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ABSTRACT

The heavy rain event of 8 to 21 November 2001 ie thestern
Mediterranean area is objectively selected by meahsa Singular Value
Decomposition Analysis (SVDA) between 300 hPa lesgale (geopotential and u-
and v-wind components) fields and regional preatwh. The flash flood episode
corresponds to the highest expansion coefficiehievaf the second SVD mode.
The second singular mode presents a heterogeneeopotgntial pattern
characterised by a centre of positive anomalieth@ eastern North Atlantic in
between two negative anomaly centres to southetheoAzores Islands and over
Algeria. Synoptically, the episode is characterisgdhe presence of a long-livéd
blocking geopotential pattern showing strong sintja with the obtained
statistically mode highlighting the strength of tivek synoptic variables-regional
precipitation and revealing that the methodologys vbeen able to capture such
catastrophic flash flood event. The jet streakradBon during most of the episode
was crucial for triggering and driving of the deggnvection. A set of mesoscale
numerical simulations using MM5 is performed to @siigate the mechanisms
responsible for the convection development throsgheral output diagnosis. A
potential vorticity evolution show how dry air massare extruded from the
stratospheric levels promoting strong cyclonic uiation at all levels as is noted in
500 hPa relative humidity maps. A deep verticalooi of high relative humidity
over the Algerian coastline supports the few andggaphically confined
convective cells responsible for the heavy preaih over different zones at the
study area. The study of mesoscale environmenirgeas showed an enhanced
conditional unstability through a deep tropospHaser with strong vertical wind
shear that favoured conditions to allow organizatmf long-lived convective
structures.

Keywords: heavy rain, western Mediterranean, seguwlalue decomposition,
mesoscale model.



1. Introduction

Due to the distinctive orography of Iberia the Véest Mediterranean
climate is confined to a narrow coastal strip eidapanning southwest France, the
eastern Iberia coastline and western North Afriche strip is characterised by an
abrupt rise of land from the coast with an areaenagl of high mountains, which
rise to varying heights at no great distance inldrige Western Mediterranean area
presents extreme contrasts between warm and castise While the Azores High
dominates the zone during the warm season with amot very dry weather,
travelling disturbances associated with the midide westerlies reinforce the
moderate and appreciate weather during the coldoseavioreover, the closed
characteristic of the Mediterranean Sea and the ingplation received during long
part of year lead to high sea surface temperatiugag summer and autumn which
ensure very warm, moist air to be forced to riserdtie orography. This situation
favours instability and the release of vast amowhtatent heat. The result is the
development of thunderstorms which may be a sisgpercell, a squall line or the
presence of secondary cyclones over the Meditegiraria particular, the southeast
of Spain with annual average precipitation total$oav as 150 mm (Wheeler 1989)
constitutes the driest area not only of Iberia blgo of Europe and offers a

landscape more similar to neighbouring Africa.

Dramatic swings in precipitation constitute onetloé dominant forms of
climate variability in the eastern Iberian Peniasulhe Western Mediterranean is
particularly characterised by floodings during thee summer and autumn and dry
periods lasting up to several years (Doswell et1808; Romero et al. 2000).
Several physical and dynamical processes, suckoas srack changes, low-level
advection of warm, moist air or topographic confgjion can play an important
role in autumn extreme episodes (Font, 2000). Nigalesimulation of case studies
has shown that coastal orography results one ofdixsive factors in the
localisation and spatial distribution of the ralhf&omero et al., 1997; Romero et
al., 1998). At the end of summer and at the begmrof autumn, strong and
unstable phenomena show up over both land andseayse of polar air advection
associated with disturbances developing in the ipribx of the Mediterranean

(Linés, 1970). Most of these disturbances usudflycathe Mediterranean Iberian



coast and the Balearic Islands and cause the Istasied most important
precipitation from September to November. Goingptieéento the importance of

this line of research is beyond the pure scientftgnain since socioeconomic
impacts of such extreme episodes are far from gibigi (IPCC Technical

Summary, 2001).

Although other factors such as sea surface termperaland-sea effects,
topographic configurations, etc, can be importamt explaining precipitation
anomalies, Valero et al. (2004), hereafter VALOAd aMartin et al. (2004) have
demonstrated that the influence of upper-level desgale circulation on the
precipitation in the Western Mediterranean is \v&gnificant. The 300 hPa level is
highly related to jet streams which are usuallyated near the tropopause level,
hence the use of this level allow us to check ihalgyics associated to the
statistically derived flow patterns is consistenithwthe atmospheric structure
revealed by the geopotential height and complendemigh that of the wind
components. The wind components inform about jetasts with a strong
meridional component associated to cut-off lowse af the main dynamic
mechanisms for developing precipitating systemgshm Western Mediterranean
Basin (Valero et al., 1997). Taking into accourdsth studies, this paper is devoted
to deeply analyse the features conducing to heznyall episodes from the linkage
between the Western Mediterranean Basin precipitdtuctuations and the large-
scale circulation anomalies during the autumn seasing observational data. We
have considered a case of heavy rainfall over testavn Mediterranean area that
has been objectively selected and analysed fronsitigular value decomposition
analysis applied to large-scale upper-level atmesphvariables, such as
geopotential height and horizontal wind componeaits300 hPa, and western
Mediterranean autumn precipitation. The purposethié paper is to identify
atmospheric circulation patterns occurring simudtarsly with precipitation
anomaly configurations and to also analyse synagtid mesoscale mechanisms
that explain the episode. The simulations will tmeful to help forecasters to
monitor the area suggesting a general scenarithfige key features that play a
significant role in developing such heavy rain @sen



The study is organised as follows. A descriptiorihaf datasets is given in
Section 2. Section 3 is devoted to describe thdhodedogy for selecting the case
study. Section 4 briefly describes the non-hydtestmesoscale model used to
diagnose the meteorological situation. Section &uges on the analysis of the
objectively selected heavy rainfall events in thestern Mediterranean area. The

summary and discussion of the main results arerdravection 6.

2. Data

Initially, the data employed in this study inclugeopotential height (Z300)
and horizontal wind (U- and V-wind) components @0 hPa. These data and the
sea level pressure (SLP) are chosen from NCEP Rs@néKalnay et al., 1996).
The data are monthly means over a 2.5° x 2.5° gfrifl4-autumn (September-
October-November) seasons for the period 1948-20@1a first step, for all
datasets the selected domain for this study spgamsNorth Atlantic Ocean, the
Mediterranean Sea and Europe from 20° to 80°Nfrand 100°W to 40°E. Figure 1
shows the locations of the precipitation data (P@R} were extracted from the
database of the Spanish Meteorological Servicditiita Nacional de Meterologia,
INM). The rainfall data consists of time seriesléfsites (1948-2001) covering the
Mediterranean coast of the Iberian Peninsula aadBgdearic Islands. Prior to the
diagnostic analysis, all large-scale data setshardified applying a cos(latitude)
square root area-weighting to account for the unepatial density of the grid. The
original data were also detrended and the seasoyade was removed by
subtracting the long-term mean to each monthly ezalbinally, standardised

anomalies were obtained for all fields.

To deeply analyse the case study, daily geopoteheaght, sea level
pressure, horizontal wind components, relative ldlitynitemperature are also used
at several atmospheric levels. These data areeatsacted from NCEP Reanalysis
over the same 2.5° x 2.5° grid for the selectedailonMoreover, other products are
derived from these data and analysed for the whelevy rainfall period. The
precipitation data corresponding to the episodeadse extracted from the same

database of the Spanish Meteorological Service.



3. Methodology for selecting a case study: SVD Analysis

To avoid bias, the selection of a case study shooide made subjectively.
We have objectively chosen a case by a classibicatheme based on the Singular
Value Decomposition Analysis (SVDA) trying to firal relationship between the
large-scale circulation and the precipitation candg to heavy rainfall episodes in
the Western Mediterranean Basin. Here, we only giVierief description of the
method. Nevertheless, if more details about SVDAraquired, they can be found
in Brethertonet al., (1992) and Storch and Zwiers (1999). The SVEBéh be
thought of as a generalisation of the diagonabsatif a square symmetric matrix
to the diagonalisation of a rectangular one, ites a generalisation of empirical
orthogonal functions (EOF) analysis (Lorenz, 19B6yis, 1976). SVDA has been
usually applied to two data fields together in ortteidentify modes that explain
the greatest covariance between such fields. A $¥ibe cross-covariance matrix
of the two data fields yields two sets of orthodopatterns describing a squared
covariance fraction (SCF) of two time series. Thesierns are called left and right
singular vectors. Moreover, those modes are orderdrespect to their singular
values so that the first pair accounts for thedatgSCF and the remaining pairs
describe a maximum fraction unexplained by the ipress pairs (in analogous
manner to the eigenvalues in EOF). Each singulreviameasures the contribution
of each corresponding pair of modes to the totahsegd covariance. Thus, the SCF
accounted for by theth pair of singular vectors is proportional to thei@ of its
singular value. If the ih singular vector is projected onto each data fitid, ith
expansion coefficient for each variable can beiobth The correlation between
the ith expansion coefficients of the two variables measuhe intensity in the
relationship between the pairs. The heterogeneouglation pattern for theth
left (right) field is defined as the correlationtiveen the left (right) field and the i-
th expansion coefficient for the right (left) fielékor display purposes, the time
series of expansion coefficients have been noredlis/ their standard deviation
and the corresponding heterogeneous correlatiderpathave been multiplied by
the data standard deviation so that each SVD $patitern represents anomalies.

The SVDA was then performed on the detrended dati@rong seasonally-
independent detrended modes. The expansion ceeffsci are obtained by



projecting the original data (i.e., non-detrendedjo the previously derived SVD

spatial modes. This allows for a representatiotheflong term trends in the time
series of expansion coefficients while the initdlatrending of data avoids inflation
of the cross-covariance coefficients in the deteation of the spatial SVD patterns
(Heyen et al., 1996). To further examine heavyfadliepisodes, real situations are
directly extracted from months with the highest @&ax@on coefficient values

because they indicate situations in which the spoading mode is dominant.

The SVDA has been carried out diagonalising thregadance matrices
derived between the monthly geopotential height, zonal wind component- and
the meridional wind component- and the precipitaticeld, i.e., diagonalising
(Z300-PCP), (U300-PCP) and (V300-PCP) for 54-autweasons. In VALO4, we
presented the results for 42-autumn seasons (1948) hssociated with these three
diagonalizations showing special interest in the tivst coupled modes. The
analysis of these two leading modes suggestedthigatarge-scale atmospheric
circulation at 300 hPa is responsible of much ef signal related to the western
Mediterranean precipitation. If more details abth# SVD results are required,
they can be found in VALO4. The implementation ¢fe tabove described
methodology in this paper has allowed an episodehedvy rainfall to be
objectively selected to analyse the main atmospifedatures conducing to heavy
precipitation in the Western Mediterranean areas Episode has been associated
with the second mode of covariability for the threatrices and it explains more

than 21% of the squared covariance between large-aad precipitation fields.

Figure 2 shows the expansion coefficient time sederived from the
SVDA to (Z300-PCP), (U300-PCP) and (V300-PCP) roafriand associated with
the second coupled mode. In general, there wagikastime evolution (correlation
values higher than 0.64 significant at the 0.0kllein the three cases. Moreover,
similar variability patterns in regional precipitat were produced by the second
SVD mode regardless of the considered large-saaiahte (2300, U-wind or V-
wind) indicating that the same dynamic atmosph&inacture is represented by that
mode. The second mode spatial patterns of the S¥WWiY&Z300-PCP), (U300-PCP)
and (V300-PCP) matrices are displayed in Figuréigure 3a shows the Z300

patterns with a centre of positive anomalies ingastern North Atlantic in between



two negative anomaly centres to southern of therdsztslands and over Algeria. In
this situation E-NE air flow is advected over llgefavouring negative precipitation
anomalies over the northeast Iberia and positives aver the southeast of Iberia
and the Balearic Islands as reflects the precipitaanomalies pattern (Fig. 3b).
The described northeastern advection over Iberia lwa noted in Figure 3c
corresponding to the U-wind pattern. An area ofatieg anomalies centred about
40°N latitude over the Iberian Peninsula and twsitp@ nodes to northwestern of
Great Britain and to southeastern of the Atlas Mamms can be observed. The
associated precipitation pattern (Fig. 3d) closedgembles the configuration
displayed in Figure 3b with a value of spatial etation of 0.97 between both
patterns. Finally, the results of the SVDA appliedthe V-wind component and
precipitation fields are shown in Figure 3e. A weast dipolar configuration in the
anomaly pattern for the meridional wind arises. Tistribution pattern is related
with reinforcement of the north wind component owAfestern Europe in
agreement with the NE advection over Iberia desdrifor the Z300 pattern and
responsible for the dry conditions over the norshera Iberia. In fact, in Figure 3f
it can be noted that the precipitation pattern $tasng similarity with the rainfall
configurations displayed in Figures 3b and 3d vepfatial correlations values of
0.90 and 0.86, respectively.

From the expansion coefficient time series (Figd@jved from the SVDA
to the three matrices and associated with the seconpled mode, the case of
November 2001 was selected because of its higikpaheion coefficient values. In
Figure 4, we can see how both the large-scale (R2gs ¢ and e) and the
precipitation (Figs. 2b, d and f) expansion coéfit series, exceed the level of two
standard deviations indicating high degree of dogpbetween the large-scale
variables and regional precipitation. Further ustierding of the heavy rainfall
case demands an identification and evaluation a@h lsynoptic and mesoscale
processes involved in this episode. In this paper,diagnosis will be assisted by

means of the non-hydrostatic mesoscale model piexsanthe next section.



4. Diagnostic methodology: description of the mesoscale model

To deeply analyse the objectively selected caséeaivy rainfall in the
western Mediterranean area and to assist with @gndsis, the non-hydrostatic
mesoscale model (MM5, version 3) of the Pennsylv&@tate University-National
Center of Atmospheric Research is used (AnthesVdadher, 1978; Grell et al.,
1994). The model enhances vertical resolution énldkver troposphere to represent
the boundary layer processes. It is formulated gudime terrain followingo
coordinate system. The model has two-way interadietween successive nesting
levels that allows realistic terrain characterstighang et al., 1986). In this paper,
two interacting domains were used with 151 x 1730xgrid points. Figure 4, with
fine grid domain and its orography, shows the @httomain in the eastern Iberia.
This domain measures 1720 x 1510 km under a Lancbaformal map projection
(10 km to horizontal spacing). On the other haniguife 5 shows the selected
coarse domain. It measures 4530 x 3030 km andniseckat the same location.
The time steps are chosen as 30 s and 90 s fofirtkeand coarse grids,
respectively. The initial and boundary conditions the coarse grid are taken from
NCEP global reanalysis data (available at 00, @6arid 18 UTC) with a resolution
of 2.5 degrees. These fields are interpolatedhe c model levels. The physical
parameterisations of the model consist of the warsof Reisner 1 explicit
microphysics moisture scheme (Reisner et al., 18§&esenting with predictive
equations for cloud water and rainwater below tteeZing level, and cloud ice,
snow and supercooled water above the freezing.l&sb allows slow melting of
snow below freezing level and memory processesltard ice and snow. A look-
up table for efficiency has been used. The BettibeMparameterisation scheme
(Betts, 1986; Betts and Miller, 1986) is choseatrulate moist convection effects
on the coarse grid domain, whereas parameterisedection for the fine grid
domain uses the Kain-Fritsch scheme (Kain and dfrjt4990). The scheme of
Blackadar (1979) has been used for planetary boyndger physics, a force-
restore slab model to calculate the surface teryoeraver land keeping it constant
over sea (Blackadar 1979; Zhang and Anthes, 1982ng and Fritsch, 1986).
Longwave and shortwave radiation effects are cemed by the cloud cover
(Benjamin, 1983). Two simulations for each day hbeen performed from 0000
and 1200 UTC till 0000 and 1200 UTC (next day)pesdively. The integrations



start at 0000 UTC on 8 November 2001 and finist®@G20 UTC 22 November
2001.

5. Diagnosis of the case of November 2001

The western Mediterranean area is usually chaiseteby heavy rainfall in
autumn (Maheras, 1988; Corte-Real et al., 1995;rfeurat al., 2001). Most of the
situations conductive to heavy precipitation ovesttarea are related to a broad
scenario characterised by an upstream trough sedltow over the southwestern
Iberia isolated from the general westerly regimeébelonging to a blocking high-
over-low pattern which occurs most frequently ower west coast of Europe (Font,
2000; Valero et al., 2004). Such large-scale digtron favours easterly air masses
at low levels interacting with the coastal topodmapof eastern lIberia and
contributes to heavy rainfall over the easterniivecoast. However, the case of
November 2001 presents several differences. Fremddily data and for this event,
the heavy precipitation occurred over an extendsib@ (8-21 November 2001)
and mainly affected the northern of Africa and tBalearic Islands, with
particularly heavy 24-h rainfall totals on 10 Noussn over Algeria and on 11
November over the Balearic Islands. The easternsantheastern Iberia were also
affected but in minor intensity. The whole episégl@nalysed but it will be placed
emphasize on the first part of the heavy rain eyieam 8 to 12 November 2001)
because the most devastating flash floods occameatiese dates. Figure 6 displays
the total rainfall amounts and distribution of 8-Ndvember. It is highlighted
precipitation values higher than 400 mm over thgefia zone and values higher
than 200 mm over the Balearic Islands. Taking iat@ount that the fine grid
domain used in this paper is 10 x 10 km, daily gigttion (not shown) became
organised over small areas of Algeria and Balelatands. The rainfall maximum
for the event was recorded in the Algeria coasting exceeded 300 mm on 10 and

11 November with 140 mm on only six hours.

At surface (Fig. 7a), the situation at 1200 UTC @&8imber is characterised
at the surface by a meridionally extended highqureszone located to the western
British Island flanked by two low pressure centatsouthern Genoa Gulf and at

western Azores Islands, respectively. The statrmeticyclone with the Genoa



low, which presented an associated cold front, tenmorthern maritime cold air
advection over the Iberian Peninsula. At 500 hRg (fb), the synoptic distribution
Is similar to the surface distribution. However,stremarkable how an initially
centred trough (not shown) over the ScandinaviairBala at 1200 UTC 8
November becomes a retrogressive positively tited diffluent trough, and a cold
core low is finally located over Algeria at 1200 OT.0 November. This persistent
and particular configuration reflects a blockindtean named "Omega block" with
a zonally oriented configuration of a high sandwithin between two lows
(Sumner 1954; Bluestein 1993). At upper level, ki of configuration is usually
characterised by a stationary ridge laying easfdlantic Ocean and by a main
trough situated over the western Mediterranean aameh promotes meridional
incursions of maritime cold air which comes frore ttentral Europe and flows into
the Western Mediterranean area after rotating afoarcut-off low nearby the
Iberian Peninsula. This strong low-index patterralso related to a very strong
meridional temperature gradient. Figure 8 displayshe fine grid domain a tongue
of low temperature values on 10 November, 1200 U3eading out along the
whole Iberian Peninsula and north of Africa. In aq®ence of diagnosed
temperature maps (not shown), strong decreasengfei@ture in 24-h is noted,
decreasing more than 12° C at most of the IberiamnBula and the northern
Algeria. At middle and upper levels, the main lovasvelongated along the
Algerian coast and exhibited a structure with twatees (not shown) in which the
secondary centre was located over the Atlas Monsit#t 300 hPa (Fig. 7c), there
was a jet streak from the north of Africa over tinestern Mediterranean area. The
cold advection and the cyclonic vorticity on thghti side of the jet stream entrance
region merged to drive large-scale instability dtods that result in heavy
precipitation over the southwestern Mediterranemion. Moreover, the interaction
between airflow and a mountain ridge is strongeemnvthe upper level winds are
intense and nearly perpendicular to the ridge agscan be noted in Figure 7c
(Smith, 1989).

A sequence of Potential Vorticity (PV) maps frono8L2 November at 300
hPa, 1200 UTC (Fig. 9) reflects a strong pool theigresses from the high
latitudes to the western and central Mediterranaa@a spanning from the NW

Iberia to the northern Africa. There are remarkdbig values of PV units (higher



than 8 PVU) which indicate lowering of the dynanhitapopause and intrusions of
stratospheric air. This PVU tongue represents Pdfraies (not shown) of great
strength, depth and breadth which are associatédsivong cyclonic circulation at
all levels. In this situation, rapid pressure fabbecurred at low levels in
juxtaposition with the upper level jet streak (Holf 1992; Barnes and Colman,
1994). The associated positive (negative) vortiadyection is situated ahead (rear)
of the PV anomaly indicating that vertical upwadd\ynward) motions will occur
due to the increase of such advection with heiGlonsistent with the jet-induced
upward forcing features, the model diagnoses upwartical velocity throughout
the troposphere. According to McGinley (1986), upWanotions smaller than
0.5ms! are sufficient to trigger severe convective storfigures 10a and 10b
shows two vertical cross sections of the relativenidlity and the vertical motions
on 10 and 11 November 2001. On 10 November at 120D (Fig. 10a), it can be
noted a vigorous plume of upward motion extendnognfsurface to 300 hPa over a
narrow area of northern Africa. Another significdetiture is the existence of a
deep vertical column of high relative humidity spang over the Algerian coastline
which supports the few and geographically conficedvective cells responsible
for the heavy precipitation over different zoneshat study area. On 11 November
at 0600 UTC (Fig. 10b), it is highlighted anothentre of intense upward motion
over the Balearic area with a high relative humgidiblumn throughout the
troposphere over the same zone. As the quasigpbstrtheory, if the jet streak is
near the tropopause, as in the November 2001 bak®y jet-streak level vorticity
advection becomes more cyclonic (anticyclonic) whikight in the right (left)
entrance region which is related to rising (dowrdyanotion below such area. As a
result downward motion, dry stratospheric air ensported into the higher levels
of the troposphere. Figure 11 displays the relatvenidity at 500 hPa on 11
November, 1200 UTC. It can be noted lower relabiuenidity values over western
Iberia according with the dry air extruded from tsteatospheric levels. On the
contrary, over the right entrance jet region asgedi with vertical upward motions
it is remarkable an extended area with higher \wmhferelative humidity over the

Atlas Mountains and the Spanish Mediterranearrétto

Observed radiosoundings at Murcia and Palma deoktall stations have

been used to describe the vertical tropospheretatey Thus, additional standard



tools of convective storm analysis, such as thalddbtals index (TTI), the lifted
index (LI) and the K index (KI), have been compufenim the radiosonde data
(Galway, 1956; George, 1960; Miller, 1972). The lation of the three indices
indicate potential for convective storms reachimg TTI, LI and Kl values of 45, 2
and 12, respectively at Murcia station and valueS0p 3 and 14, respectively at
Palma station. From the soundings at the initidh&ofinal storm period, increase in
conditional instability is noted associated withffefiential temperature and
moisture advection. Figures 12a-c show the Palmmdings on 9, 10 and 11
November as the most representative of the heamyegisode. In Figure 12a a
surface-based inversion is shown and the dewpmatdmphasizes the dryness of
the 1000-300 hPa layer related to intrusions @ftespheric air. If we set the Figure
12a against the corresponding 10 November sour(#lngg 12b), it is remarkable
how some increase in conditional instability isatbiassociated with differential
temperature and moisture advection. Figure 12b shgwa shallow surface-based,
nearly adiabatic and well-mixed layer characterizsd easterly flows carrying
moist air off the Mediterranean Sea. This layesaparated from a dry, cold layer
above. According to Bluestein (1993), the dry éaftassuggest that the potential for
negatively buoyant and cooled downdrafts favouhed liquid precipitation mixes
with the environmental air. Furthermore, the wimga is non-unidirectional and
the wind shear vector is veering with height apldiged in Figure 12b. According
with Klemp and Wilhelmson (1978), the developmehtaosevere right-moving
storm is favoured creating updraft intensificatiorsuch a frame. Throughout the
episode, large values of vertical wind shear higthen 50 m$ are derived
indicating a enough strength to promote necessandittons to organize and
maintain long-lived convective structures. Figuizc shows the 12 UTC Palma
sounding that is representative of the “tropicalrabng” (McCaul, 1987). A deep
moist layer, up to 9 km above ground level, withawtable layer can be observed.
The lapse rate is less than dry adiabatic but greaan moist adiabatic, i.e., the
sounding could indicate conditional instability. tAbut a capping inversion, but
with a deep moist layer, there is the possibilitymdespread convection. In fact,
the daily precipitation became organized recordiaigpfall up to 200 mm over
Balearic zone and up to 90 mm over Melilla.



The convective available potential energy (CAPEY ahe convective
inhibition (CIN) are also important parameters &pttire moisture and conditional
instability information (Zawadzki et al., 1981). §ICAPE reflects the intensity of
vertical motions of individual air parcels and Ietefore a variable that indicates
the strength of convective systems. High valueSAIPE are indicative of possible
high precipitation rates. The CIN is the work nekettelift an air parcel from rest at
the surface to the level of free convection. kisieasure of the strength of the cap
when a stable layer or capping inversion is preddigh derived CIN values are
conducive to lower-level channelling of the moist masses towards the western
Mediterranean area. The CIN values at the twoastatidecreasing from 400 Jkg
on 8 November to nearly zero on 10 November, tagethith values in CAPE
higher than 1600 J Kgresulted on strong lifting needed to initiate despvection.
Figure 13 displays a CAPE distribution at 0000 4200 UTC over the western
Mediterranean area. It can be noted how the inddxevincrease throughout the
episode extending the affected zone from Algeria,9oNovember with values
higher than 1000 J Kg to the Balearic area on 11 November with valuespoto
800 J kg'. The remainder dates (not shown) of the episodes weerne CAPE
values of 200-400 J Kgover the Spanish Mediterranean coast favouringttieer
development of precipitating systems over such.area

6. Summary and discussion
A mesoscale numerical analysis of a severe flasfdfevent in the western

Mediterranean area is studied. The first step is plaper has been the objective
selection of such event by means of the SVDA agplte the western
Mediterranean precipitation and the large-scale oapheric variables. To
characterise the atmospheric circulation, 300-hRsbpgtential height and
meridional wind components of 54 autumns (Septertlober-November) from
1948 to 2001 have been used. For the same pertogreipitation time series
covering eastern lberia and the Balearic Islandee H@een considered. From the
diagonalisation of the three matrices (Z300-PCBBOQ-PCP) and (V300-PCP),
two leading modes were obtained suggesting thatldhge-scale atmospheric
circulation at 300 hPa is responsible of much ef signal related to the western

Mediterranean precipitation.



The heavy rain episode has been extracted fromsdoend mode of
covariability for the three diagonalisations andxplains more than 21% of the
squared covariance between large-scale and pieoypitfields. Both large-scale
and precipitation expansion coefficient series edcenore than two standard
deviations at November 2001 indicating high degreeoupling between the large-
scale variables and regional precipitation. From tlate, the heavy rainfall case
was analysed by identifying and evaluating botlgdascale setting and mesoscale
processes involved in the case study by meanseohdim-hydrostatic mesoscale
model, MM5, presented in the methodology sectidme Torresponding daily data
for November 2001 indicated that besides the episcolvered from 8 to 21
November 2001, the heavy precipitation basicalljuoed from 8 to 12 November
and mainly affected the northern of Africa, Balealslands and E-SE Spanish
coast, with particularly heavy 24-h rainfall totat® 10 and 11 November at
Algeria.

The second SVD mode showed that above-normal piatogm values over
SE Iberia and the Balearic area are determinedhbyptesence of a centre of
positive geopotential anomalies in the eastern INéttantic sandwiched by two
negative anomaly centres. The corresponding SVIRemet of both zonal and
meridional wind components are dynamically coheresith the geopotential
configuration indicating that the mode of the th8¢D analyses represents a well-
defined large-scale atmospheric structure. On therdhand, the main synoptic-
scale features of the flash flood event showed esigient and particular
configuration corresponding to the presence of agdoved Q blocking
geopotential pattern with a zonally oriented comfegion of a high sandwiched in
between two lows at surface and with a stationalger laying eastern Atlantic
Ocean and a main trough situated over the westezditbfranean zone at upper
level. It was remarkable the similarity between thxained statistically mode with
monthly data and the daily real synoptic configirathighlighting the strength of
the link synoptic variables-regional precipitatioand revealing that the

methodology was been able to capture such catastriipsh flood event.

The large-scale setting also showed at 300 hParésence of a jet streak

promoting additional unstable conditions over thestern Mediterranean area. If a



jet stream advects colder air along its axis, agatteric air descends along the
upper frontal zone into the midtroposphere. Undehsonditions, some of that air
then moves along cyclonically curved horizontajetctories that eventually ascend
east of the cyclone (Muller and Fuelberg, 1990k @l mass marked by high PV,
as in the November 2001, can be stretched to isereelative vorticity, which
augments deepening of a cyclone, especially whknvdevel diabatic source of
PV is present in the same area. For the Noveml@t 2@ent, the modulation of the
air masses and the Atlas Mountains ridge was altnsified with the intense
upper level winds. In this event, ahead of the R@naaly, the increase of positive

vorticity advection with height favoured verticglward motions.

Throughout the event, the evolution of several eative storm indices for
Murcia and Palma stations were also derived showatges corresponding to high
potential for convective storms. Soundings for ¢hetations were also analysed
indicating increase in conditional instability dt@ deep moist layers as well as
moderate to strong vertical wind shear of horizomtand persisting during the
heavy rainfall period. Moreover, CAPE and CIN valuebtained for the episode
were diagnosed showing values indicative of sestyens. CAPE (CIN) values of
800 Jkg' (nearly zero) were derived over the Balearic areh CAPE values higher
than 1000 J k§ were obtained over northern Africa resulting omy&rong lifting

needed to initiate and develop deep and intenseection.

The explosive storm development over the westerdifdeganean area was
due to a number of factors all coming togetherhat $ame place and time. The
contribution from the large-scale conditions wasca@l. A synoptic critical control
was the blocking omega pattern that promoted tlammblling effect. This synoptic
scenario acted to induce mass ascent and releassomafitional instability.
Moreover, the lifting on the Atlas Mountain and tBalearic orography together
with the front associated with the main low conitdx to additional airmass ascent

and subsequently severe weather.
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Figure captions

Figure 1: Western Mediterranean basin indicatingptions of precipitation stations by dots. The
line AB indicates the direction of the vertical ssosection discussed in the text.

Figure 2: The expansion coefficient time serieshef second SVD mode between (a) Z300 and (b)
precipitation; (c) U-wind and (d) precipitation;) (&-wind and (f) precipitation. Units are in
standard deviations.

Figure 3: Heterogeneous anomaly patterns of thense&VD mode: (a) Z300 pattern (contour
interval is 10 gpm), and (b) its precipitation patt; (c) U-wind pattern (contour interval is 1-Hs
and (d) its precipitation pattern and (e) V-windtteen (contour interval is 1 m¥ and (f) its
precipitation pattern. The contour interval for theecipitation patterns is 5 mm. The positive
(negative) contours are solid (dashed).

Figure 4: The used centred fine grid domain andrigraphy.

Figure 5: The selected coarse domain centred aatime location of Figure 2.

Figure 6: Accumulated precipitation from 8 Novembzrl3 November 2001 at 1200 UTC in the
western Mediterranean basin. Contours every 50 starting in 50 mm.

Figure 7: Synoptic situation at 1200 UTC on 9 Nobkem?2001. (a) Surface analysis (pressure
contours every 4 hPa); (b) 500 hPa analysis (haightours, every 60 m, are shown by continuous
lines; temperature contours, every 4°C, are inditddy dashed lines) and (c) 300 hPa analysis
(height contours, every 120 m, are shown by contisdines; vector wind field with the reference
vector in the lower right corner representing 8GY)ms

Figure 8: Distribution of air temperature at 2 mXhNovember 2001 at 1200 UTC in the fine grid
domain of the model. Contours every 4°C.

Figure 9: Diagnhosed Potential Vorticity at 300 hP200UTC: (a) 8 November; (b) 9 November; (c)
10 November; (d) 11 November and (e) 12 Novemb®@d 2hterval contour is 2 PVU (¥ar? st K
kg?) starting in 2 PVU.

Figure 10: Vertical cross section along AB (seeufégl) showing relative humidity (contours every
20%, starting in 40, dashed line) and upward valrtielocity (contour interval is 0.4 mgstarting

in 0.4, continuous line).

Figure 11: Relative humidity (in %) on 11 NovemB&01, 1200 UTC, at 500 hPa.

Figure 12: Skew-T diagram representing the obsimnsitmeasured by the radiosonde launched in
Palma de Mallorca (a) on 9 November at 0000 UTGy¢(b)LO November at 0000UTC and (c) 11
November at 1200 UTC. Solid line is the temperapict (°C), dashed line is the dewpoint plot
(°C); windbarbs reflect the observed wind directaond speed (half line = 5 knots; total line = 10
knots and flag = 50 knots).

Figure 13: Spatial distribution of CAPE (a) on 9Mdmber 2001 at 1200 UTC and (b) 11 November
2001 at 0000 UTC. Isopleth interval is 500 -3kg
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