case, one clus ter may in clude points with any time in ter val be tween in di vid ual events (sim i lar to the
clas sic DBSCAN al go rithm). For the stud ies of spe cific periods, it might be interesting to use the time dis -
tance for iden ti fy ing each chain of the grouped events, pro ceed ing from the as sump tion that the same event
can not have a break of sev eral days. In this case, if the thresh old for the num ber of days is ex ceeded, a new
clus ter is formed that unites sin gle cases into the se ries of spatiotemporal unique events.

The third thresh old value MinPts is the con di tion of con sid er ing the an a lyzed point as a core one; to
meet this con di tion, at least MinPts of in di vid ual points must be achiev able from the an a lyzed point (in -
clud ing it self) in the vi cin ity with the ra dius Eps1 and Eps2.

The clus ters are formed of core points (de ter mined us ing the MinPts con di tion) and points that are
achiev able in the max i mum dis tance (the Eps1 and Eps2 con di tions) from the core point to the neigh bor ing
points, which were not clas si fied as core ones. The spa tial den sity was cal cu lated us ing the Chebyshev dis -
tance: the met ric L in the vec tor space that is de fined as the larg est dis tance be tween the points x and y with
n pos si ble ways be tween them:

L x y x yi n i i( , ) max ....= -= 1

Selecting clustering parameters. The presented algorithm is sensitive to the choice of conditions. This
is its advantage but simultaneously causes certain difficulties in selecting parameters for different periods
with different wave characteristics (a degree of the jet meandering). The most complicated task is to choose
the threshold value MinPts in the case when the neighboring single events simultaneously have the fol-
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Fig. 1. (a) The graphic pre sen ta tion of the al go rithm for iden ti fy ing Rossby wave break ing and the ex am ples of iden ti fi ca -
tion of (b) an ti cy clonic and (c) cy clonic types of the break ing (1) for the iserthelic level of 1.8 PVU, (2) iden ti fi ca tion of the
RWB zone, (3) the open ing and (4) clos ing points.



lowing peculiarities: the complex shape of the same RWB, that should not be interpreted as several ones;
the presence of several single RWBs in the neighboring regions caused by the baroclinity growth, that should
not be interpreted as one. It was possible only to find out the optimum value of the parameters Eps1 and
MinPts using the semiempirical approach. The values of one of the parameters were recorded in turn, and
the variants were calculated for a number of values of the second parameter, while the results were
compared with the maps of potential vorticity at the level of 350 K and with the number of EBs. For this
purpose, the series of test years were used (14 in total). The parameter Eps1 was registered at the value of
400 km for both types of the breaking (which is rather close to the parameters used in [6] for other
methods). For Eps1 = 400 km, the value of MinPts was selected in the range of 5 to 20 points. The result of
the algorithm operation was tested for every month of every year. The number of clusters at the MinPts
growth was compared with the “reference events” over the North Atlantic, Pacific Ocean, Europe, and
Asia. The reference events were selected on the basis of the synoptic analysis of PV charts for the level of
350 K. Since the summer period with the greatest number of EBs over Eurasia was the most difficult,
blocking diagrams obtained using the criterion from [39] were also used for some years
(http://lop.iao.ru/meteo/, https://bit.ly/3kNJ7qW). The August of 2016 can be mentioned as an example,
when the number of EBs was one of the highest: 1384 (the average long-term number of EBs for the period
of 1979–2019 in August is 1100). The analysis of synoptic conditions and the blocking diagram revealed
the frequent occurrence of RWB processes over the sector of 60°–80° E. However, high spatial density and
the closeness of EBs to each other over Eurasia did not allow grouping RWBs to different clusters if using
the value of MinPts below 13; if  MinPts = 14, this zone was successfully separated from the RWB cluster
over Europe. As soon as the algorithm captured reference breakings, the value of MinPts and the number of
EBs were fixed. It turned out that the result of the algorithm operation almost did not change depending on
MinPts for the months with the EB minimum (winter); however, the use of a too large number of points did
not allow detecting almost any cluster. Such situation was typical of C-type EBs. Their number was much
smaller than that for the AC type, and the seasonal variations were less clearly pronounced. For the summer 
months with the maximum of AC EBs (especially for July–September), the value of MinPts was maximal
and had a rather wide range, which is determined by the vorticity configuration. The more complex it was,
the higher value of MinPts was needed to distinguish the reference clusters. The relationship between the
field of points for EBs and MinPts on the graph was best approximated by the second-degree polynomial
smoothing (the coefficient of determination R2 = 0.84). This relationship was used to choose MinPts for
each range of the EB number: the maximum possible value of MinPts was selected. As a result, MinPts
varied from MinPts = 5 for the number of EBs = 150–300 to MinPts = 14 for the number of EBs > 1300. 

Fi nal fil ter ing. In some cases, the re sult of the clus ter ing could con tain an ex ces sive num ber of clus ters
(this is partly as so ci ated with the se lec tion of the max i mum pos si ble thresh old of MinPts for a spe cific EB
range). The re sult could also con tain in es sen tial in for ma tion about RWBs that are dis con tin u ous in time
and level. In gen eral, the por tion of all fil tered cases is very small at the last stage, but the fil ter ing pro vides
a clearer in ter pre ta tion of the main re sults. The fol low ing pro ce dures are ap plied to elim i nate re dun dancy:

—merg ing the clusters distanced by not more than 15° in lon gi tude, into a sin gle clus ter;
—re mov ing con tro ver sial lev els: if there is a break for more than two lev els for an event, the most fre -

quent set is cho sen (for ex am ple, if an event is de tected at the level of 4–5 PVU and, af ter that, only at the
level of 7 PVU, only the level of 4–5 PVU is dis played); 

—fil ter ing the events that have less than three lev els per one date;
—de let ing artefacts: one RWB may be iden ti fied twice with dif fer ent co or di nates due to its com plex

shape. It is better to per form the re moval of these artefacts in the iden ti fi ca tion al go rithm (a case with the
max i mum area is cho sen) af ter the clus ter ing of EBs. 

3. RE SULTS AND DIS CUS SION

The re sult is a freely dis trib uted ar chive of di a grams and maps, which can be down loaded from
http://sibnigmi.ru/RWB/ or https://bit.ly/30Xp95K. The ar chive con tains the fol low ing in for ma tion.

1. The sec tion “RWB monthly vi su al iza tion 1979–2019”; it pres ents the clus ter di a grams by time and
PV lev els (Fig. 2a). It also pro vides in for ma tion on the po si tion of all clus ters per month in the North ern
Hemi sphere (the fig ure is not pre sented).

2. The sec tion “RWB_long-term_1979–2019”; it pres ents the lon gi tude-time di a grams for the num ber
of RWBs (Fig. 2b) ob tained as fol lows. Based on data us ing which the di a grams of the cor re spond ing type
were con structed, the num ber of days (the max i mum is 31) with RWB mul ti plied by the num ber of lev els
tak ing part in RWB (the max i mum value for a month is 620) was counted in each clus ter for each month.
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The con sid er ation of the num ber of lev els is im por tant: the greater num ber of lev els is in volved to the
break ing, the more valuable it is.

For ex am ple, Figure 2 pres ents the di a grams for July 2010. The sum mer pe riod is of spe cial in ter est
here. The ab nor mal pat tern of sum mer heat in the Eu ro pean part of Rus sia was as so ci ated with a very long
(about two months) block ing of wes ter lies in the North ern Hemi sphere mid-latitude tro po sphere [1, 3]. 

The au thors of [1] used the meth ods from [30, 39] to an a lyze the block ing ob served in 2010 in terms of
RWB. In par tic u lar, it is shown that RWB was reg is tered both in the mid dle and up per tro po sphere. How -
ever, there was a “blink ing” of the wave am pli tude in the tropo pause area. The di a gram pre sented in Fig. 2a
leads to the con clu sion that the method for the RWB iden ti fi ca tion used in the pres ent study in di cates a sig -
nif i cant role of AC RWBs in the block ing of wes ter lies in July 2010 (Fig ure 2a shows RWBs in the clus ter
with the cen ter of 59° N, 41° E (the dark green squares)).

Figure 2 demonstrates that the main RWB clusters in July 2010 were those with the centers at the longi-
tudes of 30° W, 41° E, and 161° E. Along with the diagrams of absolute values, the diagrams of the anomalies
of RWB parameters normalized by the mean value were constructed for the whole observation period and
for the range of longitudes located at the distance of 10° to the left and right from the analyzed longitude
(the figure is not presented). For convenience of the analysis, the archive presents both general diagrams for 
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Fig. 2. (a) The di a gram of the iden ti fied an ti cy clonic RWB clus ters for ev ery day in July 2010  for po ten tial vorticity at the
level of 350 K (the pa ram e ters MinPts = 13, EB = 1227) and (b) the lon gi tude-time di a gram of AC RWB for the whole July
2010, with ac count of the num ber of days and lev els tak ing part in RWB (the color scale).



the whole Northern Hemisphere and more detailed diagrams for each 90-degree longitude sector in the
Northern Hemisphere. 

4. CON CLU SIONS

A new method is proposed for identifying and diagnosing two types of Rossby wave breaking:
anticyclonic and cyclonic. The method combines the evaluation of the shape of contours of potential
vorticity (temperature) on quasimaterial (isentropic and iserthelic) surfaces and the cluster analysis. In the
present paper, the method is applied to analyze RWBs at the subtropical tropopause (vorticity at the level of
350 K). As a result, the archives were obtained for every month during 1979–2019, they include the following 
data:

—the di a grams dem on strat ing the time base of RWBs with in di ca tion of the cen ter co or di nates at the
lev els of po ten tial vorticity from 0.3 to 9.8 with a step of 0.5 PVU; based on these data, the North ern Hemi -
sphere maps with the main RWB clus ters per month are also pre sented;

—the diagrams demonstrating the long-term variability of the RWB frequency for each month. The frequ-
ency was calculated in days, with account of the number of levels for each RWB. The longitude-time
diagrams are also computed for the deviation of the frequency (days and levels) from the means for the
20-degree longitude range (±10° from the analyzed longitude). The diagrams are provided for the whole
Northern Hemisphere, as well as for separate 90-degree sectors.

The proposed method is potentially widely scaled: different quasimaterial surfaces and characteristics
used to analyze the potential vortex can be chosen for diagnosis. It should be stressed that the examples
presented in the paper are a special case of the clustering algorithm selection. In the future, it is planned to
extend the research domain based on the proposed method. 

When us ing ar chive ma te ri als, please re fer to the pres ent ar ti cle. In case you have ques tions on us ing the
re sults pre sented in the ar chive, please con tact meteosci.sibteam@gmail.com.
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