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Abstract. The mistral is a northerly low level jet blowing through the Rhéne valley in southern France, and down to the Gulf
of Lions. It is celocated with the cold stor of a low level leeyclone in the Gulf of Genoa, behind an upper level trough
north of the Alps. The mistral wind has long been associated with extreme weather events in the Mediterranean, and while
extensive research focused on the-toepospheric ristral and leecyclogenesis, the different uppeopospheric largeand
synoptiescale settings involved in producing the mistral wind are not generally known. Hesgrttrepicpotential vorticity

(PV) structures governing the occurrence of the mistral wind are classified usingoagseiZzing map (SOMglustering
algorithm. Based upon a 3@ar (19812016) mistral database and daily EfRRfterimisentropic PV data, 16 distinotistrat
associatedPV structures emerge. Each classified flow pattern corresponds to a difffg@ntstage of the Rossby wave life

cycle, from broad troughs, thin PV streamers, to distinguishedffsuitEach of these PV patterns exhibit a distincfase

impact in terms ofhe surface cyclonesurface turbulent heat fluxes, wind, temperature and precipitation. A clear seasonal
separation between the clusters is evident and transitions between the clusters correspond to different Resgakingve
processes. This analysis provides a new perspectivihe variability of the mistral, anof the Genoa leeyclogenesis in

general, linking the uppéevel PV structures to their surface impact over Euytipe Mediterranean and north Africa

1. Introduction:

The mistral is a northerly gap wirithmentegimelocated at the Rhéne valley in southern France. The Rhone valley separates
the MassifCentral from the Alpine ridge by a ~50 km wide canydmnnellingnortherly winds into the Gulf of Lions (GOL)
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in theMediterranean. The mistral winds yield the potential to deliver extreme weather impacts such as wildfires (Ruffault, et

al., 2017), heavy precipitation (Berthou, et2014 2018) and direct wind damage (Obermann et al., 2018). It poses a frequent

threat to agriculture, and is one of the most renowned weather phenomena in France. The mistral is seen as the primary source

of severe storms and Mediterranean cyclogenesis (Drobinski et al., 2005) and is recognized as the most dangerous wind regime

in the Mediterranean (Jiang et al., 200B)e mistral outflow, composed of continentataiasses, picks up moisture at intense
evaporation rates over the GOL, before flowing towards theyekne in the Gulf of Genoa (see Fij and further de
stabilizingit. Indeed, precipitation response to the mistral can be seen at the Doldmitgains east to ltaly, where the
mistral outflow is often headed, and the warm front of the Genoa low is often active. Rainaud et al. (2017) related strong
mistral events to fevy precipitation events occurring along the Europeaditerranean coast line. This relationship is
manifested mainly by thee-moistening during mistral events, and the following flow of this moist air towards the European
mountain slopes scattered alathg coastClassified as a dry air outbreak (Flamant, 2003), the mistral brings relatively dry
and cold continental air masses into the Mediterranean Sea interface, resulting in massaéeat exchanges. Berthou et

al. (2014) found a significant searface cooling in the GOL in response to strong mistral events, which in turn weakened the
following precipitation event occurring in southern France. The winter mistral often reducelsi 8&41.( 2006 Millot, 1979),
potentially destabilizing the wat column, and indeed Schott et al. (1996) reported the initiation of deep convection in the
GOL in response to strong surface cooling generated by a severe mistral case that took place in Fe28uaB8928This
atmospher@cean couplinglebeaupirBrossierand Drobinski , 2009), in which the mistral lowers the SST in the GOL,
destabilizing the water column and potentially triggering oceanic deep convection, might be viewed as atralsisinte
mechanismj.e., a pathway relating different atmosphkedgvels,in which anomalies from the tropopause (i.e., upper level
potential vorticity anomalieg)repagate-dewmodify the trepesphergopospheric flowia the mistral windwith impactsall

the way togreund-evethe land or sea surfacand furthedown, essentially to the bottom of the Mediterrangsain cases

of the onset of deep convection.

The mistral is dynamically connected to-eeclogenesis in the Gulf of Geno@rpbinski et al., 2017; Guénard et al., 2005;
Speranza et al., 1985; Taffem 1990; and others). The leading theories depicting the Alpine lee cyclogenesis process were
recently reviewed (Buzzi et al., 2020). This process is characterized by artrepical, baroclinic wave disturbance
composed of an upper level trough (atdBraccompanied by a surface low ahead), propagating towards the Alps. While the
upper level trough propagates over the ~2.5 km mountain peaks of the Alps, at lower levels, the flow is blocked by the Alps,
stalling the upper trough above the mountain rakgsurface pressure dipole forms across the Alps, as low level cold air
steadily accumulates on the wisitle of the Alps, and a mountain wake dominates thsitee Thus, a leeyclone is born,

often in a phastock with its parent trough aloft. This tral stage of the lee cyclone is characterized with rapid deepening
rates, attributed primarily to geostrophic adjustment processes. As the jet streak propagates over the Alps, the uadsrlying m
fluxes are deformed drastically, impairing geostrophic t@a A strong ageostrophic circulation across the orographic

obstacle is generated, manifested by relatively strong upward/downward (~10 JiRa¢het al., 20Q3motions in the
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wind/leesside of the Alps, respectively. Both the upper trough and thesurfdcow ampl i fy rapidly, often

vorticityCamph & e Rossaelal,2000), Virually to the point where the upper level wave amplitude
growth forces a wavbreaking. This initial stage is usually followed by a setbaroclinic stage, in which the deepening rate

is dialed down (Buzzi et al., 2020). This cyclogenesis process induces, and is enhanced by, a downslope, northeryjet center
at the Rhone valley, carrying the amounting cold air across the Alps andéniediterranean. This midvel jet is the
manifestation of the mistral wind. The mistral is accelerated through the Rhéne valley, and more so as the valley opens to fo
a delta, apparently due to reduced surface drag (Drobinski et al., 2017). Théisnik#a tilted eastward towards the Genoa

low and surges across the GOL. In his study, Tafferner (182@pnstrate the decisive impact of topography on Genoa lee
cyclogenesis using numerical models, asthblishd that in the absence of topographye fBenoa cyclone may not form at

all, and is instead replaced by a slowllgepening surface low further to the east. He also points out that the main role of the
jet-streak, recognized primarily as the Tramontane and Mistral winds, is in advectingWi@hmasses into the cyclogenesis
region. One can presume that in the absence of topography, northerly flow in the GOL is not expected to accelerate as much,
and mistral wind is expected to dramatically weaken. MattackiBleck (1986) designed mumericalQuasiGeostrophic

(QG) experiment, and separately examined the role of topography and of the upper level PV anomalyciodemesis, and
established that both are necessary in order to produce the rapid deepening stage efyttlegkmesis reportedy
observations. TsidulkandAlpert (2001) also examined the different contributions of topography and vorticity advection to
Alpine cyclogenesis, and emphasized the synergetic nature of tneoBktain interaction crucial for reproducing observed
deepenig ratesThus the mistral is understood as an integral part of the Alpine cyclogenesis process, making its connection
to topography crucialn the work of Guénard et al. (2005), the mistral structure appears to vary with response to gravity wave
breakirg, and a thematic separation between deep and shallow mistral is suggested, each responding to a different hydraulic
state of the flow, ranging between flow splitting, mountain wake and gravity wave breaking. Furthermore, hydraulic jumps
have been diagnodet the upper edge of tiundarylayer during mistral events (Drobinski et al, 2001 a&ang et al.,

2003), adding a strong boundary layer impact to the complicated cyclogenesis picture.

Pastmistratrelated studies are mostly localized (Drobinslalet200h & b; Guénard et al., 2®), casefocused Buzzi et al.

2003 Jiang et al 2003P | a-¥k 8 nak et al ., 2 0 BUzyi et al,dl®86 8Bneith 086J a&ffermer 1890). z e d  (
However, little is known about the largeale or synoptic statbat induces, maintains and ends the mistral, beyond the mere
presence of an upper level trough and a surface cyclone south of the Alps. The spatial and temporal variability within the
mistral period remains poorly predicted, as is the mistral intensity camation (Guénard et al., 2@). A systematic
climatological classification of the large scale flow patterns associated with mistral events has, to the best of ougenowled

never been attempted. Therefore, this study is designed to address the ptiaestions:

(i) Which upperftropospheric features occur over the North East Atlantic and Europe during mistral days? Can they be

classified into a coherent sequence of distinct, reccurring, dynamically significant flow patterns?
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(ii) How do themistraluppertropospheric flow types vary throughout the year?
(iii) Does the impact on the hydrological cycle vary according to the tpg@yspheric flow type?
(iv) Are there typical life cycles of the flow tyg® Are some flow types more persistent than others?

Addressing these questions will enhance our understanding of mistral variability and predickédiétywe address these
questions by classifying the regional upprepospheric PV distribution duringnistral periods, and quantify their surface
impact in terms of precipitation and surface turbulent heat fluxes. Relying on the PV perspective, we speculate that the uppe
level PV field bears the largest influence upon the mistral compared to other atmog@itameters. Being a conservative
quantity, PV can potentially reveal consistent yet unique flow patterns producing the mistral wind. Moreover,-the fine
structures typical to isentropic PV surfaces allows one to identify a variety of different flmtusés, as opposed to smooth
wavelike formations presented by the geopotential field.

The climatological mistral database and the clustering approach are detailed in Section 2. The resulting flow types and the
corresponding impact are present#dng wih three illustrative caseéa Section 3. The findings are then summarized in
Section 4.

2. Methods:

This study is based on climatological data for the/8&r period of 1982016. Objective mistral criteria are applied to identify
mistral days and create agtnal database for its subsequent classificafidw classification is performed bysalf-organizing
mapalgorithm(SOM; see SectioB.2)applied to uppetropospheric isentropic P¥uring mistral daysandis followed by a
subsequerpersistencéransition analysis of the resulting clusters.
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Figure 1: Geographical domains usedh the analysis (See Methods sectipnThe whole domain is used as SOM analysis input; the — [ Formatted: Justified
subregion where the Genoa cyclones are detected (CYC), and the subregiominich a northerly flow is required by the mistral
definition (GOL) are marked in purple and red boxes respectively The topographic height from ERA Interim is shown in shading
(m).
115 2.1.Data andMistral Criteria

The data used to objectively define mistlalyswasobtained bya combination of th&RA-Interim reanalysis (Dee et al.,

2011) of the European Centre for Medinange Weather Forecasts (ECMWF), ahd regional climate model WRF

ORCHIDEE downscaled fronERA-Interim, for the yearsl981-2016 -The WRFORCHIDEE model,at 20km resoution,

wasperformed by théPSL Regional Climate ModelReglPSL) The modelling framework is simildo LebeaupirBrossier
120 et al.(2013 but uesthe land surface model ORCHIDEE instead of D{BFobinski et al.2012 Guion et al., 20211
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To identify mistral days,iffst, a Genoa cyclone database is defined based on the presence of a cyclone in the CYC domain
(Fig. 1) in ERAInterim using the seevel pressure field at-degree horizontal resolution aneh6urly timeintervals. The

cyclone masks are identified ERA Interim at every 6h time stepas the area within the outermost closed conémaund

local minimaof the sedevel pressure fieldusing0.5-hPa intervals, adapted from Wernli and Schwierz (20D6julfill the

cyclone criteriaa dayshould have at leasinetime-step in whicha cyclone is identifiedThen,wind direction and speed

criteriawereapplied to days when a Genoa cyclone is deteeteds-the. This coupling between the wind speed in the GOL

andcyclonein the Genoa region is considered the fundamental afjelgenesis in the Alg®robinski et al., 2005; Flamant,

2003; Lebeaupin Brossier et al., 2013; Burlando, 2088d reassures that thesimal set of eventsinder consideration is

analogous to events of legclogenesis, filtering out northerlies stemming fromiseseze dynamic®robinski et al., 2018)

The wind criteria are defined as follows, using ttaily WRFORCHIDEE model datathat allows higherspatial
resolution: NW to NE (i.e., +4 5 ) wi nd di raad 10m wind sged of atlelst Zhniysveragedn the GOL
domain Fig. 1). The objective identification yielded 2734 mistral dagsmprising 21% yearound frequency, in agreement

with Burlandoet-alk,(2009) Consecutive mistral days were grouped into mistral events. The identified mistral events duration
and monthly frequency are shownFRig. 2. Mistral eventpeak typically in Ja-Feb at 30% frequency, while the mistral is

less frequent in summer (~10%). Most mistral events last a single day. Duration of more8tdagsdoccurs exclusively in

the autumn and winter months. This distribution generally agrees with the climatbligiae properties of the Genoa low

(e.g., Campins et al. 201The mistral identification method is robust with regard to variatinrthe wind speed threshold,

and shows large sensitivity to the allowed wind direction. ddditional criterion fortie presencef a cyclone constraisithe

mistral frequencyo the range 020-30%, dependin@lmost entirelyon the opening angle criteria.
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Duration (days)
@
Occurences (#)

1(27%) 2(33%) 3(29%) 4(22%) 5(12%) 6(9%) 7(10%) 8(15%) 9(21%) 10 (20%) 11 (32%) 12 (30%)
Month
Figure 2: Climatological monthly frequency of mistral duration (days).Shadingrepresents the number of eventwithin the division,«—— { Formatted: Justified

for the entire time period. The percentages on the-axis showthe monthly frequency of mistral days.

2.2.1sentropic PV Classification

2.2.1 Approach

To understand the variability of the synoptic environment during mistral, isentropigaB¥lassified during alldentified

mistral days. Thelassificationwasachieved bythe selforganizing magSOM) algorithm reviewed by Sheridaand Lee

(2011) and u andWeisberg(2011)in the context of synoptic meteorological classificatitncontrast to more conservative
clustering methods, the SOM encompasses the full continuum of
states. AccordingotSheridarand Leg(2011) for a successful SOM clustering analy#ie variance of thanalysedield can

be well represented by a sequence of consistent system states, each of which corresponding to an objectively related group of
samples. The choice @fentropicPV as the input field for the SOM analysiemmedfrom both the natural advantagefs o

usinga conserved quantity, and its wide range of manifestations relevant for the mistralseiricbpic P\enables to depict

fine structures such as PV streamers and cut offs attributed to Rossbipmwaking compared to the smoothgeopotential

heght field. The main guidelines fa successfutlustering analysis were a clear seasonal separation, a large enough number

of members for each cluster, and a captured PV distribution that will emphasize the fine structures that are oftenatveraged o
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of long-term PV composites. Huang et al., (2017) used a SOM algorithm combined with Hierarchical Ascendant Classification
(HAC) (Jain and Dubes, 1988) to classify winB®0-K isentropic PV regimes over East Asia and reldte classes to cold
surgesoccurring in Eastern AsiaHere, he data used for the clustering analysithisERA-Interim daily meanvertically-
averaged upperopospheric isentropiV field, within the SOM domain defined by tb&uebox inFig. 1. Isentropic PMs
averagedetween the 32840 K isentropic levels, with intervals ofle. This averaging is meant to overcome the seasonal

temperature variatiomandallow a yeairound analysis (WernindSprenger, 2007)-heAs the SOM algorithm igptimized

for input valuesranging from 0 to 1,He vertically averaged isentropic PV distributionrisrmalizedescaledby the ratio

between the mean PV and the mean standard deviation, specifically:

v . 0 ®

(V] U Wpp 2 TYO
Where the overbar denotes spagmporéaveragethusthe ratio on the right hand sidkea constaniequal t00.0732 so that
0 & is roughly distributed between 0 and s required by the SOM algorithidere, the SOM analysis ferformed for

thedomain between 360 N and-15-30 E,a compromise betweehe largest domain centered at the GOL that preserved a
seasonal signal, and theeservingf theidentified flow patterns captured by its smaller alternatives.
Theresulting-clusteiSOM attribute each mistral day to one clustdsing ERAlInterim data, v further examind themean
surfaceconditions for each of the resulting clusters of mistral days, to unravel the possible link between the diffbasedV
clusters and the surface fip surface turbulent heat fluxes, temperature and precipitatransitions amonglustersduring
mistralwere thersystematically examinet reveal recurring transition sequenegsl their seasonal variabilitfinally, we
demonstrate the representatiessof the clusters and transition paths to individual cases.

2.2.2 SOM Setup and Validation

The SOM Algorithmis providedby Mathworks
(https://www.mathworks.com/help/deeplearning/gs/cludtawith-a-self-organizingmap.htm). The setting used in the
present studyielded a shallow neural network with a single layer, using the sigmoid activation function, in hexagonal grid
(Fig. A1). The hexagonal grid setting implies that each cluster interacts with the 6 surrounding clusters in terms of similarity,
however the resultaredisplayedon a rectangular grid to simplify the presentation. The choice ah#pedimension (and
therefore numbeof clustersyas set as the number beyond which the classification method begins to deterioragsnot do

add relevant information (i.e., near empty clusters or highly similar oHes®. vwe ainedto classify the mistral evenisto

clusters that posdynamicallymeaningful PV distributions,representative ofheir daily individual members,and with a
considerable annual mean frequencg.( on the order 05%). Eventually, the number of clustevgas set to 16n a 4x4
configuration(Fig. A1), which saisfied these demands


https://www.mathworks.com/help/deeplearning/gs/cluster-data-with-a-self-organizing-map.html

190

195

200

205

210

215

The SOM algorithm learning processoptisBa c hosen function indicating each cluster

variety of relevant functions, weflerformed SOM processes are usually quite indifferent to the chosen function (Sheridan
and Lee 2011). This statement is usually true édher chosen parameters such as the neighborhood size and calculation time
steps, within a reasonable range of valeeg.(Cassano et al., 2006; Johnson et al., 2008). For the present study we chose the
intuitive RMSEMSE function as the optimization pareeter with the initial neighborhood distance set to 2 and number of
training steps for initial covering of the input space set to 365. Indeed, the identified patternslwemakly affeted by the

choice of these parameteFurthermore, the SOM readilgproduced similar average pattefos several different mistral
datasetsi-or examplethe process was repeated for a subset of mistral dates insiungtéday mistral events weremoved

and events separated by a single day were joined. This moslifisgt included 248 days less than the original, reducing the
sample size by over 10%, yet the identified patterns were nearly identical.

Statistical significance is assessedtlhy student's-test between each cluster and the total averaged mistralFlalowing

Wilks et al. (2016), an additional criterion was added to the statistical test to account for the multiple testing problem.
Specifically, the Walker criterizasapplied where a threshold of p p | is seton the pvalue obtained

by the ttest| is the required significance level (e.g. 0.05 for 95% confidence) atiseNumber of individuaktests, or in

this case, the number of grid points in the domain of interest. If-trdye of an individual-test is larger than , the

null hypothesis cannot be rejected at a level of

3. Results and Discussion:

3.1 PV Distribution Clusters

The classification of isentropic PV resulted in 16 clusters, set in a 4X4 hexagonal grid, where similaracksigced closer

together in the SOM spac€he identifiedmeanPV patterns defining each cluster are displayef€ign3, alongside thenean

500-hPa geopotential heights. The panel order represents each cluster location in the SOM space, i.e., the least similar clusters
are placed faher apartn the SOM space, and more similar ones are placed adjacent to one &wmtteeclusters correspond

to exotic uppetropospheric PV structures, such as thin streamers araffspattributed to different Rosshyave breaking

(RWB) events. Dotted regions indicagtatistical significance, i.ethe main features by which the classification process is
established. For instance, a high PV tongue to the west otaftappears to define cluster 8, while a westward stretching PV
streamer defines cluster 9, suggesting these clusters correspond to cyclonic or anticyclonic RWB lifecycles (Thorncroft et al
1993), respectively. Aouttwesterlyoriented cubff defines cluster 5, while a northerly thin streamer defines cluster 2, and

so on. Together, the clusters illustrate a thematic separation of the PV continuum responsible for mistral events,rand one ca
easily envision how the waves proptghy switching from one cluster to another.
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Upstream of the higPV anomaly, most clusters exhibit an amplified ridge in the upper troposphere over the Atlantic, a
common precursor for intense Mediterranean cyclones (RBubm and Flaounas 2017). Aspected, the primary mode of
variance is in the seasonal cycle, manifested by the meridsbifalof the dynamical tropopaugsubsection 3.2)Another

220 mode apparently picked up by the SOM is evident when comparing clusters 12 and 16 to 11 and 15y, Evel&@M was
able to distinguish between mountgiassed PV anomali§¢s1 and 15)and blocked onefl2 and 16)and the impact on the
trough properties is evident by the tilting of the trough agisn the passage across the Atpsn NE to N, respectivg. The
standard deviation (STD) for the PV distribution within the clusters is presenkgd. iA2 in the appendixemphasizing the
different active regions between the clusters.

225 Note that the composites presented=an 3 each constitute ~100 days. While some variance within the clusters is inevitable,
these composites help to illustrate the SOM clustering process, especially in statistically significant regions. Déatadled fea
of the actual patterns, as picked up by 80OM, can be better understood by carefully examining the cluster members with
respect to their mean values. Such examples are providgettr8.6, aiding in establishing the cluster features, detailed in
Table 1.
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Figure 3: Daily mean vertically-averaged isentropic (326840K) PV (PVU, color) and 506hPa geopotential height (unlabeled black { Formatted: Justified

contours, 2530 m intervals) of the SOM-identified clusters. The topographic heightcontour of 700 mis shownin dark grey. Dotted
235 regions indicate statisticalsignificance >95% for the PV compositesompared to the average mistral flow The bright grey frame
indicates the domain in which the SOM classification was done.

3.2 Seasonal Variation

The climatological monthlyoccurrencefrequencyof each cluster is displayed Fig. 4, demonstrating the strong seasonal
affiliation of the clusters, i.e., all clusters have a clear seasonal peak in their occurrence. Glistecsrimostly between
240 June and October, while clusterd 8 occur mainly btween November and ApriThe low-PV background clearly dominates
summer clustersH{g. 3 panels 14) while much broader wave amplitudes constitute the winter clustei§)(8n between,
clusters 88 peak mainly in the traiton seasons. Overall high&equencies are obtained in the winter clusters, as expected

by the larger frequency of mistral events appearing in winter.
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Figure 4: Monthly frequency of the classified mistral clusters (days per month). The percentage of mistral days corresponditg—— { Formatted: Justified

each cluster is shown on the-gxis (%).

3.3 Surface Circulation and Surface Impact

250 The surface impact of the differently classified mistral events is presented ircmmpssite®f sealevel pressure (SLP) and
precipitation Fig. 5) and surface heéitixes (SHF) along with J@neter winds an@00hPaequivalentpotentialtemperature
(Fig. 6).
The SLP patterns reveal the typical westward tilt with height, and suggest that some tustara phase lock, usually
corresponding to the deepest cyclones (e.g., clusters 5, 8, dri). 1tis probable that each PV cluster is linked to a different

255 stage of the cyclone lifecycle, which can be centered to the east or west of Italy, or even theutbriian Sea, with varying
depthsThe cyclones are closest to the lee of the Alpdustes 4,8, 12 and 16, associating the right columrFig. 3 to the
initial stages of cyclogenesis, while the left column (clusters 1, 5, 9 aniké&)correspad to the termination stage of the
cycloneand their easternmost locatiorhe anticyclone extending from the Atlantic is highly variable among the clusters in
its strength, thereby affectinthe surface pressure gradieand its spatial extension towarBsrope. At times, the high

260 pressure system dominates the region (e.g., clusters 113, 8uch that a weak cyclone is sufficient for producing the strong
mistral winds (see red arrowsHig. 6). In other cases, the deep Mediterranean cyclone isothdnt feature (e.g., clusters
11, 12, 15, 16).
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Figure 5: Same asFig. 3, but for a smaller domain showing SLP (hPa, black contours) at-hiPa intervals below 1015 hPa — f Formatted:

Justified

(heawycolored line) and 2hPa intervals above 1015 hP#detted-dashed-contours). Daily accumulated precipitation (mm/day) is
shaded. Dotted regions indicate statistical significance >95% for the precipitation compositesmpared to the average mistral flow

The mean distribution of precipitation is unique for every cluster, wittottatibn of the precipitation maxima differiagnong

clusters more than across the seasons. In summer, precipitation varies sharply betwastettend northern Alps (i.e.,
clusters 14), while in the winter, it is differently distributed between thelomite and Balkan Mountains, (i.e. clusters 12,

16) and the Alps (8), with notable precipitation occurring along the African shoreline as well (10, 14, 15 and more)y General
precipitation is distributed along the northern and eastern sides of tiomeyahd roughly correlates with its intensity, which

is consistent with previous work (Flaounas et al. 2015; R&udhin and Wernli 2015, 2016).

The surface heat flux pattern associated with each cluster is relatively localized. Most clusters extifititreheat loss

hotspot in the GOL, however it can extend to different lengths south into the Mediterranean and is absent from several cluste
(specifically, 8, 9, 12, and 13). The Bora winds are at¢tigether with the mistrathen upper conditiondlaw for an easterly

14



flow towards the Adriatic Sea in centi@hstern Europe (i.e., clust&ss9 13 and M), generating heat loss hotspots in the

Adriatic.
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Figure 6: Same as5 but for surface heat fluxes §um of sensible and latentyV m-2) in color, equivalent potential temperature at the« [ Formatted:

Justified

900-hPa level in black contours at X intervals and the 300, 310and 320-K isethermssisothermsin color (see legend)Black arrows
denote 18meter wind vectors, where red arrows mark winds above thelocal 75th percentile. Dotted regions indicate statistical

significance >95% for the surface heat fluxes composite®mpared to the average mistral flow

The direction and horizontal extent of the mistral wind also differs between the clusters, with clusterséd@ 154apparently
delivering the strongest winds that also extend the furthest into the Mediterraneaquivadentemperature field illustrates

the coldand dryanomalies caused by the mistiaifferences are evident between the clusters, with stispaying a frontal
deformation of the isotherms around the Gulf of Genoa. Interestingly, clusters without a markey ealwimaly correspond

to clusters with only weak fluxes, despite the strong surface winds (clusters 8, 9, 13).

Note that the statistal significance presented Higs. 3, 5 and 6 is compared to the average mistral flow, thus highlighting the
changes between the differemistral clusters, rather than deviations from climatology. E.g. referringigo 6, the SHF
maxima in the GOL areften not statistically significant as it is a standard mistral feature (clusters 6, 11 and 16). However,

statistical significance arises when the signal extends further south (clusters 2, 7, amsti@)justers 5 and 10) or if it is

16



exceptionally weakclusters 1, 12, 13 he clusters main characteristics are summarized in Taklerig with the attribution

of known mistral cases and/or Mediterranean cyclones to tHeaB¥d clusters.
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Cluster Name PV fe_zature Trqugh Surfa_xce cyclone Precipitation SHF Known example “« [ ll:ormatted: Line spacing: single
location axis location and
depth Storm/ Study, date
1. Summer cutoff Northern Italy N/NE ;’r)]/;r“r;?ian, WIZQ(IpsDinaric, GooﬁL-s[r:](i)lzje Zlkzg(i)?gf Querida, 287/9/2006 Moseatello e[ Formatted: Font: Bold
Y ' . [Formatted: Line spacing: single
2. Summerstreamer | Northern Europe | N Ligurian/Adriatic, | E Alps-Dinaric, | GOL, strong Medicang Qendressa, 6/11/_20!B¢uin and [ ll:ormatted: Font: Bold
deep Istrong LebeaupirBrossier (202)) Cioni et al. (201}1,[ Formatted: _Line spacing: single
‘t?,r.(j;:ndinavian Scandinavia N/NE Adriatic, medium | E Alps, strong | GOL, weak « [ ;Zormatted: Font: Bold
[Formatted: Line spacing: single
A. North Sea trough North sea N/NW | Adriatic, shallow | NW Alps, strong] GOL, mild < [ ll:ormatted: Font: Bold
5. Genoa cutoff Genoa NE Tyrrhenian, deep | Dinaric, strong | GOL, strong|Medicane Rolf, 78/11/2011] Dafis et al. (2018{ Formatted: _Line spacing: single
Ricchi et al. (201)). Formatted: Font: Bold
- - — - {Formatted: Line spacing: single
8. Autumn/Spring NE Europe N/NE lonian, shallow Dinaric, weak GOL, mild <
trough [ Formatted: Font: Bold
[ Formatted: Line spacing: single
A-Z‘[.re/;:.rJTt:.:;;wn/Spring Scandinavia N Adriatic, deep N Dinaric, strong eStgelFﬁe MAP I0P 15, 06/11/199%uenard etal. (20()( ll:ormatted: Font: Bold
[Formatted: Line spacing: single
B8.CWB Genoa N/NW | Ligurian, deep dg‘r)izﬂtion — GOL, weak ;u;s;;(tg{n (Greece), 112/4/2005 Kaskaoutis[ ll:ormaned: Font: Bold
’ . . [ Formatted: Line spacing: single
9. Strong AWB Eastern Europe E lonian, deep Dinaric, weak Aﬁr%l;i; o Medicanel5/122005 Dafis et al. (202D.). [ ll:ormatted: Font: Bold
' 24/3/1998 Flamant (2008. [ Formatted: Line spacing: single
|
0. Mild AwWB chzggal}l]aggmpe NE Ligurian, deep Dinaric, strong | GOL, strong|Medicanel6/112007, Dafis et al. (202D). [ lliormatted: Font: Bold
05/03/1982 Speranza et al. (1985 [ Formatted: Line spacing: single
|
A1. Relieved trough gti::;?;navia N Adriatic, deep Dinaric, strong | GOL, mild |15/3/2013 Drobinski et al. (201jj. <« [ ll:ormatted: Font: Bold
[Formatted: Line spacing: single
2. Blocked trough ScandinaviaAlps NE Ligurian, deep Alps, weak GOL, weak [4/11/1990, Drobinski et al. (200a <« [ lliormatted: Font: Bold
fFormatted: Line spacing: single
A3. weak ACWB Greece E lonian, shallow lonian, weak lonian, mild (l\:ggi;ine Celend]5/1/1996, Pythareulis et a[ Formatted: Font: Bold
( Formatted: Line spacing: single
éﬁgﬁg winter (E:SP;;I/Eastern N T();rer:snianllonian Dinaric, strong e(jt(%l;r,]e 13/2/2013 Drobinski et al. (201)3. < [ I.:ormatted: Font: Bold
' [Formatted: Line spacing: single
ﬁihglielieved broad | N. Italy N/NE Tyrrhenian, deep | lonian, strong GOL, strong mi?sig?]r}ié_se;fossia, 25/1/1982, Ermst and [ ll:ormatted: Font: Bold
[Formatted: Line spacing: single
‘tlrgthOCked broad Central Europe NE Ligurian, deep Dinaric, strong | GOL, mild |17/02/1992 Schott (199§). < [ lliormatted: Font: Bold
[ Formatted: Line spacing: single
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300 ,Table 1 Summary of cluster names and main features. AWB/CWB refer to anticyclonic/cycloniRossby wave breakings [Formatted: Font: 12 pt, Not Bold, English (United States)

respectively. [ Formatted: Justified

3.4Time Evolution of Mistral Events

Frequent cluster transitiormnd clustepersistence&an be visualized using the transition probability matrix (T, 7).
Column 0 shows the likelihood of a mistral event to end at any clitteno further transitionThe strong amplitude along
305 the shiftedmain diagonal suggests that every clusterehtendency to sustain itself, at a varying likelihood. We interpret this
feature as gersistencelemonstration by the algorithm, as the tismale for the evolution and migration of the PV structures
driving the mistral events are often longer than a day. The fact that thead®d SOM is able to consistently classify
consequent events of sledevelopng waves under the same classification reinforces the robustness of the method, given
proper SOM constraints (such as the number of clusters), as only significant (by SOM interpretation) differences in the daily
310 fields within a mistral event can forceransition. After Espinoza et al. (2012), a transition is deemed statistically significant
if its frequency exceeds the 90th percentile of dmerespondingtransition frequency derived from a 1000 random
redistributions of the original sequent®e constrated a reference random distribution by considering all mistral days (recall
that the clustering is performed only for mistral days and not for all other d&dp Huang et al., (2017) set their criteria
by the 95th percentile, here the 90th percenkiteshold waselected, considering that singl@y mistraleventsrepresent
315 roughly 50% ofmistral eventsand are of less interest from the dynamical perspective. Stilknpiestl days are accounted
for as eligible transitions in the random distrilouts, represented by the 0 columrFig. 7.
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Figure 7: Transition probability matrix, based upon daily cluster transitions from the current cluster to the cluster on the next day [ Formatted: Justified

(colored by number of days).Total days in eachtransition is given by the numbers in the corresponding rectangléfhe 0 column

represents the ending of mistral events, and the diagonal represents the probability to remain in the same cluster for thatrday.

Only statistically significant (90% confidence levelfransitions occurring within mistral events are shown

Note that the transitions are distributed mostly around the main diagonal and the 0 column, the latter is primarigcpiesto fr
singleday mistral events. Nonetheless, some recurring clusteritipassare showing a considerable amplitude, such as
transitions 1459 and 2 -5, and others. These trafkgB)tions
Very different amplitudes along the main diagonal and the 0 column suggest some clusters aresugtagglig in certain

seasons and are more likely to be the end of a mistral event in the other seasons (for example, cluster 5 in autumn compared
to winter-spring). It is clear from the seasonal TPMs that some transitions are absent from certain seasons, whereas others may

occur at any month of the year. Studied carefully, these transitions reveal many details about the development of upper level

PVanomal i es over the Al ps. (amfpbfying ridgesbehind streameg)tnrd a r Pornatbm of 12 - 7

Genoa cutoffpre more abundantinthetritiths e as ons, whi | étrongaatioyslanic Rossbhy whve breaing,
AWB) occurs in ag season except the summer, suggesting this transition and several others are more resilient to the changes
of the seasons. Some of these transitions, and indeed, some individual clusters, can be diretttyA@¥g14, 15 leading

to 9, and 13), cychic Rossby wavéreaking CWB, cluster 8),acub f f | ow mi grating into the domai
1/5), or being cutoutofanothast erly streamer (10- 5). Other transitions
10), or the eastward propaat i on of a trough (4- 3, 7 - 6), and-eveldionon. These

processes, and allow one to easily access and investigate a large variety of rare yet dynamically similar events by selecting

certain cluster transitions thate representative of certain waifecycles.
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Figure 8: The same as 7, separating by the different seasons. Note the@nth periods in autumn (October-November)and spring«——— [Formaned: Justified

(April -May), compared to 4 months in winter(DecemberMarch) and summer (June-September) and the different color scales,
345 accordingly)-.

Considering that many mistral evemgst more thara couple of dayst is insightful to examine the first event transitions,
rather tha all individual transitions without a time trace (as in Figsind 8). Thereforaye first identify the mistral initiation
days, with respect to each cluster, and then display the first two transitions for every mistral event in the group. Despite
containng tens of individual transition sequences at each migtealp several dominatinfirst transition sequencesmerge
350 (i.e., same sequence dfys 13). Recurring transitiongxhibit a strong seasonal dependenieig.(9). Qualitatively, the
transiionsguences seem to “push” the system towards seasonally dependent prefer
with an offseason cluster, say cluster 6 in winter, will be shifted towards the proper winter cluster 13, suggesting the
broadening of the northlg streamer into a mature trough. Another example can be seen in the initial clusters 4 and 8, where
the first transitions are seasonally dependent. In winter time, mistral events are dominated by the transitions beereen clust
355 9-11 and 1416, with preérable paths illustrated by the thick blue lines in the corresponding panels. This view also highlights
the directionality of the transitions. For instance, note that the clusters with largest numbers of initiatethatvists3 or

more daysaretheldbc ked cl usters 12 and 16, and that the “relieved” clusters rarely
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transi ti oarsscatce./CdnSideringthe cluster configuration display€iB, the general direction of flowithin
a mistral evenis from right to left and from top to bottom, diverging mostly from clusteem@®12 and converging towards

360 clusters 9, 14 and 15 (sE@. S1in supplementary material).

summer
autumn
— spring
a) Cluster 1 transitions, 14 events b) Cluster 2 transitions, 15 events c) Cluster 3 transitions, 17 events d) Cluster 4 transitions, 23 events
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Figure 9: Transition sequences (days-B) for mistral events initiating with each clusterat mistral day 1 and lasting at least 3 days, [ Formatted: Justified

365 at every seasor{using the same 2 and 4nonths seasonaldefinitions as inFig. 8). The x axis represents days passed from mistral
initiation. Solid lines indicate transition sequences (days-3) that repeat 24 times throughout the timeperiod. Thick lines emphasize

sequences occurring 80 times while dshedlines denote singleoccurring sequences.

Overall, the clustering analysis identified robust arstinict isentropic PV patterns, and the transition analysis offielii@nal

perspective on the evolution of these upper level PV structures as they interact with the Alpine ridges during mistral events
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370 These TPMs, combined with the surface impact of édehtified PV cluster, can potentially be utilized to improve weather
predictions of both the mistral wind and the Genoa cyclone, and their impatts. following we examine three individual

mistral events, and the ability of the cluster mean to reptebeir evolution in a meaningful way.

3.5Three lllustrative Mistral Events

The qualitative view of the algorithm performance is presented by a comparison between the classified clusters and the
375 individual members for three mistral events. The laggle structure of the PV is, however, well captured by the SGM

illustrated in the following cases.

3.5.1 Anticyclonic Wave Breaking Mistral, 16-20 January 1987

This winter mistral event initiated with a broadnountainpassedwinter trough that engulfed most of continental Europe.
380 Strong surface heat fluxes commenced on day 1 as the trough stretched over
accompanied by a deepening of the cyclone, and intensified precipitati@Cinteat flux, as implied by the intense mistral
events generally classified in cluster 14. Another transition back to 15, from day 2 to 3, implies another broadening of the
trough, with a slight weakening of the misteald persistence in cluster 15,@menon scenarioRigs.8 and 9) The wave is
then deflected to the east of the Alps and breakscantonically, asapturecbythet r a n s i t.Owits last day-ad cluster
385 9, the cyclone isveakerd, along with reducealssociated surface heat flardprecipitation as is indeed common fatuster
9.
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(a) PV composite cluster 15 (b) 16-Jan-1987 PV field (c) 16-Jan-1987 SHF field
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Figure 10. An illustrative AWB =event i den tverficallg averdyed (326349 Kt dailg R\&-i -t i[Formatted:

Justified

distributions and SLP (black contours) throughout a mistral event fiddle column), alongside their corresponding cluster

composites left column). Nete-that-the-view-here-is-limited-to-the- SOM-domain-{see-Fig—Jurface impact is shown on the right
column in terms of the sum of sensible and latent heat fluxe@NVN m-2, shaded, 10-m wind vectors (the red vectors represent
magnitude in the upper quartile) and daily accumulated precipitation (black contours, 10 and 30 mm/day)

3.5.2 Cyclonic Wave Breaking Mistral, 812 April 2005

This spring mistral event begins with a blocked trough and a weak cyclone in the lee of the Alps. The trough is stretched into
a thin NE streamecapturecdo y t r a n s i, tepresamtind £2coninin transition. Ugbis transition which marks a first

AWB, the SHF intensify dramatically, along witprecipitation in the Adriatic regiohe troughthen further stretches and
breaks cycl oni cal off as(thk @ycléhé@ttaibsadedpsymmetria structure (Tous and Romero, 2013)
Notethatthe streamer ishannellecabovethe RhoneValley just before breaking, illustrating the wrapping up of PV banners
generated in the mistral region (AebischadSchar, 1998)The classification of 1/4/2005 to cluster 8, capturing the CWB
pattern despitéhe PV streamer extending to the neetist rather than northiest as suggested by the composite, emphasizes

the ability of the SOM to identify distinct geometrical features, rather than only geographical ones.
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(a) PV composite cluster 12 (b) 08-Apr-2005 PV field (c) 08-Apr-2005 SHF field
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Figure 11: Asin 10,butfora CWB event i dentified by the transition 10Y#8. [Formatted: Justified

3.5.3 Cut-off Low Mistral, 25-31 August 1995

410 The summer mistraventis exceptionally long for the seasonbéginswith the weakest uppédevel forcing recorded by the
present anal ysi s, wi t h a 2-offiof @ 3PVU wartherlyostreamed avendhe flpst Bhei ng t he cut
propagation of a second wave into the domaiidéntified ast r ansi t i on sécon8 waveis agairt stréetched
sout hward t o f or m aThistiansition is acsompaeiéyrarimtengifidatiod pf the mistral, the deepening
of a primary cyclone soutbast of the Baltic Sea, and a lee cyclone in the Adriatic Sea. Thenstré¢hen tilts and breaks to
415 formacuto f f | o wwith weakén)ng oftte mistral intensityA noticeable characteristic is the persistent precipitation
response of the days corresponding to cluster 2, centered just between the eastern Alps am@obothiées, as suggested

by the precipitation compositeBig. 5, cluster 2).
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(a) PV composite cluster 2 (b) 25-Aug-1995 PV field (€) 25-Aug-1995 SHF field

(f) 26-Aug-1995 SHF field
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(m) PV composite cluster 2
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(a) PV composite cluster 2

(b) 25-Aug-1995 PV field

(s) PV composite cluster 5
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Figure 12 As in 10,but forasummercut-o f f f or mati on event identified by the transitions 2Y1

and

2Y5

“ [ Formatted: Justified

4. Summary and Concluding Remarks

This studyexaminessystematically théarge andsynoptiescale drivers of the mistral wind during 198216, by classifying
the isentropic PVduring mistrals Mistral days are first identified objectively in a climatological dataset based -&m20
resolution WRFORCHIDEE smulation forced by ERA Interifnyielding 2734 mistral days, distributed among 1360 mistral
eventsMistral occurs throughout the year, but occurs more often in winter, with moredaylévents, compared to summer.
A SOM clustering analysis then classiithe PV distributionduring mistral daysproviding insight on the larggcale driving
mechanisms of the mistral wind, and further served as a tool to examine different types of surface impact skgfatuires.

to thequestiongosed in the introddion, here we summarize the main findir{gee also Table 1)

(i) During objectivelyidentified mistraldays, he daily mean, vertically averaged (3280 K) isentropic PV distributions are
classified into 16 distinct clusteagcording to theigeometrical shapes. Tkenerging featuregary amongamplified Rossby
wave patterng@head of an Atlantic ridgeFeatures includéroughs, PV streamers with variable orientations indicative of
cyclonic or anticyclonic Rossbyave breakindoWB/AWB, and cutoff lows.

(i) The clustering approach distinguishes between the seasons, including the transition seggesting that limited range
of PV features prevail ieach season. In summer, cluster$ duggest the dominance of either a cutoff, thinaster or a
trough over Scandinavia ¢ine North Sea. lithe extendedvinter seasonseveral AWB scenarios prevail, as well as broad
deep southwardntruding troughs In the transition seasongroughs, streamers eaff lows and CWB are the dominant
features. Note that PV features (e.g., streamer or elawojf exhibit different meamosition, shape and magnitude across

different seasonésee Table 1 for a detailed summary).

(iii) Each cluste indeedreveals a unique signature in terms of surface weather impacsurface cyclone and associated
circulation winds, sensible and latent heat fluxes, and precipitation. The Bora wind regime, for example, ajgpezzsuo

with the mistral wihin clusters 9 and 13, which is expected from a relatively eastern PV anomalgtéiitand sensible heat

loss hotspots centered over the G&tonglyvary amongthe clusters, as does the wind speed and the extension of the mistral
wind offshore. Thehighly variable mean intensity, size and locatafrthe cyclones associated withe differentclustes

clearly demonstrate the impact of the upper tropospheric PV distribution sorflee pressurevith most cyclones under a
phase lock with a paretrough, implying the leeyclogenesis effeche deepest cyclonesd strongest surface heat fluxes
occur with PV streamsiindicative of AWB/CWB, a Genoa cutoff or a deep winter troufjire mean precipitation response
strongly depends on the cluster aedson, generally being correlated to the mean cyclone intensity and peaking to the north

and northeast of the cyclone. At times, precipitation ocalssdownstream of the mistral outflomlongthe north African
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475

480

coast particularly in clusters with strorgurface fluxesThe latter is consistent with Rainaud et 2016) and Berthotet al.

(2018)who demonstrate the remoistening of the dry mistral airmass and its downstream precipitation impact.

(iv) The evolution of the flow types during muttay mistal events is examined through the analysis of transitions among
clusters, while searching for recurring patteffise dominant direction of transitions corresponds to the eastward drift of the
waveg(7Y 6, 16Y 15), while other transitions imply the stretchiof the P\Vfeature as it approaches the Alp¥ (3/7, 1Y 1 §

or the formation of a ceoff (10Y 5). Long mistral events (>2 days) initiate mostly with the blocked clusters 12, 16 and 10,
and tend to end with AWB/CWB events, i.e., cluster 8, 9 and 13, or with a cutoff (clusterd tie Pyior is mainlyevident

by the nonruniform distribution othe mistral initiation days between clustefBig. 9) andthelatter by theack of transitions

from these cluster€l,5,8,9,13) tather ones. Specifically, clusters 1, 8 anddb3not transito any other clustefwithin the

90% confidence level, sd&g. 7), with clusters 5 and Bnly transitingto 8 and 13, respectivelfluster 14 represents the
strongest mistral events in terms of heat fluxes and wind spedds clusters 12 and 13 correspond to the weakdsster

15 is the mospersistenaind abundantyvhereasluster 12s the mostransient

The SOM performance is evaluated quantitatively by standard deviations within the dhigtéx2) and qualitatively by
comparing individual members to their corresponding cluster compoltiissevidentthat ezen highly norlinear Rossby
wave breaking processes are well represented by their corresponding cluster composjtevhileathe inevitable cas®-

case variability is manifested mainly along the high PV gradients, or in terms of the magnitmigion of the PV anomaly

of cutoffs

One primary conclusion implieby the present classification arises when attempting to examine the present clusters under the
cyclone types as defined by TibakdidBuzzi(1978. According to the classic descriptiohleecyclogenesis, the initial phase

of the leecyclone is attributed mostly togeostrophic adjustment process, induced by the mountain, generating thecyclo

rapid deepening rates in a still relatively barotropic environment. In the latter phesegitgradients are enhanced due to the
advective nature of the Rossby wave, and baroclinic instability becomes the dominant mechanism influencing the cyclone, as
the lowlevel coldpool air mass finally flows across the topography. Carefully examined slusters can be related to phase

1 or 2 of the lee cyclone, according to their representative thermal gradients, and PV maxima location relative toTthe Alps.

so called “blocked” modes, i.e. 12 andntih&rms &f pipdesgeedsand corr espond

GOL surface heat fluxes, when compared to their
related surface heat fluxes are attributed to the baroclinic phase of the cyclone, rather tharetheytpbgse. While further
confirmation of thiperspectivée s r equi red, it settles with the notion of t
the penetration of cold air into the Mediterranean ftome nor t h” ( Biothegase tha & stranh mistral lh@e&d2
enables ssignificant penetration of polar ainasses into the Mediterrangdeading to the massive heat loss at the GOL

occurring at posblocked stages of the mistral event, rather than in the initial stages
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This aspet of the mistral and Genoa cyclogenesis ayropticallycontrolled phenomenon has the potential to improve
predictions of the mistral wind and Genoa cyclogenesis events, and deepen the understayilipgiescale PV interactions

with topographyFurthermore, the systematic classification offers new insight into the variability of the mistral impaet on air
sea interaction in the region, with direct implications for understanding the se&ssidalbuild up and onset of deep

convection in the watecolumn inautumnwinter.
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Appendix:
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A.1 The 4x4 hexagonal SOM map [Formatted: Font: Bold

The SOM neighbor distance is a measure of similarity between neighb@MgBisters, specifically the mean squared error
(MSE) between the SOM weights corresponding to the Neuron that represents eaclTtledte¥hexagonal SOM magnd
the neighbordistances are presentedriy. AL1. The smaller theneighbordistance the more similar the neighboring clusters.
This measureloes not involve the frequency of transitions betwelesters discussed in section 3.Zhe similarity map
exhibitsadark lineof reduced similaritgrossing the grid, defining the seaslsgparation discussed in sectio.3Vith that

said, there is a physical reason for similar clusters to appear consecutively, and a transition between two veryustensent cl
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Figure Al: The 4x4 hexagonal SOM mapwith the numbered clustersand neighbor distances, or similarity betweenclusterse—— { Formatted: Justified

(dimensionless)n colored connections Brighter colors represent short distances, or more similar clusters, and dark colors indicate

large distances, or disimilarities.

A.2 Intra-cluster variability

The variability among the members for eactstdu can be quantified withe standard deviatiorS(TD) map of the PV fields
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(Fig. A2). The resulting patterrdemonstrate the uncertainty in the magnitude and exact location of the identified PV feature.
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and3 (towards the Pyreneeg)he mean STD for most clusters is on the order of 15%, however the major correspondence

between the composite and its members is along the maximum PV gradient bands, and the quantitative inaccuracy is
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compensated by the qualitative description of the flow (figs. 10-12). Compared against the 95% statistical significance
(Fig. 3), focusimg on cluster 5, the low STD region in the middle of thedffits translated into statistically significant signal,
while its surrounding peak in STD is translated into-s@mnificant regions, again demonstrating the variability regarding the
extent of he identified cutoff. Similar links between the STD and statistical significaremvident in clusters 2, 7 and more.
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in this case MSEpetween samples and their corresponding cluster. TE measures the continuity of the SOM space by
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distance along this extra dimensionfblgding the SOM spacén the present casthis hidden dimensioappears to correspond

to the discontinuity and deformatiorf the PV feature, i.e., the extent of separation between the PV streamer and its parent

reservoirand the amount of stretching tife PV streamefThis dimension of variability isecondary to both the meridional

540 and zonal dimensiorsf variability. Thus, the largest TE is attributed to the-offtclusters5 and 8, suggesting a fold of the

SOM space bridging the apparent distaneevgen the two objectively similar clustefhe heavily-deformed cluster 10
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