Natural Hazards and Earth System Sciences, 5, 9892005 T 4 -*
SRef-ID: 1684-9981/nhess/2005-5-959 Natural Hazards
European Geosciences Union and Earth

© 2005 Author(s). This work is licensed System Sciences
under a Creative Commons License. -

Radar analysis of the life cycle of Mesoscale Convective Systems
during the 10 June 2000 event

T. Rigo and M. C. Llasat
GAMA Team, Dept. of Astronomy and Meteorology, University of Barcelona, Avda. Diagonal, 647, 08028 Barcelona, Spain

Received: 1 April 2005 — Revised: 1 August 2005 — Accepted: 1 September 2005 — Published: 1 December 2005

Part of Special Issue “HYDROPTIMET”

Abstract. The 10 June 2000 event was the largest flash floodlows. The episode caused material damage estimated at
event that occurred in the Northeast of Spain in the late 20ttover 65000000 EUR, and there were five fatalities. Tak-
century, both as regards its meteorological features and iting into account the accumulated rainfall, the affected area
considerable social impact. This paper focuses on analysiand the damage produced, it can be classified as a catas-
of the structures that produced the heavy rainfalls, especiallyrophic flood episode (Llasat and Puigcerver, 1994). The
from the point of view of meteorological radar. Due to the most marked hydrometeorological feature was the consider-
fact that this case is a good example of a Mediterranean flashble intensity of sustained precipitation, with accumulated
flood event, a final objective of this paper is to undertakehourly quantities of over 100 mm. The maximum accumu-
a description of the evolution of the rainfall structure that lated rainfall between 21:00 UTC 9 June and 21:00 UTC 10
would be sufficiently clear to be understood at an interdisci-June was 224 mm (Fig. 2), of which more than 200 mm were
plinary forum. Then, it could be useful not only to improve recorded in less than 6 h. A more detailed evolution of the
conceptual meteorological models, but also for application inrainfall at surface is shown in Llasat et al. (2003). This case
downscaling models. The main precipitation structure was as considered to be the most important heavy rainfall event
Mesoscale Convective System (MCS) that crossed the regioarising in spring in the region during the 20th century, al-
and that developed as a consequence of the merging of twthough other such spring events have been recorded in the
previous squall lines. The paper analyses the main metegprevious centuries (Llasat et al., 2003). It is a good exam-
rological features that led to the development and triggeringple of a Mediterranean flash flood, and for this reason it has
of the heavy rainfalls, with special emphasis on the featureseen proposed as a case for study within the framework of
of this MCS, its life cycle and its dynamic features. To this various national and international projects, as is the case of
end, 2-D and 3-D algorithms were applied to the imagerythe European project HYDROPTIMET. Although some pa-
recorded over the complete life cycle of the structures, whichpers devoted to this case have already been published (Sem-
lasted approximately 18 h. Mesoscale and synoptic infor-pere Torres et al., 2000; Llasat et al., 2001, 2008éz and
mation were also considered. Results show that it was amran, 2005), this is the only one devoted to analysis of the
NS-MCS, quasi-stationary during its stage of maturity as adynamic of the rainfall structures, with special emphasis on
consequence of the formation of a convective train, the dif-their internal structure and life cycle. Knowledge of it could
ferent displacement directions of the 2-D structures and théelp to improve both the nowcasting of future events and the
3-D structures, including the propagation of new cells, anddownscaling process applied to the hydrological models.

the slow movement of the convergence line associated with ith this aim, the observations made by the meteorologi-
the Mediterranean mesoscale low. cal radar located in the affected region were used. The radar
imagery allows identification of the main precipitation struc-
tures, such as mesoscale convective systems, MCS. From
the meteorological radar point of view, Houze’s definition
of MCS (1993) is generally accepted, describing an MCS as
During the dawn of 10 June 2000 there occurred a heavy? precipitgtilon'structu're that contains conve(?tive; and strati-
rainfall over Catalonia (NE Spain, Fig. 1) that caused se-form precipitation regions at some stage of its life and has

rious damage due to rainfall, floods, landslides and debrigt M&jor axis with a length equal to or exceeding 100 km for
3h or more. Rigo and Llasat (2004) proposed that a mini-

Correspondence tof. Rigo mum of 30% of the area covered by the MCS in each image
(trigo@am.ub.es) should be associated with convective rainfall. This condition

1 Introduction
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Barcelona

Fig. 2. Distribution of accumulated rainfall between 21:00 UTC on
9 June 2000 and 21:00 UTC on 10 June 2000. The shaded area was
the most severely affected.

Palma de Mallorca

practically no stratiform precipitation). A specific case of the

Fig. 1. Orographic map of Catalonia with the INM-radar location. NS class would be W.hen.the Stra.tlform region I.S located on
Barcelona, Palma de Mallorca and the Ebro Valley are also shown 2 flank of the convectl\{e line qnd its movement is parallel to
this one of the convective region.

This paper presents the different stages of the convective
structures that produced the heavy rainfalls, following the
Leary and Houze (1979) proposal and the classification for
the maturity stage shown in Rigo and Llasat (2004). Due to
the fact that the criteria and radar algorithms applied to an-
alyze the 2-D and 3-D structures were also shown in Rigo
and Llasat (2004), the complete explanation about them will
not be included here. A first section shows data and a short

xplanation of the methodology. The second section shows

has been added in order to eliminate those structures dom
nated by stratiform precipitation, which are usual in winter
and have a completely different dynamic.

In relation to the different stages of a MCS from the radar
point of view, Leary and Houze (1979) found that the life cy-
cle is divided in four phases: formation, intensification of the
convection, maturity, and dissipation. Hilgendorf and John-

1 iff i f th f . . .
son (1998) presented a different separation of the stages o the environment prior to development of the first MCSs, es-

MCS: three initial stages of growth (with similar time dura- [ﬂecially from the point of view of the thermodynamic and
ti turity ph t . Inth t . . .
lon), a maturity phase and a decay stage. In the same s Udymesos:cale features. The following sections show the differ-

was suggested that the time of initiation is the moment whenent stages of the precipitation svstems: formation and earl
the convection presents a certain degree of organisation. 9 precip Y : y

Regarding the initiation process, Loehrer and JohnsonStageS’ maturity stage and merging of both MCSs, the most

s active stage of the new MCS and the final stage of the system
(1995.) » within the framework of the lea_homaPRE-STORM over the area of study. Finally, some concluding remarks are
experiment, showed that the organization of the convectio

into the system could be of four types: linear, back—building,rbresented'

disorganized, and intersecting convective bands. A simi-

lar classification for MCSs in Switzerland was presented by2  Data and methodology

Schiesser et al. (1995), although they did not include the last

kind. In relation to the mature stage, the first classificationThe meteorological radar is situated 20km away from

of the MCS concerns the degree of symmetry of the squalBarcelona City, in the Northeast of Spain, at an altitude of

line (Houze et al., 1989), considering two types: symmetric,654 ma.s.l. (Fig. 1). It belongs to the radar network of the

which presents a line on the flank that is well-defined andSpanish Weather Service (INM), and it operates in C-band.
slightly curved at the central part, where the most active con-The radar implements 20 elevations (PPIs) in each cycle of
vection develops; and asymmetric, showing a more activedata collection. This cycle has a duration of 20 min, and in-

wing, in which the cells included are affected by a strongcludes a scanning in normal mode (reflectivity), another in

atmospheric instability. Later, a classification based on theDoppler mode (radial wind), and, finally, processing of the

position of the stratiform region in front of the movement of information. From these PPIs an interpolation procedure is
the MCS during the mature phase was proposed by Rigo andndertaken in order to obtain 12 CAPPIs (the radar volume
Llasat (2004), taking into account the proposals of Parker andised in this study), with a gap of 1 km at the first levels and

Johnson (2000) and Schiesser et al. (1995): TS (with trailing2 km in the highest ones (CAPPI altitudes range between 0.8
stratiform area), LS (leading stratiform region) and NS (with and 15.8km). The range of the images is 240km and the
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pixel size is Z2km?. The procedure applied to deal with bucket automatic raingauges for rainfall exceeding 0.1 mm.
the present study is based on application of specific algoThe precipitation is accumulated and registered every 5 min.
rithms that allow a distinction to be made between pixels as-The information is stored in hourly files, which include the
sociated with convective or stratiform precipitation. Imagescode of the station, the date, a validation code, and the 5-
were slightly corrected previously by the INM and the main minutal rain rate registered. Charts for each 10-min period
ground echoes were eliminated using a ground clutter maskvere obtained using a krigging method.
created previously (Sanchez-Diezma, 2001). Next, a proce-
dure was applied in order to convert the polar coordinates of
the raw images to Cartesian coordinates. Once this conved Meteorological environment and pre-storm stage
sion had been made, a 2-D procedure was applied to the low-
est PPl to distinguish between pixels associated with convecAs the complete synoptic description of the event is shown
tive or stratiform precipitation. The 2-D process (Rigo, 2004; in Llasat et al. (2003), and in other contributions to this is-
Rigo and Llasat, 2004) is an adaptation of the SHY algorithmsue connected with the EU Project Hydroptimet, only the
(Steiner et al., 1995) to identify convective pixels. It takes most significant features for understanding the evolution of
account of three requirements, and one pixel is considerethe MCS will be commented upon here. Before the devel-
“convective” if it verifies at least one of them. Firstly, the opment of the two MCSs, which occurred at 22:00 UTC on
43 dBZ reflectivity threshold should be surpassed by some June 2000, the synoptic and mesoscale environments were
contiguous pixels in order to have a minimum size for the the ones common to the heavy rainfall events that usually af-
“convective” pixel, with a radius of 10 km. Secondly, a pixel fect Catalonia (Ramis et al., 1994; Llasat et al., 1996). Of
that does not exceed the “convective” threshold is labelled aghose characteristics, the following may be noted: the exis-
“convective” if the difference between its value and a meantence of an anticyclone over Central Europe that affected the
value of its background exceeds a considered function, whictMediterranean region, and the presence of a trough over the
depends on the background reflectivity and the radar charagsentre of the Iberian Peninsula; very wet and warm advection
teristics. The third requirement considers that if there areat low levels from the Southeast with high values of Con-
some “convective” pixels adjacent to the analysed pixel, thevective Available Potential Energy (CAPE) and Precipitable
latter could be considered as “convective”. Once the threéNater Mass (PWM) at all levels; considerable instability re-
requirements had been applied to all the pixels, those thavealed by the Lifted Index (LI); and, finally, the usual pres-
did not verify any of them but that had a reflectivity above ence of a Mediterranean mesoscale cyclone to the Southeast
18 dBZ were classified as “stratiform”. Those pixels with re- of Catalonia (Jariset al., 1996; Rigo and Llasat, 2003).
flectivity below 18 dBZ had been considered as “drizzle” or  The best-known events have been registered in late sum-
“no-precipitation”. The last feature to validate the appropri- mer or, especially, in autumn, when the atmospheric condi-
ateness of the selected convective region uses the entire radé®ns are more favourable to the occurrence of heavy rains in
volume and considers the vertical gradient of the reflectivity, Catalonia (Llasat et al., 2000; J@n<997). The case anal-
following the proposal of Biggerstaff and Listemaa (2000). ysed here occurred in spring and differed from the autumn
The objective is to re-classify those pixels associated withcases mainly by the presence of cold air in the middle tro-
the bright band as stratiform ones. Only precipitation struc-posphere, which is not necessary for the autumn events. Al-
tures of more than 32 kfrare considered. though spring is not the usual season for extreme heavy rain-
The 3-D procedure was applied taking account of the fol-falls in Catalonia, some results obtained from the historical
lowing aspects (Johnson et al., 1998; Rigo, 2004). Firstly,climatology records show that at least one spring catastrophic
it aims to select in each level those pixels (labelled as “con-event has been recorded every century, as was the case of the
vective”) that exceed one of the various reflectivity thresh- catastrophic event of May 1853 (Llasat et al., 2003).
olds (30, 35, 40, 45, 50, 55 and 60 dBZ), in order to find the Besides this June case, the most important floods recorded
cell’s core. Then, for each region with “convective cores”, in Catalonia in the last 60 years were the events of 25
the method selects the zones that have the same reflectivitgeptember 1962, 20-23 September 1971, 6—-8 November
value as the core for 6 pixels or more, that is 2&knif 1982 and 2-5 October 1987 (Llasat, 1987, 1990, 1991;
there are fewer than 6 pixels for a reflectivity threshold, theRamis et al., 1994). Table 1 shows a comparison of the ther-
method automatically selects the next reflectivity value. Themodynamic features of the June 2000 event and some other
pixels that do not reach the core threshold cannot be considsevere events. In particular, it shows the minimum value of
ered as a part of the “convective core”. Finally, if the cell hasthe LI, the maximum value of the CAPE, and the Precip-
been detected in more than one level, the algorithm takes it agable Water Mass (PWM) between different levels: surface-
a valid convective cell. If a gap of one level exists, the algo-850 hPa, 850 hPa—700 hPa and 700 hPa—500 hPa. The ob-
rithm considers the two nearest cells in the vertical as beingained values are for the Palma de Mallorca sounding (sit-
the same. uated 200 km to the Southeast of Catalonia), due to the fact
The pluviometric data were obtained from the Automatic that the Barcelona sounding started in 1997 and during the
System of Hydrologic Information (SAIH) of the Catalan 9 and 10 June 2000 the strong winds over Barcelona pre-
Water Agency (Agencia Catalana de I'Aigua). Besides othervented radiosounding launching. In spite of the distance, the
hydrological sensors, this network comprises 126 tipping-magnitudes are quite representative of the atmospheric char-
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Table 1. Thermodynamic features of the June 2000 event and some other severe events. All the values correspond to the Palma de Mallorce
radiosonde, except the last one (Barcelona). In this last case the sounding only arrived until 600 hPa. All the soundings have been made a
00:00 UTC.

Event LI CAPE (J/kg) PWMrf—850 (mm) PWMgso_700 (MmM)  PWMygg_s500 (Mm)
September 1962 —4.5 1800.0 12.3 7.6 3.1
September 1971 —7.9 2641.9 16.6 8.0 2.4
September 1980 —6.0 1547.4 19.6 8.5 6.7
August 1981 -3.9 878.5 17.9 10.0 5.9
October 1982 -5.0 2904.4 17.6 8.8 7.0
September 1986 —5.6 2426.7 18.3 11.3 9.0

June 2000 —-4.3 1922.0 16.8 5.7 3.9

June 2000 (Bcn) 0.5 820.2 15.8 7.5 3.4

SLP (hPa) 20000610 12UTC

Fig. 3. Sea level pressure analysis (isobars every 2 hPa) on 10 Jun®
2000 at 12:00 UTC for the HIRLAM(INM)-0.5Model. '

acteristics, as has been demonstrated in previous papers (e.lg

E_arr?_ls Gf[t ?)I.'Iitlggf)ﬂl]n al:]cijs_esé the Llf_lnd_lcate(:]_mr(])derzt_e Or(black discont_inous line) and the cells (in different colour_s) tha_t de-
Ig . Ins a_| ity (the threshold is _)’ contirming a high pro veloped over it on 10 June 2000 at 00:00 UTC. Green discontinous

ability of risk of thunderstorms in the area. The June 2000jines show the dew point temperature, black lines are isobars.

event did not present the most significant value, but was quite

similar to the September 1962 case, which is the most catas-

trophic flash flood recorded in Spain during the 20th century,duasi-parallel to the coast. The case of June 2000 shows the

with more than 815 fatalities. The other magnitudes presen?trong inflqencg of this kind of surfgce IOW on the evolution
similar features, all of them indicators of high instability. ~ ©Of the precipitation structures. The inflow introduced by the

. . . . low could be considered as a low level jet (LLJ), because it
Figure 3 shows clearly the typical meteorological config-

; ; . ; arrived at 35 kt at 925 hPa, and would be one of the most
uration at the surface discussed previously. First of all, the : .

: .~ “influential factors in the development of the degree of sym-
presence of an anticyclone over Central Europe, producing & etr (Hilgendorf and Johnson, 1998). On the other hand it
blocking effect over the low that came in from the Atlantic. y (g ’ )

Lo . . ve way t nvergence line where th I vel
In this situation, the low remains stationary to the NW of the gave way 10 a convergence line where the cets developed,
and the movement and maturity phase of the MCS were re-

Iberian Peninsula and produces a flow that, combined witt] .
. : .. lated with the movement of the low and of the convergence
the orography, triggers a mesoscale cyclone in the Mediter;

ranean, generally towards the north of Algeria (Picornell etIIne (Fig. 4).

al., 2001). This mesocyclone tends to move northward, and

depending on its movement (Janst al., 2001), Catalonia 4 The early stages

or another neighbouring region would be affected by heavy

rains and strong winds. In the case that affects Catalonia, th&t 21:00 UTC on 9 June 2000, a front associated with the
typical movement of the cyclone is from SW to NE, moving Atlantic low reached Catalonia from the west, as can be ob-

g. 4. Detail of the surface low showing the convergence line
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Fig. 7. Vertical section at 22:00 UTC on 9 June 20@) of the line
marked in the CAPPI image at 1 kfa).

MCS (MCS-1 in Fig. 6) had developed over a convergence
line formed approximately 30 km to the NE of the MCS-2.
This line was due to the convergence of two different air
masses: the first one (moist and warm) was advected by the
mesoscalar depression (megpat the surface, and the sec-
ond one, colder than the first, arrived from the North and was
associated with the anticyclone situated in Central Europe
(Fig. 3).

Using the criteria of Hilgendorf and Johnson (1998), it
Fig. 6. Zmax at 22:00 UTC on 9 June 2000. The rectangle showsSeems reasonable to fix the initial time of these MCS at
the area presented in Fig. 7. 22:00 UTC. At that moment, the degree of organisation of

both squall lines was considerable (Fig. 6). The analysis of

surface data (not shown) confirmed the presence of a pool of
served in the Echotop20 (the maximum altitude where theprecipitation-cooled air behind both MCS, where new up-
20dBzZ threshold is exceeded) image (Fig. 5). In this fig- drafts developed. This fact confirmed that the two MCS
ure it is possible to appreciate the moderate vertical develcould be considered as squall lines (Doswell et al., 1996).
opments (close to 11 km) of the reflectivity echoes includedThis development stage presented a predominant and in-
in the frontal band. The adjective “moderate” has been used@reasing convective area and a rear, little-developed strati-
in comparison with the high Echotop20 values achieved oveform precipitation region (Figs. 6 and 7), related with the
the mature phases leading to the event, but it would be alisappearance of the frontal structure. The most active con-
extraordinary value compared with the typical ones achievedvective cells were situated over or near the Mediterranean
in a frontal band (Echotop20 normal values do not exceedSea, which fed them with warm, moist air. This fact also
usually 6 or 7km). The maximum values of the Echotop20helped to increase the life cycle of the cells, which attained
(11.3km), and also of the reflectivity (50 dBZ), were regis- 2 h in many cases, a feature that is very unusual in this region
tered at the Southern part of Catalonia. In this area, the warnfRigo and Llasat, 2004). In spite of the increased number of
and moist flow coming from the Mediterranean reached in-convective cells and the maximum value of the reflectivity
land through the Ebro Valley (Fig. 1). By 22:00 UTC two (55dBZ), the vertical development did not show any growth,
MCS had already developed. One MCS (MCS-2 in Fig. 6) maintaining the maximum at 9 km for the Echotop20.
formed over the frontal region. At the same time, another

Reflectivity
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perpendicular to the coast, and the inflow coming from the

sea assisted the cells formed into the MCS and developed
over the sea to move over land and, in their maturity stage,
discharge precipitation in the coastal areas. The repetition of
this process produced high amounts of rainfall and the first

floods.
During the time interval between 22:00 UTC and
Rt 23:00 UTC the vertical development was similar, taking into

account the maximum values of Echotop2a.( km). How-
ever, if the value considered is the Echotop40 (defined as
Echotop20 but for the 40dBZ threshold, and more closely
related to the active convection), the most active cells had
reached the maximum top at 23:00 UTC (approximately
8 km, compared with the 7 km recorded 1 h earlier). Besides
this, the number of echoes with high values of reflectivity
increased, affecting a major region. As noted previously,
the organization of the convection of the MCS-1 was prac-
tically linear from 23:00 UTC, and it is possible to observe
in Fig. 9 (00:00 UTC) that it was formed by different cells,
In the vertical cross section (perpendicular to the con-Which were in different stages of their life cycle. Further-
more, due to the intense winds at upper levels, it began to

vective lines) shown in Fig. 7 it can be observed how the]c 1 outfl t the left of th 0 At th
mesoscale system presents practically no stratiform area ang' " @n anvii outiiow at the fett of the squafl fine. N

its vertical development does not exhibit any tilt. These two same time, the stratiform precipitation had 'practicallly disap-
facts indicate that the cells are in their development stag eélgeii flr:qm Ige fl?har part't QI thf most fal\jt(';/g ieC?R‘Angtge
and that there scarcely existed vertical shear in the environ- >~ (h'lg. q l):) € matun ?IS aogo(?g(;) UTG ) ng i
ment in this line direction. However, the vertical cross paral-Were achieved by approximately Lo: on une.

lel to the MCS-1 (not shown here) shows how the strongest
updrafts had produced small outflow anvils agsomated W|th6 Formation of MCS-12 and maximum of convective ac-
each cell independently of each other and oriented towards tivity stage

the left side of the system. These facts are the result of the
strong wind at upper levels, as well as the moderate vertica}m 01:00 UTC (Fig. 11), MCS-1 and MCS-2 had al-

shear (Rotunno et al., 1988). . ready merged into a single structure (hereafter called MCS-
The development stage can be summarised by the presemi%). Then, convective activity growths arose, as the val-

of a strong, warm and moist inflow at low levels (LLJ) com- o :
) . . ues of reflectivity echoes (58 dBZ) and the vertical devel-
ing from the right hand side of the MCSs (observed from theOpment altitudes (13km for the Echotop20 and 11 km for

HIRLAM data model and thermodynamic analysis, not P ihe Echotop40) show. This re-activation of the convection

) . "Yyas probably due to two factors: the connection between
to the Mediterranean Sea, by the small tilt of the convectlvethe gust fronts of the previous MCSs, and also the feed-

cells, produced by the strong updrafts, and, finally, by theing of the MCS-12 by the Mediterranean air mass. Besides

Fon—eﬁstence of.verl'gcal shear in the d|reﬁtlon. perr]pendlclllj- his, the considerable slope between the coast and the Prelit-
ar tOF € conyectwe Ines, anq mo@erate shearin the para oral range, 25 km away and with altitudes reaching 1000 m,
direction, mainly due to the high wind speed at upper IeVels'favoured the development of the convection (Fig. 12). At that
moment there were many convective cells that were practi-
5 Maturity stages of MCS-1 and MCS-2 cally aligned over an area nearly 200 km long and oriented
from NNW to SSE. The development of the convective cells
Both MCSs evolved in a similar way in the hours following was practically vertical, without any tilt. Only a small anvil
their formation. However, by comparing Figs. 6 and 8 it is could be appreciated in the left part of the MCS, practically
possible to observe a clear difference between their moveundeveloped in comparison with the image from 1 h earlier.
ments. In the case of MCS-1, the system remained prac- Once the two systems merged, the new MCS-12 had a very
tically anchored in the same position (the distance coveredlow movement. This quasi-stationarity was one of the most
was less than 10km in 1h), and only its internal organisa-important factors favouring the heavy rainfalls responsible
tion evolved towards a more linear one. On the other handfor the flash-floods, as other authors have proposed (Fritsch
MCS-2 moved fast and changed its orientation (the squallet al., 1986; Doswell et al., 1996). This effect is associated
line passed from the initial N-S to a NNW-SSE direction). with the movement of the cells drawn into the system. The
This difference between the two MCSs’ movements allowedmovement of an MCS can be divided in two parts (Doswell et
their approach. Beside this, the orientation of the squall linesal., 1996): displacement (generally associated with the gen-

40

Fig. 8. Zmaxat 23:00 UTC on 9 June 2000.
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Fig. 10. Vertical section perpendicular to the MCS-1 squall line at
00:30 UTC on 10 June 200®) of the line marked in the CAPPI
image at 1 km(a).

(b)
L (k)

15 Echotop (K

10
MCS-12

o

0 80 150 d (Jan)

Fig. 11. Echotop20 at 01:00 UTC of 10 June 2000.

Fig. 9. Vertical section parallel to the MCS-1 at 00:00 UTC on 10

June 200Qb) of the long line marked in the CAPPI image at 1 km . . .
(). was practically perpendicular, and the propagation factor was

sizeable enough to suppress the displacement vector of all

MCSs. The systems then remained over the same position

for long periods, and the movement of the cells helped to
eral flow at mid or high levels), and propagation (due espe-maintain high rain rates over those regions for time inter-
cially to the movement of the convective cells, more closelyvals longer than the usual duration. Following the definition
linked with low-level flow). In this stage of the event, the of Doswell (Doswell et al., 1996; Doswell, 1997), this be-
flow at mid levels (south-westerly) and low levels (easterly) haviour was identified as a “convective train” The combina-
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Fig. 12. Orography of the area (shaded regions), contour of the
MCS-12 at 01:00 UTC (lined area) and inflow over the region (black
arrow).

tion of large-scale and mesoscale factors, but also the orog-
raphy (which also contributed to the cell movement) was de-
cisive. o
Analysis of this maximum of convective activity stage (b)
faced the difficulty of lack of information due to the gen-
eral attenuation of the radar signal as a consequence of thi
intense rainfall over the radom (Sempere Torres et al., 2003),
as can be observed in the comparison between the reflectiv
ity field (Fig. 13) and the rainfall field at surface (Fig. 14).
Although it was impossible to determine the internal struc-
ture of the MCS-12 for some 2 h, it is feasible to know the
position of the convective structure.

Reflectivity
B0

Before the general attenuation of the radar signal, at 40
02:00 UTC (Fig. 15) the MCS-12 observed in the meteoro-
logical radar remained anchored in a similar position. The
convective cells usually presented an early stage over the se¢ a8

or very close to the coastline. Due to the inflow, those cells
moved inland and parallel to the squall-line, reaching their
mgturity stage in the most affected area, V\_/here the.maximun,}ig_ 13. CAPPI at 1km at 02:00 UTQa) and 02:4Qb) of 10 June

rain rate occurred. At that time, the stratiform region asso-,gqg.

ciated with the MCS-12 was situated in the area where the

flow was outgoing.

In this stage the vertical developments (Fig. 16) presentegbecially significant, with the development of new cells in the
different features from the previous ones. At that moment,leading part of the old ones (Fig. 16). The new cells had de-
the outflow at high levels started to develop the main anvilveloped over the gust front produced by the cells when they
common in the maturity stages of MCSs (Rotunno et al.,were in the maturity and dissipation stage. This front resulted
1988; Doswell et al., 1996). This anvil had started in the from the effect of the crash of the downdraft associated with
rear part of the cells in the previous stage, and approximatelyprecipitation with the ground. Considering the two types of
3 h later it had reached its maximum development, indicatingclassification of MCSs in the mature stage presented in the
the initiation of the dissipating stage and the end of the con-introduction, the MCS-12 can be classified firstly as asym-
vective activity. However, by 02:00 UTC that activity was es- metric and as an NS-MCS. Figure 15 shows the most active
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Fig. 14. Evolution of the 30 min accumulated rainfall, between
02:00 UTC and 03:00 UTC on 10 June 2000.
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0.8 Fig. 16. Vertical section perpendicular to the MCS-12 squall line at

02:00 UTC on 10 June 2000) over the line marked in the CAPPI
Fig. 15. Echotop20 at 02:00 UTC on 10 June 2000. The red arrowimage at 1kma). The figure shows the development of new cells
shows the inflow; the convective part of the squall-line area is in-(Marked “B”) in the leading part of the older ones (marked as *A’).

cluded in the blue line; the stratiform region is surrounded by the

black dotted line. )
ing away from the Catalan coast and the decrease of the en-

ergy necessary to trigger the convection. Simultaneously, the

convection displaced to the right flank, over or close to the . . . .
sea, where the influence of the LLJ is more appreciable. O nstrat|form area increased its percentage over the convective
the other hand, on the left flank the vertical development iSarea, a factor associated with the beginning of the dissipating

stage of the MCS-12. The arched shape of the stratiform pre-

less notable and the existence of the stratiform preC|p|tat|0|jCipitation area (Fig. 17) confirms the asymmetry of the MCS

region can also_ belqbserved. In this sense, t_h(_a position of t.h'gnd corroborates that the system belongs to the NS type, with
region is very significant and not usual, how it is presented in

: ; . e he particular feature of having the stratiform zone on a flank
different climatologies (Parker and Johnson, 2000; Rigo andt)f the squall line.

Llasat, 2004; Hilgendorf and Johnson, 1998), where the TS ) o
type has been presented as the common one. The above_effects are more appremable in Fig. 18, where
the MCS-12 is practically reaching the Northern border of
the region. At 07:00 UTC, the vertical development of the
7 The final stage structure was practically non-existent (the highest altitude of
the Echotop20 was close to 5 km), with most or all the precip-
In spite of the fact that the most intense activity (both from itation stratiform and remaining in this position for a further
the point of view of convective development and also from 2 h. Thus the complete life cycle of the MCS was close to 8 h
the rain rates recorded at the surface) finished at approxiif the beginning is considered as the moment of the joining
mately 05:00 UTC, the rainfall due to the MCS-12 remained of the previous MCSs, or to 11 h, if the starting point were
in the region for another 4 h, until the system left Spain andthe formation of the MCS-1 and MCS-2. Finally, it should
went into France. In Fig. 17 it is still possible to observe be noted that at 09:00 UTC a new structure appeared, which
clearly the linear organization of the MCS. This fact shows produced light to moderate precipitation in the central area
how the inflow continued to be from sea to land. However, of the region. In spite of the minor importance of the rainfall
the convection was less developed than in previous hours duecords of that second structure (less than 50 mm), the total
to the northward displacement of the mesoscale low movvalues recorded an appreciable increase in some zones.
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Fig. 19. Evolution of reflectivity at 1 km, 6 km and 12 km, and VIL
magnitudes for the event of 10 June 2000. Stl means “Pre-storm
stage”, St2 is “Early stage”, St3 is the equivalent of “Maturity stage
of MCS-1 and MCS-2", St4 is “Merging stage”, St5 means “Final
stage of MCS-12", and St6 is “Non-convective stage”.

Fig. 17. Zmaxat 05:00 UTC on 10 June 2000.

Fig. 18. Echotop20 at 07:00 UTC on 10 June 2000.
Fig.
8 Final remarks and conclusions

Figures 19 and 20 show a synthesis of the evolution of the
organization of the convection based on the maximum reflec-
tivity at CAPPI-1km, CAPPI-7km, CAPPI-15km, the maxi-
mum value of VIL and the maximum Echotop for 20 and 40 2.
dBZ threshold. The figures show that it is possible to distin-
guish six stages of evolution, considering the vertical devel-
opments and rain rate at surface (characterized by the cited
features). Using those figures, it is possible to summarize the
event in the following stages:

1. The first stage, or “Pre-storm stage” (from 21:00 UTC
to 22:00 UTC of 9 June), shows the emergence of a
frontal structure arriving from the West and moving to-
wards the East. This period comprises from 21:00 UTC
to 22:00 UTC of 9 June, and during this period all the
magnitudes presented the highest increases of their val-
ues, except the reflectivity at the highest levels. Thus, 3.
we can summarise this first part as a stage of major de-

e
er 97

St S2 s St4 515 St6

20.The same as Fig. 19, but for Echotop20 and Echotop40.

velopment of the convection, due to the contribution of
potential energy, which was advected from the sea by a
surface cyclone situated close to the coast of Catalonia.

In the “Early stage” (between 22:00 UTC of 9 June and
00:00 UTC of 10 June) the MCS-1 and MCS-2 devel-
oped as a result of various interacting factors: the frontal
band, the orography of the region, a convergence line,
and the influence of the surface low. The maximum re-
flectivity at low levels and the Echotop20 did not in-
crease, while the reflectivity at medium and high levels,
the VIL and the Echotop40 showed first a rise to a max-
imum (22:30 UTC of 9 June), and then a sharp fall until
00:00 UTC of 10 June. This evolution leads to the con-
clusion that those maximum values coincided with the
initial moment of the high degree of convection.

The “maturity stage of MCS-1 and MCS-2" (from
00:00 UTCto 01:00 UTC of 10 June) coincided with the
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quasi-stationarity of the MCS-1, which led to it merging would be our stage 3, the phase of “maturity” would coin-
with MCS-2. All the magnitudes, except the Echotop20, cide with our stage 4, and, lastly, our stages 5 and 6 could be
presented two relative maxima, due to the developmentdentified as the “dissipation” proposed. Our stage 1, rela-
of new strong updrafts, associated with the interactiontive to the pre-storm stage, does not in fact belong to the life
between the gust fronts and the inflow coming from the cycle of the MCS. With this last consideration in mind, com-
sea. Those factors were also associated with the conparison with the stages presented by Hilgendorf and Johnson
vective train that arose in both MCSs. (1998) shows the same number, but the distribution is differ-
ent: the three initial “stages of growth” proposed by those

4. During the “Merging and maturity stage of MCS-12" 5ythors would be our phase 2 and part of the phase 3, the
(between 01:00 UTC and 05:00 UTC of 10 June) three«mgatyrity phase” would be the rest of stage 3 and the greater
important phenomena were discerned: firstly, the Mergpart of our stage 4, and, finally the “decay phase” could be
ing of the two MCSs into a single structure (MCS-12), jdentified with the final part of our stage 4 and stages 5 and
maintaining initially the maximum values of the magni- g However, the coincidences in time duration are scarce, be-
tudes for a brief time period; next, the progressive de-cayse in our case the maturity stage is equal to the sum of
crease of all the magnitudes (with a small rise at the finalie three growth stages. In that study the mean duration of
part), the updrafts becoming gradually less important (athe complete growth stage was approximately 8 h, while in
fact associated with the maturity of the convection, andqr case it was only 3h. The early merging of both MCS-1
also with the decrease of the contribution of potential gng MCS-2 is a probable explanation for this difference. Fol-
energy); finally, the quasi-stationarity of the MCS and |owing this argument, the duration of the mature phase was
the high values of reflectivity at lower levels, combined greater in the 10 June 2000 event than in the compared study.
with the orography, were the contributing factors that The same explanation can be provided in this case: the merg-
led to the maximum values of precipitation and the mosting of both MCSs into a single one re-activated the updrafts
severe floods. and the gust front of the MCS-12.

5. In the “Final stage of MCS-12" (between 05:00 UTC ev:annf(i)nng:tsz:\(l)grllig]svgreea\c%;at?ft%ltlasp;j;sr;?r?gﬂ;? t%/\(/)o\]g:eic?soc%?e
and 09:00 UTC), it is possible to observe how there

was practically no vertical development until the end of convective systems (MCS-1 and MCS-2) that crossed the re-

the period. During this period the dissipating phase ofdion from Southwest to Northeast and merged to give way
the MCS-iZ is anpreciated. with bredominance of strat-to a quasi-stationary MCS (MCS-12). The structures devel-
iform precipitatigrﬁ) in front ,of thepconvective This is oped over a convergence line formed over the southern coast

the result of the movement of the low, and then the ex_of Catalonia. The line was formed by the convergence of

, . o two air masses. The first one, dry and cold, came in from
haustion of the source of the instability, because of the . . i
. . . the North and was associated with a low situated over France

changes in the low levels wind regime. ; . .
that advected the air mass over the Iberian Peninsula. On

6. Finally, during the “Non-convective stage” (from the other hand, a Mediterranean cyclone advected warm and

09:00 UTC to 15:00 UTC of 10 June) the convection MOist air over the south-eastern part of the cold mass. The
was residual and only slightly present over Catalonia.front associated with the Atlantic low also helped to trigger
After 09:00 UTC a new structure appeared in the cen-the convection over the region.
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