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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 aresult, 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. INTRODUCTION

Synoptic-scale eddies vortices play a key role in the mixing and transport in the middle and high lati-
tudes. Such vortices at the initial stage of their development are formed due to baroclinic instability; at the
stage of barotropic decay, a wave is broken and absorbed either in the critical layer or in front of it, which
often causes an irreversible mixing of ambient air [15, 35]. The phase of such barotropic decay was called
the “wave breaking” [28]. The Rossby wave breaking (RWB) is an extremely significant dynamic process
in the atmospheric circulation that is connected with a number of large-scale events such as atmospheric
blocking, cutoff cyclones, storm tracks, North Atlantic and North Pacific teleconnection patterns, monsoon
systems [2, 6, 21, 25, 27, 33, 36, 40, 41]. In addition, the RWB processes are indirectly (through the wave
energy transfer) associated with the formation of wave packets, sudden stratospheric warmings, and other
processes that occur through the troposphere—stratosphere interaction [10, 26, 28, 32]. The propagation of
Rossby waves is determined by the characteristics of potential vorticity (PV). When the meridional PV gra-
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dient is small, high-amplitude Rossby waves can break, which leads to the PV mixing in the longitude-
limited wave breaking area. In its turn, the RWB is manifested as a large-scale irreversible overturning of
the contours of a potential vortex on isentropic surfaces [27]. The breaking processes are described in the
framework of the theory of interaction between finite-amplitude waves and the main stream formulated in
the 1970s and 1980s [5]. In the recent papers, the activity of finite-amplitude waves is determined using the
deviations of potential vortex contours from the zonal symmetry [19]. Unlike in previous theories, the wave
activity is easily calculated, which allows some significant simplifications.

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 focus on several key results obtained for the longest series in the Northern Hemisphere. In 2018,
the authors of [20] showed that the AC type of RWB becomes more frequent and is shifted toward the pole,
especially in summer for the isentropic surfaces of 350 and 370 K; the frequency of C type increases for the
surface of 320 K. The authors of [9] demonstrated a westward shift in the AC RWBs and an increase in the
C-type frequency in the North Pacific in winter and summer for potential temperature at the level of PVU
(the dynamic tropopause; PVU is potential vorticity unit). The authors of [9] supposed that these changes
may be associated with a change in the position of jet streams and in their relation to the RWB type. Some
regional estimates of the RWB variability over Asia were obtained in [11]: a decreasing frequency of the
AC RWBs was found for Central Siberia.

The present study proposes a modified method for identifying and quantifying RWBs based on two key
approaches. Firstly, this is the classic determination of the RWB geometry, including the identification of
the type (AC or C) [37], the center, and area of RWB. Secondly, the clustering of the centers of individual
RWBs was used for the first time to identify the main RWB areas; it allows the detailed discrimination be-
tween individual RWB events during a month (or another time period). The discrimination between the
RWRB areas is especially urgent for the regions and seasons where the interaction between planetary waves
and the polar vortex becomes maximal, and the RWB takes the most complex forms. Revising the ap-
proaches to the analysis of RWB identification, the authors primarily set the following tasks, that cannot be
solved on the basis of existing RWB results:

—the objective analysis of RWB dynamics during the seasons in individual years without using synop-
tic charts of vorticity (for example, the problem of analyzing the cold winter of 2011/2012, the RWB analy-
sis for extreme precipitation events in the Far East in 2013, etc.);

—the analysis of the RWB anomaly as a whole for separate months and seasons;
—the possibility of assessing long-term variability of RWB for any Northern Hemisphere regions;

—the wide access of scientific audience to the results of application of the objective method for the
RWRB identification.
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The developed method is rather flexible and can be applied not only to quasimaterial but also to isobaric
surfaces and to the description of RWBs for any region.

2. DATA AND METHODS
2.1. Data

The ERA-Interim reanalysis data with a horizontal resolution of 0.75°x 0.75° for 12:00 UTC were used
[13]. The method is implemented using data on potential vorticity on the isentropic surface of 350 K. The
algorithm is universal and, if necessary, can be used for other surfaces. The present paper demonstrates the
identification of RWBs in the area of the subtropical tropopause limited by the subtropical 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

Determining the RWB contour geometry. The coordinates of the potential vortex contours were de-
termined for each PV level. The algorithm for the RWB detection is based on the method used to analyze
the vortex contour geometry, with the identification of the area of multiple intersections with a beam origi-
nating from the pole point, with a step of 1° in longitude [37].

The polygon of the polar vortex contour is used as initial data in the algorithm. At the initial stage, the
intersections of this polygon with the beams drawn from the pole point with the 1° step are found. While
moving counterclockwise along the contour, the consecutive cases for which at least three intersection
points are found, are grouped (Fig. 1a). Thus, a new group is created at the first detection of the multiple in-
tersection of the beam with the contour and is filled with such cases till the intersection of the next beam
with the contour becomes the only one. The complex geometric features of the contour (at the meridional
intersection of several RWB areas) are taken into account by analyzing the latitudinal shift between the in-
tersection points on the current and previous beams that are the closest to the pole. It should not exceed 3°.
The polygon (“breaking tongue”) is formed for each of these groups. The next stage consists in identifying
the opening and closing points for every polygon. For this purpose, the occurrence of each point of the con-
tour in the area of the tongue polygon is checked when passing counterclockwise along the polar vortex
contour. The first phase of the occurrence is considered as an opening point, and the last case is considered
as a closing point. If the latitude of the opening point (3 in Fig. 1b) is greater than the latitude of the closing
point (4 in Fig. 1b), the type is classified as anticyclonic (AC), otherwise it is cyclonic (C; Fig. 1¢).

The coordinate of the RWB center is calculated as a centroid of points determining the RWB contour
(the black dot in the area 2 in Fig. 1).

The algorithm was complemented for the correct determination of the polar vortex contour features in
the area of the zero meridian. For the continuous analysis of RWBSs, the initial field is mirrored relative to
90° of longitude and, if the RWB that was absent due to the contour closure in the area of the zero meridian
is detected, the reconstructed contour is used instead of the original one. Some conditions were added to fil-
ter insignificant areas [9]:

—the length of the contour must exceed 1500 km along the perimeter;

—the RWB area must extend for more than 5° in longitude.

The additional conditions for filtering by area according to which the contour area must be more than
500000 km?, were also added.

Thus, at the initial stage, the following information was accumulated for every day of every month: the
presence of RWB for each of 20 contours, its type, and the coordinate of its center. The whole dataset ob-
tained at this stage was designated as elementary breaking (EB).

Clustering RWB centers. The monthly sample of EB centers in terms of spatial and temporal distances
between the centers is investigated to group (cluster) events with a single center. The problem of clustering
points by the distance between them is to be solved, i.e., the problem of grouping of the set of objects into
subsets (clusters).

The approach is based on the DBSCAN (Density-Based Spatial Clustering of Applications with Noise)
algorithm [ 14], with an extension for the time coordinate (ST-DBSCAN) [8]. The clusters are calculated us-
ing monthly samples of identified EBs separately for AC and C types for each year for all PV levels. The
events are grouped by the distance between the geographic coordinates of EB centers using three main
spatiotemporal threshold values. Two of them are: Eps1 is the threshold of spatial density (the maximum
spatial distance) between two points, for which the clustering is considered; Eps2 is the temporal threshold
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180

90° E
Fig. 1. (a) The graphic presentation of the algorithm for identifying Rossby wave breaking and the examples of identifica-

tion of (b) anticyclonic and (¢) cyclonic types of the breaking (/) for the iserthelic level of 1.8 PVU, (2) identification of the
RWB zone, (3) the opening and (4) closing points.

(the maximum time interval) between two points, for which the clustering is considered. In the experi-
ments, the threshold for the number of days was equal to the number of days in the sample (Eps2 =31); in
this case, one cluster may include points with any time interval between individual events (similar to the
classic DBSCAN algorithm). For the studies of specific periods, it might be interesting to use the time dis-
tance for identifying each chain of the grouped events, proceeding from the assumption that the same event
cannot have a break of several days. In this case, if the threshold for the number of days is exceeded, a new
cluster is formed that unites single cases into the series of spatiotemporal unique events.

The third threshold value MinPts is the condition of considering the analyzed point as a core one; to
meet this condition, at least MinPts of individual points must be achievable from the analyzed point (in-
cluding itself) in the vicinity with the radius Eps1 and Eps2.

The clusters are formed of core points (determined using the MinPts condition) and points that are
achievable in the maximum distance (the Eps1 and Eps2 conditions) from the core point to the neighboring
points, which were not classified as core ones. The spatial density was calculated using the Chebyshev dis-
tance: the metric L in the vector space that is defined as the largest distance between the points x and y with
n possible ways between them:

L(x, y) = max, .

i=1l.n

X =V

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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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 Epsl 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 R?> = 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.

Final filtering. In some cases, the result of the clustering could contain an excessive number of clusters
(this is partly associated with the selection of the maximum possible threshold of MinPts for a specific EB
range). The result could also contain inessential information about RWBs that are discontinuous in time
and level. In general, the portion of all filtered cases is very small at the last stage, but the filtering provides
a clearer interpretation of the main results. The following procedures are applied to eliminate redundancy:

—merging the clusters distanced by not more than 15° in longitude, into a single cluster;

—removing controversial levels: if there is a break for more than two levels for an event, the most fre-
quent set is chosen (for example, if an event is detected at the level of 4-5 PVU and, after that, only at the
level of 7 PVU, only the level of 4-5 PVU is displayed);

—filtering the events that have less than three levels per one date;

—deleting artefacts: one RWB may be identified twice with different coordinates due to its complex
shape. It is better to perform the removal of these artefacts in the identification algorithm (a case with the
maximum area is chosen) after the clustering of EBs.

3. RESULTS AND DISCUSSION

The result is a freely distributed archive of diagrams and maps, which can be downloaded from
http://sibnigmi.ru/RWB/ or https://bit.ly/30Xp95K. The archive contains the following information.

1. The section “RWB monthly visualization 1979-2019”; it presents the cluster diagrams by time and
PV levels (Fig. 2a). It also provides information on the position of all clusters per month in the Northern
Hemisphere (the figure is not presented).

2. The section “RWB_long-term_1979-2019; it presents the longitude-time diagrams for the number
of RWBs (Fig. 2b) obtained as follows. Based on data using which the diagrams of the corresponding type
were constructed, the number of days (the maximum is 31) with RWB multiplied by the number of levels
taking part in RWB (the maximum value for a month is 620) was counted in each cluster for each month.
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Fig. 2. (a) The diagram of the identified anticyclonic RWB clusters for every day in July 2010 for potential vorticity at the
level of 350 K (the parameters MinPts =13, EB =1227) and (b) the longitude-time diagram of AC RWB for the whole July
2010, with account of the number of days and levels taking part in RWB (the color scale).

The consideration of the number of levels is important: the greater number of levels is involved to the
breaking, the more valuable it is.

For example, Figure 2 presents the diagrams for July 2010. The summer period is of special interest
here. The abnormal pattern of summer heat in the European part of Russia was associated with a very long
(about two months) blocking of westerlies in the Northern Hemisphere mid-latitude troposphere [1, 3].

The authors of [1] used the methods from [30, 39] to analyze the blocking observed in 2010 in terms of
RWB. In particular, it is shown that RWB was registered both in the middle and upper troposphere. How-
ever, there was a “blinking” of the wave amplitude in the tropopause area. The diagram presented in Fig. 2a
leads to the conclusion that the method for the RWB identification used in the present study indicates a sig-
nificant role of AC RWBs in the blocking of westerlies in July 2010 (Figure 2a shows RWBs in the cluster
with the center 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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the whole Northern Hemisphere and more detailed diagrams for each 90-degree longitude sector in the
Northern Hemisphere.

4. CONCLUSIONS

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 aresult, the archives were obtained for every month during 1979-2019, they include the following
data:

—the diagrams demonstrating the time base of RWBs with indication of the center coordinates at the
levels of potential vorticity from 0.3 to 9.8 with a step of 0.5 PVU; based on these data, the Northern Hemi-
sphere maps with the main RWB clusters per month are also presented;

—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 using archive materials, please refer to the present article. In case you have questions on using the
results presented in the archive, please contact meteosci.sibteam@gmail.com.
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