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Abstract. From 6 to 8 November 1982 one of the most 1 Introduction

catastrophic flash-flood events was recorded in the Eastern

Pyrenees affec[ing Andorra and also France and Spaipﬁ\S other mountainous Mediterranean regions, Andorra
with rainfall accumulations exceeding 400mm in 24h, (Eastern Pyrenees) is regularly affected by intense pre-
44 fatalities and Widespread damage_ This paper aims t@ipitation events and subsequent flash floods. The most
exhaustively document this heavy precipitation event andcatastrophic case for at least the last 30yr in terms of
examines mesoscale simulations performed by the Frenckinfall accumulations and human losses in Andorra (Fig. 1)
Meso-NH non-hydrostatic atmospheric model. Large-scalel0ok place from 6 to 8 November 1982. This episode,
simulations show the slow-evolving synoptic environment associated with a very strong windstorm, also affected the
favourable for the development of a deep Atlantic cycloneneighbouring areas of SE France and NE Spain (Catalonia)
which induced a strong southerly flow over the Easternproducing historical precipitation amounts in the Pyrenees
Pyrenees. From the evolution of the synoptic pattern foursuch as the 610 mm recorded in 48h in Py (France). Not
distinct phases have been identified during the event. Théurprisingly, excessive rainfall caused widespread damage
mesoscale ana|ysis presents the second and the third pha@,@d casualties, destruction of buildings and infrastructure
as the most intense in terms of rainfall accumulations angwith substantial economic losses. There were 13 fatal victims
highlights the interaction of the moist and conditionally in Andorra (based on the Andorran police database), 15
unstable flows with the mountains. The presence of a Swmore in France, mainly caused by uprooted trees, and
low level jet (30 m s1) around 1500 m also had a crucial role 14 in Catalonia. Particularly in Andorra, the huge flood
on focusing the precipitation over the exposed south slopegnpacts on the landscape, roads and infrastructures caused
of the Eastern Pyrenees. Backward trajectories based ofinportant economic losses estimated at EUR24 million
Eulerian on-line passive tracers indicate that the orographidFig. 2). This flood eventis compiled among one of the major
up||ft was the main forcing mechanism which triggered and flood disasters in Europe and is included in the 1950-2005
maintained the precipitating systems more than 30 h over théventory reported by Barredo (2007) and subsequent studies
Pyrenees. The moisture of the feeding flow mainly camelike Gaume et al. (2009), where preliminary analysis results
from the Atlantic Ocean (7-9gkd) and the role of the conclude that the most extreme flash floods are greater in
Mediterranean as a local moisture source was very limitednagnitude in the Mediterranean countries than in the inner
(2-3gkg1) due to the high initial water vapour content of continental countries.

the parcels and the rapid passage over the basin along the

Spanish Mediterranean coast (less than 12 h).
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Fig. 1. (a)Area covered and topography of the coarser domain (40 km of horizontal resolution) used in the synoptic analysis. The two other
nested domains (10 and 2.5km) used in this study are delineated by black {x&sea covered and topography defined for the inner
domain (2.5 km) centred in Andorra (Pyrenees). The dashed box indicates the area where observations and quantitative precipitation forecas
are analyzed. Different locations mentioned in the text are also shown. The orography is displayed in grey shaded colours (m).

Several studies carried out in the eighties analysed thavalanches and flash floods (Gallego, 2003). Furthermore,
meteorological synoptic framework which favoured the in 1982 after a period of strong urban expansion during
episode and examined the wind and rainfall observationghe seventies (economic boom), the vulnerability of the
from a climatological point of view, highlighting the extreme infrastructures, buildings and people greatly increased due to
character of the event and the enhanced precipitation alonthe weak territory planning efforts. As a consequence, after
the Pyrenees and Massif Central ranges (Cailleau andhe event, the importance of natural hazards management in
Santurette, 1983; Albentosa, 1983; Llasat, 1991; Marti-Bonathis Pyrenean country was highlighted.
and Puigdefabregas, 1983; Corominas and Alonso, 1990). From a climatic point of view, Andorra has a sub-
Contrary to other catastrophic events which occurred in theMediterranean climate, characteristic of the NE part of
Pyrennes, such as the Biescas disaster (87 people killed inthe Iberian Peninsula. However, some features such as
campsite) where a flash flood was caused by a short but vergontinental influences, the orography and the south-facing
intense convective rainfall (160 mm in 1 h) over a small arealocation in the Pyrenees introduce changes in the typical
(Riosalido et al., 1997; Gutierrez et al., 1998); the 1982 evenseasonal precipitation regimes and expected amounts as it
was characterized by long-lasting stationary precipitatingis shown in the climatological atlas of Andorra (Batalla et
systems £ 30 h) over an extended area which lead to highal., 2011). In this way, the southerly flows usually lead to
rainfall surface totals= 150 mm in 24 h over Andorra) and heavy precipitation events over the Pyrenees (Sotillo et al.,
widespread flash floods as in the Segre river basin. A003) and Andorra (Fig. 8c from Esteban et al., 2009), as
described in earlier studies the event was characterized by im other exposed mountainous regions in southern France
synoptic environment prone to generate a heavy precipitatiorfNuissier et al., 2011). Nevertheless, the low and favourably
event over the western Mediterranean area. However, to getariented orography of the French side of the Pyrenees also
better insight on the mechanisms that triggered and maintainables the easy entrance of Atlantic air masses, especially
heavy precipitation resulting in the high accumulations affecting elevated areas of the northern half of Andorra.
observed, the interaction between synoptic scale and locdlocalized intense rainfall events triggered by diurnal forcing
circulations over the complex orography of the region mustmainly in the summer also occur, such as the 1 August 2008
be examined in detail similar to other studies carried out overthunderstorm (Trapero et al., 2011), but in general orographic
other mountain regions worldwide (see Houze, 2012 for afactors have been found to be instrumental in previous
review). cases studied (Trapero et al., 2013). In summary, the

Andorra, located on the eastern half of the PyreneesAndorran area can be considered an interesting crossroad
range, is 468kr and is the country with the highest of climates (Atlantic and Mediterranean) and meteorological
average elevation (2044 m) in Europe, with a range ofphenomena.
altitudes between 837 m and 2942 m (Comapedrosa peak). Many of the factors previously described are relevant for
Consequently, steep mountain slopes are ubiquitous in thenderstanding the 1982 heavy precipitation event (HPE).
country, and represent a key factor in the potential occurrenc&his paper aims to document exhaustively and to analyze the
of natural hazards such as landslides, rock falls, snowmajor flash flood event recorded in Andorra. Even though
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Fig. 2. Pictures of the catastrophic effects of the heavy precipitation event over Andorra in November 1982. Top picture shows the evacuation
of tourists from a hotel in Andorra la Vella downtown. Bottom right image shows the important material deposition (2 m high) occurred in
Aixovall (Source: Arxiu Nacional d’Andorra/Fons FPB).

earlier studies already described the synoptic-scale context & The case study

this HPE, the large-scale situation is detailed in Sect. 2 since

the synoptic environment greatly governs the evolution of the2.1  Precipitation and satellite observations

atmospheric conditions. Satellite data, rainfall accumulations

as well as results of a geomorphological survey are describefuring the morning of 6 November 1982, light precipitation
in the following subsection. The main goal of the study is Started over Andorra and did not stop until two days
the use for the first time of a convective-scale model tolater. As no weather radar data is available for this
obtain realistic simulations of the 1982 HPE and to go furtherévent, we focus our analysis of precipitation observations
into the factors which lead to large rainfall accumulations ©n daily records in Andorra, south-eastern France and
over Andorra and Eastern Pyrenees. Section 3 describesatalonia which allow characterizing local maxima and their
the mesoscale model configuration and assesses the resuiBProximate spatial distribution over the Pyrenees (Fig. 3).
of the simulations. Section 4 gives a detailed analysis ofPuring the first 24h of the episode, from 06:00UTC on
the mesoscale simulations as well as the effect of thed November to 06:00UTC on 7 November 1982 (Fig. 3a),
Mediterranean Sea as a local source for moisture supply tée accumulated precipitation showed a maximum over the

the precipitating systems. Summary and concluding remark§asternmost extreme of the Pyrenees and the Roussillon
are given in the final section. French region. Surface rainfall amounts exceeded 100 mm

in 24 h, and one of the stations of the Météo-France daily
raingauge network recorded 260 mm (Py weather station).
Over Andorra, the 24h accumulations registered in the
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Fig. 3. The 24 h accumulated precipitation (mm) from Météo-France and AEMET raingauge network. Accumulations correspond to daily
manual observationga) From 06:00 UTC on 6 November to 06:00 UTC on 7 November 1982 From 06:00 UTC, 7 November to
06:00 UTC, 8 November 1982. The area represented is shown in Fig. 1b (dashed box).

valley were about 40 mm. Additional reports (Commission also be recognized in the satellite image. Progressively the
Météorologique Départementale, 1982) documented thatold front advanced to the east, impinging a widespread
thunderstorms and convective precipitation occurred overarea of cloudiness over Catalonia and Andorra. It must be
the Languedoc-Roussillon area. In METEOSAT-2 satellite highlighted that the cloud free slot just north of Andorra is
image from the visible channel on 6 November at 12:00 UTCa result of cloud evaporation in the lee side of the Pyrenees
(Fig. 4), a cold front can be recognized as a cloud band ove(Foehn effect).
the Atlantic Ocean. The cumulus observed to the northwest Considering the total accumulations of the episode
of this cloud band indicates the presence of cold air. Over thgfrom 06:00 UTC on 6 November 1982 to 06:00UTC on
NE of the Iberian Peninsula orographic clouds are identified8 November 1982), extreme surface rainfall was recorded:
on the Pyrenees (Andorra) and the first reliefs close to thel96 mm (Ransol), 566 mm (Vallcebollére) and 610 mm (Py).
Catalan coast. This last record appears among the seventh heaviest events
The maximum 24 h surface rainfall amounts of the eventreported over France and is greater than the mean annual
took place between 06:00UTC on 7 November 1982 andprecipitation collected in Paris or Barcelona. This episode
06:00UTC on 8 November 1982 (Fig. 3b). The heaviestalso affected neighbouring Mediterranean mountain areas as
precipitation was located over mountainous areas over théhe Massif Central in south France where several weather
southern slopes of the Pyrenees, especially the Pre-Pyrenestations exceeded 400 mm, such as Roqueredonde in Herault
(e.g. Pobla de Lillet 266 mm, Cabdella 252 mm) and Eastern(509 mm) or Valleraugue in Gard (476 mm) (Météo-France,
Pyrenees in France. As in the previous day, maxima wer&012).
observed in French stations of Vallcebollere (408 mm), Py Due to the widespread damage caused by the heavy
(350mm) and Porté-Puymorens (196 mm). Daily amountsrainfall and subsequent landslides, a geomorphologic survey
in Andorra were Ransol (151 mm), Escaldes (140 mm) andwas carried out by the Institut d'Estudis Andorrans (IEA)
Ordino (91.6 mm). The 151 mm measured in Ransol is stillfrom Perpignan (France) in collaboration with the University
the 24 h rainfall record in Andorra since the beginning of Paris in December 1982 (Barthélemy, 1982). The purpose
of observations in 1948. First reliefs onshore from the of the field campaign was to map effects of precipitation in
Catalan coast like Montseny massif (1700 ma.s.l.) alsoterrain movements and classify qualitatively the Andorran
affected during the episode (95 mm), whereas in lower southerritory according to the estimated precipitation. The
Catalan mountain ranges (Montsant, Prades Mountainszoning resulting from the terrain analysis is reproduced in
1200 ma.s.l.) precipitation did not exceed 50mm. TheFig. 5. Four categories were considered: (1) Normal rain
visible satellite image from 7 November at 12:00UTC — no substantial terrain movements; (2) Moderate rain —
(Fig. 4) shows the typical spiral cloud structure over the strong current marks, overflows, some traces of gullies, but
Atlantic associated with the mature stage of extratropicalalmost no marked resumption of erosion and accumulation;
cyclones and the wide north—south cold-frontal band located3) Heavy precipitation — important but not catastrophic
over Spain approaching the western border of Andorramarks; (4) Extreme precipitation — catastrophic marks. The
The cloud-free dry area associated with the cold air carzoning over Andorra assigned category 2 to the Ransol
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06/11/1982 - 12 UTC

copyright © 2012 EUMETSAT Fig. 5. Map reproduction of Andorra zoning of rainfall intensity
estimation resulting from the terrain analysis made in December
1982. Four categories are considered: (1) Normal rain: no
significant terrain movement; (2) Moderate rain: strong current
marks, overflows, some traces of gullies, but almost no mark
resumption of erosion and accumulation; (3) Heavy precipitation:
important but not catastrophic marks; (4) Extreme precipitation:
catastrophic marks. Different locations mentioned in the text are
shown. Adapted from Barthéleny (1982).

07/11/1982 - 12 UTC

2.2 Synoptic overview

An overview of the synoptic conditions from 6 to

8 November 1982 which favoured the development of the
episode is described in this section. The evolution between
6 November 1982 at 12:00UTC and 7 November 1982
at 12:00UTC is presented in Fig. 6. The ERA-INTERIM
Fig. 4. Temporal evolution of the cloud cover over Europe éanalysis with approximately 80 km of horizontal resolution
observed in the visible channel from Meteosat-2 imagery. Top pane(Dee et al., 2011) has been used as initial and lateral
corresponds to 6 November 1982 at 12:00 UTC and the bottorboundary conditions by the MESO-NH model and scaled
panel to 7 November 1982 at 12:00 UTC. The black dot showsdown over a domain which covers Western Europe, northern
Andorra location, and the L and H identify centres of surface low Africa and the eastern part of North Atlantic Ocean at 40 km
and high pressure systems, respectively. horizontal resolution (Fig. 1a).

Figure 6, besides depicting mean sea level pressure and the

. surface wind evolution, also shows the equivalent potential
and Escaldes surface rainfall measurements located close [gmperature field @e) and the wind at 850hPa. At the

the river valley. Whereas over the west border of A”dorrabeginning of the event, the mean sea level pressure and

as well as in Engolasters located in the central part of10m wind maps (Fig. 6a) show the presence of a strong

the country (area§ without any raingauge measuremently ¢, e cyclone (965hPa) centred in front of the Galician
the observed terrain movements estimated that these ZON@S <t and an associated cold front approaching Portugal

were affected by extreme precipitation (category 4). Thisé

N . it rainfall b Fig. 6e). Simultaneously, high pressure centres installed
estimation is consistent with rainfall measurements observed, . contral and Eastern Europe are reinforced due to a

in othe_r staf[ions I_o_catt_ad in elevated areas in the Pyrenee§candinavian cold air advection (see top right corner of
The rainfall intensities inferred from the field campaign give Fig. 6€). This blocking synoptic configuration slowed down

ll.js .;/edr)g Valqtabl? |kr)1format'qon n o_lrdbelr o Cozlp(;ement (tjhte the eastward advance of the extratropical cyclone generating
Imited density ot observations available over Andorra and to, strong pressure gradient over the Eastern Pyrenees. This

validate the mesoscale numerical simulation of this eplsodeSynoptic pattern induced south-easterly winds over the NE
part of the Iberian Peninsula (Fig. 6a). On 6 November at

copyright © 2012 EUMETSAT,
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Fig. 6. Temporal evolution of the synoptic conditions: from 12:00UTC on 6 November 1982 (first column) to 12:00UTC on
7 November 1982 (second column). First réay b) shows mean sea level pressure (contour,hPa) and 10ma.g.l. wind (shaded colours
and arrows, ms1). Second row(c, d) shows 500 hPa geopotential height (black contour, m), 200 hPa wind speed (blue shaded colours
and arrows, mSl) and 1.5 PVU surface height (black shaded corresponds to altitudes less than 4.5 km). Boti@nfysiwows 850 hPa
equivalent potential temperature (shaded colours, K), 850 hPa wind (arrows) mrel CAPE (black isocontour of 500 JkY).
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12:00UTC (Fig. 6e), the equivalent potential temperature The low and upper-level slow-evolving synoptic condi-
also shows a relatively warm and moist air mass overtions played a crucial role in the evolution of this episode,
the NE part of the Iberian Peninsula, as well as theunder these circumstances over Andorra (Pyrenees) the
presence of two other air masses with higliasr values:  strong cyclonic flow persisted more than 36 h advecting
the first one over the North African coast and the seconddirectly to the Pyrenees several airflows with different
one over the Atlantic Ocean (Madeira Island) ahead ofthermodynamic features. Based on this synoptic analysis,
the cold front. At mid-levels (500 hPa) an elongated andthe episode can be divided in four stages. The first phase
pronounced trough extending from Greenland to the coasstarted on 6 November 1982 when synoptic conditions built
of Portugal is present (Fig. 6¢). The 500 hPa geopotentialip the initial favouring environment (from 06:00 UTC on
pattern above Central Europe was characterized by thé& November 1982 to 00:00UTC on 7 November 1982),
presence of a persistent ridge with omega configuratiorduring the second phase when the Atlantic cyclonic flow
(Fig. 6¢c and d). Simultaneously, at 200 hPa the left exitwas well established over the Iberian Peninsula the first
of a jet streak was located over the Atlantic Ocean and avarm front affected the Eastern Pyrenees (second stage:
south-westerly diffluent flow over the Pyrenees. Moreover,00:00-08:00 UTC on 7 November 1982). Later on during
on the 6 November an anomaly of the dynamical tropopausehe third phase, due to the synoptic blocking the warm
height (DTH) was present in the 1.5 PVU surface (potentialand moist conveyor belt ahead of the cold front impinged
vorticity unit). The anomaly appears clearly in Fig. 6¢c on the Pyrenees for almost 10h (08:00-18:00UTC on
as a dark shaded band (DH#.5km) extending along a 7 November 1982). Finally, the cold front crossed over the
northwest—southeast axis over the Atlantic associated withPyrenees and moved towards the Mediterranean Sea (fourth
the trough. This upper-level anomaly is a classical synopticstage: at 18:00 UTC on 7 November 1982).
scale ingredient which enhances upper-level divergence and
intensifies the cyclonic winds at low atmospheric levels
east of the anomaly (Hoskins et al., 1985). The gradual3 Numerical simulation and QPF validation
strengthening of the surface cyclonic winds during the
afternoon of 6 November 1982 amplified the low-level 3.1 Model settings
temperature advection (strong temperature gradient between
the polar air mass and the warm sector ahead of théfhe numerical simulations performed with the French
front) which in turn amplified the upper-level anomaly non-hydrostatic research model MESO-NH (Lafore et al.,
favouring the cut-off characteristics of the upper-level 1998) aim to reproduce the precipitation systems and
circulation (Fig. 6d) (Semple, 2003). The blocking of describe the ingredients which caused the heavy precipitation
the synoptic circulation at high levels as well as the event over Andorra on 6, 7, and 8 November 1982. Three
slow-evolving anticyclonic conditions installed over Central 2-way nested domains have been used with a horizontal
Europe contributed during the next hours to the generatiorresolutions of 40, 10, 2.5km and 40 vertical levels. The
of a fast and wide south-westerly flow over the entire profile area corresponding to the coarsest domain (D1) and their
of the Iberian Peninsula. The location of the cold low at nested domains (D2, D3) are shown in Fig. 1. D1 aims
upper levels the 7 November at 12:00 UTC was in phaseo describe the synoptic environment over Western Europe,
with the surface depression generating a deep and matuneart of northern Africa and North-eastern Atlantic, D2 is
extratropical cyclone centred in the NW of the Galician coastcentred over the Iberian Peninsula and D3 with a dimension
(Fig. 6b and d). It is during this stage that winds reachedof 600 kmx 600 km and 2.5 km horizontal resolution covers
their highest intensity with values greater than 15thever  the NE Iberian Peninsula, South France, and is centred over
Andorra, Catalonia and the southern coast of France (GulAndorra including the entire Pyrenees massif. The initial and
of Lion), where a surface convergence zone was formedoundary conditions for the 48 h simulation of this historical
(Fig. 6b). The jet stream strengthened to around 50‘ms episode have been provided by the ERA-Interim reanalysis
(Fig. 6d) over the Pyrenees. Thg field (Fig. 6f) shows the from the ECMWF (Dee et al., 2011) with about 80 km of
temperature structure of a developed cyclone with a regiorhorizontal resolution, 60 vertical levels and 6h temporal
of warm air wrapping cyclonically around the low pressure resolution. Table 1 summarizes some model configuration
centre associated with the warm conveyor belt (Harrold,features. A battery of preliminary tests have been performed
1973) affecting the eastern half of the Iberian Peninsula.in order to define the domains, their horizontal resolution
Behind this warm and moist synoptic scale flow a bandand the initial time of the mesoscale model in order to better
of low ®¢ shows the surface cold front approaching the capture the evolution of the atmospheric conditions.
Pyrenees. It is on the 7 November afternoon that the pressure The physical and dynamical configurations of the
centre slightly increased, the cyclone started to decay andlleso-NH model have been selected in order to best describe
moved north-eastward allowing the cold frontal surface tothe microphysical and convective processes characteristic
cross over the Pyrenees. of heavy precipitation events that take place in summer or
autumn in southern France, with the remarkable influence
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Fig. 7. Simulated 24 h accumulated precipitation (colour scale from 1 to 450 mm). Accumulations correspond to daily time(pgfiods:
06:00 UTC on 6 November to 06:00 UTC on 7 November 1982from 06:00 UTC on 7 November to 06:00 UTC on 8 November 1982.
The area represented is shown in Fig. 1b (dashed box).

Table 1. Model features used for each domain configuration. 3.2 Quantitative precipitation forecast (QPF) validation

Domain Resolution Dimensions(y,z) Time step . L
Daily accumulated precipitation from 06:00UTC on

1 40km 100~ 108x 40 64s 6 November 1982 to 06:00UTC on 8 November 1982

2 10km 480x 240x 40 16s obtained from the MESO-NH simulations is shown in

3 2.5km 240< 240> 40 4s Fig. 7. These two 24 h periods are comparable with the only

available rainfall observations presented in Sect. 2.1. In this
section, before starting the mesoscale analysis of the event it

of the Mediterranean Sea and of local circulations inducedshould be verified that the simulations achieved to reproduce
by complex topography. This Meso-NH model configuration the |arge precipitation amounts represented in Fig. 3 and the
was also used by Nuissier et al. (2008), Duffourg andspatial distribution matches with the observed HPE.
Ducrocq (2011), Bresson et al. (2012), Fresnay et al. (2012) Tne rainfall pattern identified in both QPF at 2.5km
or Vié et al. (2012) among others. The model microphysicsyesolution shows the orography as one of the mechanisms
is based on a 1-moment mixed microphysical schemeyhich controlled the uplifts and allowed the generation
which combines a Kessler scheme for warm processes angf convective cells. The simulated heaviest precipitation
a three-class ice parameterization (Caniaux et al., 19943ccordingly to the observations is located over the mountains
Pinty and Jabouille, 1998) which governs the prognosticmainly in the most exposed sides on the south slope of the
equations of the six water species defined (water vapourpyrenees. This spatial distribution shows the uplift efficiency
cloud water, rain water, ice, snow aggregates and graupelpf the mountain range configuration to the southerly flows
The representation of hydrometeors in five classes allowgjye to its west—east main axis and the south—north valleys
describing precisely the water cycle and related cloudgrientation. Furthermore, the simulations also confirm the
processes. The one-dimensional turbulence parameterizaticgtrong effect of the Foehn wind on the lee side of the
is based on a 1.5-order approximation of the TKE equationpyrenees, just north of Andorra, where the rainfall was
(Cuxart et al., 2000). The sub-grid-scale effect of deepyery weak or non-existent due to the downslope adiabatic

convection is parameterized for horizontal resolutions of 40yarming. Note that in some French locations the monthly
and 10 km by the Kain—Fritsch-Bechtold scheme (Bechtoldmaxima temperature records were break, for instance in

etal., 2001), whereas for the 2.5 km inner domain no schemergylouse the new record was 22, while the previous

for deep convection is activated as it is explicitly resolved record was 22C dated from November 1955 (Commission

— see for example Seity et al. (2011). Moreover, shallowgtéorologique Départementale, 1982).

convection is also parameterized and based on a particular The 6 November over the Roussillon region and Py

EDMF (Eddy Diffusivity Mass Flux) scheme described in |ocation, the model underestimates the rainfall accumulation

Pergaud et al. (2009). despite a well simulated north-south precipitation band.
On the other hand the several maxima simulated in the
Pre-Pyrenees>(100 mm) are very realistic, but the ones

Nat. Hazards Earth Syst. Sci., 13, 2962299Q 2013 www.nat-hazards-earth-syst-sci.net/13/2969/2013/
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in the western edge of the domain are overestimated a)

Light widespread precipitation simulated over Catalonia ESCALDES (1182 m)

300

ra
@

(<30mm) is of good quality regarding of the observed -
precipitation pattern. During the second 24 hour period ;D — 0 £
(Fig. 7b) according to the observations the highest intensitie: z 1 s /f o fg
of the event were simulated over mountainous areas. Thi I ;] S ..
maximum 350mm in the eastern edge of the Pyrenee: £ i e =
(Canigo massif) matches with the observed HPE. The higt g 5 // s 100 E
rainfall gradient present between the mountain peaks andth £ ; of e . ool s 3
river valleys consistent with the observations is noteworthy. = : e 1 / ﬂ - =

a

Moreover, a secondary maximum is well simulated in the s/1/1982 0500 06/11/1982 18200 07/11/1982 06:00 07/11/1982 1800 08/11/1982 060
Montseny massif despite its extension is overestimated.

S

Particularly over Andorra the highest intensities are b) RANSOL (1635 m)
simulated over the elevated terrain of the exposed easter o
sides in the west and south-east border. Despite not havin = ¢ = =&
observations over this area, this spatial rainfall distribution 3 1 // r p mj%
obtained over Andorra — especially the maximum identified % e/ =
in the west border — is consistent with the rainfall £ = Tat S .
accumulations estimated by the proxy data obtained fronr § 5 // hd . 0 3
the analyses of the terrain movements (Fig. 5, category 4 < ; R4 . oo B
Extreme precipitation). These results can be complemente ™ : " ..,_y/ fes oY 8

a

by the hourly evolution of the simulated precipitation over os11/1s2 os:00 05/11/1582 18:00 07/11/1582 06:00 07/11/1582 18:00 08/11/1382 05:00

the pixel corresponding to the location of the two Andorran

meteorological weather stations (Fig. 8). The black lineFig. 8. Temporal evolution during the event of the 1h simulated
represents the total accumulated rainfall simulated by theprecipitation (blue dots, left axis inmm), the total accumulated
model, and dark points the 24h accumulative observedrecipitation simulated by the model (black line, right axis in mm)
precipitation. Both simulations overestimate the observationgind observed rainfall accumulations from the beginning of the event
taken in the narrow valley of Andorra. In such a narrow (black dots, right axis inmm) in two weather stations Iocated in
valley it is difficult to solve the altitude gradients between Andorra:(a) Escaldes (1182 mjb) Ransol (1635 m). The location
the peaks and the valleys; nevertheless, the 2.5km modél these stations is shown in Fig. 5.

simulation reproduces the topography fairly well. In that

case, the correspo_nding model elevatien of these Weatheé{ Mesoscale analysis

stations is 400 m higher than its real altitude and probably

the precipitation simulated by the model suffers a rate oftnis section focuses on the analysis of the mesoscale
evaporation lower than in reality. This hypothesis is basedictors leading to the triggering and maintenance of the
on the fact that the model is able to reproduce apprOXimate%recipitation for more than 30 h over the Pyrenees. To carry
the location of rainfall maxima and their altitude (close to gt the study, the results obtained from the 10 and 2.5km
the peaks) and also the rainfall shadow in the leeward of thgjmylations described in the previous section have been used.
Pyrenees but not in the Andorran valleys. The analysis is divided in four parts, one for each of the
Additionally, two fuzzy verification methods described chronological phases that have been identified by means
in Ebert (2008) have been applied to QPF verification: of the synoptic environment description. In addition to the
the multi-event contingency table (Atger, 2001) and theciassical synoptic diagnostics at low and upper-levels, the
conditional square root of RPS (Germann and ZawadzKiyyater vapour flux at low levels has also been computed in
2004). Results confirm the skill of the Meso-NH model oder to characterise the moisture supply in each phase of the
precipitation forecast at 2.5km in properly reproduce this eyent. This additional diagnostic has been calculated such as

heavy precipitation event over the Eastern Pyrenees — seg 3 km-depth vertically integrated moisture flux:
Appendix A for details. These good results, obtained from

both the qualitative and quantitative verification, ensure z=3km
that. the simulation is representative of the mesoscaleg; = / 0 Vhdz, (1)
environment that leads to this HPE.

0

wherep, is the specific humidity anit, the horizontal wind.
This diagnostic has also been used in other recent studies
of HPE over the north-western Mediterranean area (e.g.
Nuissier et al., 2008; Duffourg and Ducroq, 2011; Ricard et
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Fig. 9. Mesoscale evolution of different fields for each of episode phases: phase 1 at 12:00 UTC on 6 November 1982 (first row), phase
2 at 05:00UTC on 7 November 1982 (second row), phase 3 at 12:00 UTC on 7 November 1982 (third row), phase 4 at 18:00UTC on
7 November 1982 (fourth row). Left colun{a, c, e, g)shows over the second domain (10 km) 850 hPa equivalent potential temperature
(shaded, K), 850 hPa wind (arrows, mis see panel a for reference vector) and CAPE computed for the most unstable parcel in the low
levels (500 J kgl isocontour labelled and indicated with an arrow(@). Right column(b, d, f, h) shows the vertical cross section of the
equivalent potential temperature (K) for the inner domain (2.5 km) along the axis labelled if@pmeétr the Pyrenees. Black isocontours
indicate the total hydrometeor content greater than l‘gllqnd black arrows correspond to vertical velocity at different levels.
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al., 2012). The recent study from Ricard et al. (2012) presentt oo
a climatology of the mesoscale environment associated witt
heavy precipitation events which hit south-eastern France
as in the case considered here. According to the synopti
environment, this HPE belongs to the episodes classifiec
as strong SW cyclonic flows in the Nuissier et al. (2011)
classification. The mean moist flow integrated from 0 to 3km
for that circulation type calculated by Ricard et al. (2012)
does not exceed 300 kgths™! (see their Fig. 10l).

Furthermore, in order to better understand the origin anc “°|.
dynamics of the air masses that feed the precipitation system s/
reproduced by the model over the Pyrenees, a series ¢
backward trajectories have been computed during the secor |- -
and third phases of the event. The backward trajectories 0 so| - e
the selected lagrangian parcels inside the ascents (4—7kn °| '
are performed by the lagrangian analysis tool of Gheusi anc fe88
Stein (2002). The methodology followed in the analysis is o0
similar to the one used in Duffourg and Ducrocq (2011): the b).
air parcels are tracked backwards within the 2.5 km domair
as long as they remain inside and at the latest till 4 h after the
initial time; when the parcels go out of the 2.5 km domain,
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similar backward trajectories are performed in the 10km
domain, using the latest point of the parcel in the inner e S
domain as a starting position. The evolution of the parcel ., ‘“'mgw
water vapour mixing ratio along their trajectories is also \ i
examined in order to identify the role of the Mediterranean P R e N BT
Sea as a local moisture source in this episode. AN \ : , | ofa j
4.1 Phase 1: first stage (06:00 UTC, 6 November 1982— :Z S SN T I |
00:00 UTC, 7 November 1982) a0 L T Y SR o4
900 e = ‘}~\\\‘\§c/ 3 §

Before the episode, anticyclonic conditions and stable #-———————————"= -1 [e1¢ o
environment at low and upper levels prevailed especially

over the Mediterranean area since the 27 October. These. .

persistent conditions favoured the formation of a subsidenc%g' 10. Paima de Mallorca observed soundir@g) 6 Novem-

: . d 1500 dth lati f moist er 1982 at 12:00UTC(b) 7 November 1982 at 12:00UUTC.
Inversion aroun man €accumuialion oTmoIStUre ag, ;. profiles of temperature (°C, solid red line), dew pofi@,(

Iqw levels generating acond_itionally unstable I\_/Iediterranear_ldashed red line), wet-bulb potential temperatute, (solid blue

air mass (Jansa, 1959; Ramis, 1995). The earlier hours of thife) and wind (knots) are represented. Right coloured vertical bars
stage, were characterized by low-level weak southerly windsshow the stability conditions for the whole vertical profile (labelled
over Catalonia which progressively shifted north-westwardin km). The stability correspondence for each colour is: blue —
at 12:00 UTC over the surface induced by the anticyclonicstable; green — conditionally unstable; yellow — unstable. The level
conditions over Central Europe. This low-level maritime of free convection (LFC) is labelled as a black point.

flow ensured the supply of relatively warm and moist air

coming from the area located between Balearic Islands and S

Catalonia with CAPE values of 200Jk} (Fig. 9a, O 2000 m over thg sea and the Pyrenees. In this |_n|t|al stage the
around 313 K). The atmospheric sounding observed in Palma km vertically integrated water vapour flux (Fig. 11a) was
de Mallorca 6 November at 12:00 UTC (Fig. 10) confirms characterized by values lower than 200 kg's™* over the
this thermodynamic instability of the low level flow with Pyre_nees, mostly concentrated in th(_e lowest first kilometre.
LFC of 600m (yellow part column), the presence of the In Fig. 9a, over the north coast of Afrma an area of elevated
subsidence inversion at 800hPa (blue part column) andPe and conditionally unstab!e F:oanons with CAPE greater
clearly shows the wind shear between the surface and thi1an 500 Jkg* can be also distinguished. Along the Portugal
rest of the vertical profile. These features are also preserff0ast another maximum & associated with an Atlantic

in the ¢ vertical cross section over a west—east axis alongnoister flow (400kg _’T_‘l s7!) in the warm sector ahead of
the Pyrenees (Fig. 9b), where the subsidence inversion anti€ cold frontis identified.

a layer of dry air (lower®, values) can be detected above

www.nat-hazards-earth-syst-sci.net/13/2969/2013/ Nat. Hazards Earth Syst. Sci., 13, 29684 2013
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Fig. 11. Evolution of the water vapour flux integrated between the surface and 3 km of altitude (shaded coIouTé,ské)mnd mean
surface pressure (dark contours, hPa)Phase 1: 12:00 UTC on 6 November 19@®;Phase 2: 04:00 UTC on 7 November 1989;Phase
3:12:00 UTC on 7 November 198@) Phase 4: 00:00 UTC on 8 November 1982.

With the gradual increase of the pressure gradient oved.2 Phase 2: warm front affecting the Pyrenees (00:00—
the Pyrenees, south-easterly winds are reinforced allowing 08:00 UTC, 7 November 1982)
the generation of the first precipitating clouds over the first
foothills and the exposed south sides of the Pyrenees b

means of the orographic uplift of the conditionally unstablesi—he second stage of the episode began the 7 November 1982

(00:00UTC), when the warm air mass located over

air mass. Low level advection of warm air eroded the he Balearic Islands and previously detected in phase 1
subsidence inversion and modified the lapse rate temperatu}e . P y de P
over North Africa (a warm source region) was advected

profile. Figure 12 shows in violet shaded colour the areas . ;
at 1000 m with vertical velocities greater than 1Ts northwards, organized as a west—east frontal band following

Notice the elongated bands of vertical velocity just north of the SE coastline of the Iberian Peninsula. The south-easterly

. : i . wind component still present at low levels allowed this warm
Andorra which can be associated with the mountain wave .
table flow with CAPE values greater than 500 J3tp

. ) uns
generation downstream of the Pyrenees. The first orographlg . N
clouds are identified in the cross-vertical section (Fig. gb)’penetrate into Catalonia. Figure 9c shows the west—east band

where the total hydrometeor content exceeding 1tkg g‘; gg,r\]082n?ggft'lggszthznga;temllpbyr.ﬁgii’ezttr?:t:oég TC
(solid black line) is represented. The rainfall accumulated rovemt e 19. ndi .
during this initial stage (Fig. 13a) is characterized by light associated with this air mass is more important than previous

1a-1 ; o fi
and persistent orographic induced precipitatien50 mm) stage ¢ 400kgnt* ™). thmd this first warm fr_ont, the
developed in a still conditionally unstable airflow under strong south-westerly flow induced by the Atlantic cyclone
anticyclonic conditions was established over the entire Iberian Peninsula. The warm

conveyor belt appears in Fig. 9c as a wide stream of elevated
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Table 2. Approximate water vapour mixing ratios of the parcels along their pathways over the Mediterranean Sea.

Precipitation Level Final WV Initial WV WV mixing ratio  Time above
structure mixing ratio mixing ratio  gained from the sea the sea
PHASE 2 - Andorra I10(\)1\(13(?321000000nlrwn 123 Ilggi i:gg Egj Ho9 kgii 132
PHASE 2 - Canigo T(\;\(I)%sleoooooor;n 8_171 3 g 4-%%21:1 ig tgj E 2
PHASE 3~ Andorra llo(\)/\(l)%s—tzloooooonrqn 9_71.23 '811 3233 tgj 3? 3 :gj ol
PHASE 3 - Canigo I10(\)/\<I)eos—t21000000nlrwn 7—98gg|||(<%1 7—?3%%:1 ig tgj 18 2

c taken in the convective cells over Canigo at 05:00 UTC
il w. (Fig. 15) show the low-level convergence of three branches
e 26 due to the channelling of the southerly low level flows (below
?\ 1000 m) over the eastern edge of the Pyrenees. The parcels
\ 24 reaching 7km in the vertical cross section also reveal the
distinct uplifts suffered by parcels coming from higher levels
21 (1-2km) in the southerly flow. These ascents are mainly

due to the interaction of the warm front with the Pyrenees
(orographic forcing) as it can be seen in the backward
trajectory extension of this branch over 10 km domain where
the North African origin of the parcels is identified. Table 2
19 shows the evolution of the water vapour content along
the pathway over the Mediterranean Sea. In this case, all
parcels take around 12 h to reach the Pyrenees evidencing
Fig. 12. Wind at 10ma.g.l. (arrows,md), virtual potential  the intense low level winds which efficiently advected
temperature at 850hPa (shaded coloW§), and areas with the conditionally unstable moist flow~8gkg™). Unlike
updrafts greater than 1m& at 1000m (in violet) on the the low level parcels progressively increment their vapour
6 November 1982 at 16:00 UTC. The 500 m topography is shown asnixing ratio during their transport over the Mediterranean
a black solid contour and dashed areas correspond to regions aboygasin, parcels above 1000 m keep its water vapour content
2000 m. almost constant and gain less than 2 gkin the previous
2h before reaching land. This organized convection had
some similarities with the MCS described by Nuissier et
. (2008) during the catastrophic Aude event (their Figs. 7b,
19c and 24a).

Over the west border of Andorra from 03:00UTC to
04:00UTC there is a secondary maximum of reflectivity
(Fig. 14a and b). According to the precipitation estimated
by the terrain analysis (Fig. 5), this secondary maximum

fsmulzz)t;%or?daorG.roeglaﬁitglne?sNat anb altitggg O}I\ItﬁB krr? could contribute to explain the extreme rainfall intensities
rom Oz 0 Ub: ( ovember )- OUGN ostimated in the west of Andorra. Based on the simulation’s

widespread precipitation is simulated over the Pyrenees|"esu|ts this location of the maximum seems to be favoured

and Catalonia, a maximum can be clearly identified as aby an area of moisture convergence at low levels. The

non-statior_1ary convective line associated with the Warmsoutherly winds that affected the Pre-Pyrenees created a
front moving eastwar_d. '_I'he fotal hydrpmeteor Cont_entlocal south-easterly circulation probably to flow around the
c[ose tq Canigo massﬁ (.F'g.' 9d) has an important VertlcalPort del Compte range (just south of Cadi) and converge
dimension of the precipitating cloud (7km) compared to with the dominant south flow along the Segre Valley (south

%f Andorra). For this precipitation system, the backward
convective character of the precipitation in this area. This ) precip y ’

) istent with th i logical ob i d i (gajectories confirm the channelling in the Segre Valley of
IS consistent wi € meteorological observations describe southerly flow coming from the Gibraltar strait as the
in Sect. 2.2 that thunderstorms were observed in th

® 5km domain shows (Fig. 15). The vertical structure was
Languedoc-Roussillon region. The backwards trajectories (Fig )

20

oA A

O, passing through the Gibraltar strait due to the presenc
of the Atlas range (Morocco) and following the Spanish
Mediterranean Coast. Thes also evidences the remarkable
water content of this Atlantic flows{ 400 kg nT1s~1) with a
maximum of 550 kg m* s~ in front of Valencia (Fig. 11b).
Figure 14 represents the temporal evolution of the
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Fig. 13. Accumulated precipitation (mm) simulated for each of the episode phémeBPhase 1: from 06:00 UTC on 6 November to
00:00 UTC on 7 November 1982p) Phase 2: from 00:00 UTC on 7 November to 08:001 UTC on 7 November 188Phase 3: from
08:00 UTC on 7 November to 18:00 UTC on 7 November 1g82Phase 4: from 19:00 UTC on 7 November to 06:00 UTC on 8 November
1982.

less developed than in the Canigo region (5 km), but clearlyphase governed by cyclonic conditions is characterized by
shows the 1000-2000 m as a feeding layer of this convectivéhe interaction of the warm front with the Pyrenees, where
cell. As in the previous structure, the parcels above 1000 nthe relief as well as acting as a lifting triggering mechanism
stayed up to 11 h over the Mediterranean Sea and did noalso modulated its advance, channelling the unstable air mass
modify its moisture content (4.5 gkg) along its pathway. and generating low level convergence areas.

It is over land when parcels descended hundreds of metres

and reached saturation mainly due to mixing processes witl.3 Phase 3: moist conveyor belt (08:00-18:00 UTC,
moister low level flow coming from North Africa (10 g k§) 7 November 1982)

as the yellow parcel shows.

The rainfall accumulations during the second phaseOn the morning of 7 November, the third phase of the
(Fig. 13b) are more intense than in the previous stage du@pisode started. It was characterized by steady precipitation
to the arrival from North Africa of a warm and moister |eading to extreme rainfall accumulations (Fig. 13c) over
air mass. The accumulation presents two maxima whichthe Pyrenees, following the mountain range configuration
match the limits of the Pre-Pyrenees: one over the westerand affecting the most exposed sides to the southerly flow:
border of Andorra and the other over the eastern extremehe SW-NE orientation of the Pre-Pyrenees and the S—N
of the Pyrenees. The imprint of the warm front is clearly valleys axis. The simulated reflectivity evolution from 09:00
identified in the second case in a north—-south band ofo 18:00 UTC on 7 November 1982 represented in Fig. 16
intense precipitation. The rainfall underestimation over theevidences the stationary and continuous regeneration of the
Roussillon region could be attributed to the lesser Stational’it)precipitating cells as well as the eastward evacuation over
of the simulated convective system which developed overthe sea of the convective line developed in the previous
the mountains and propagated north-eastward. This seconghase. Furthermore, over the first foothills close to the coast
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c) 7/11/1982 05 UTC

J) 15 Y

Fig. 15.Backward trajectories of some air parcels taken in the upper part of precipitating systems simulated over a 2.5 km domain projected
in an horizontal plane (left column) in Andorra (top panels) and Canigo massif (bottom panels). The backward trajectories are also projected
on a vertical cross section (middle column) which follows the line SN displayed on the left panels. Right column shows the extension of the
backward trajectories over the 40 km domain. Orography is superimposed in grey scale as in Fig. 1 and as a hatched area for the vertica
Cross sections.

relatively high reflectivity values are also simulated which were reflected in the mesoscale environment through
clearly contrast with the weak values present in the valleysthe persistent highest wind speeds of the south-westerly
and the central depression of Catalonia. cyclonic flow in the entire vertical profile. At 12:00UTC,
The long-lasting synoptic blocking and the mature stage7 November 1982, the wide moist conveyor belt impinging
of the Atlantic extratropical cyclone during this phase directly on the Pyrenees can be distinctly identified in
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a) 7/11/1982 09 UTC

L} g R

b) 7/11/1982 12 UTC
i ;

Fig. 16.Evolution during phase three of the simulated reflectivity at 2500 m (shaded colours, dBZ) and 10 ma.g.l. wind (arrds, ms
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Fig. 17. (a)Moisture water vapour flux vertically integrated from surface to 3 km (shaded coIoursTkg‘nb and simulated updrafts at
1500 m (black contoursy 1 ms-1) during the third phase at 12:00 UTC on 7 November 1982. The south—north axis indicates the vertical
cross section at 16:00 UTC on 7 November 1982 shown in pafi®l$iorizontal wind speed and direction (shaded colours and arrows,
ms~1): (c) Simulated reflectivity (shaded colours, dBZ) and vertical wind (1. Cadi massif, 2. Andorra).

the potential temperature field at 850 hPa (Fig. 9e), withmountainous areas above 1000m on the Catalan coast
values exceeding 316 K but unlike the second stage th€Montseny) there were also vertical motions, it was over
air mass had lower values of CAPE<B00Jkg?) and the Pyrenees where convective cell generation was more
elevated LFC around 1200m (Fig. 10b). The west—eastfficient because the orographic uplift was enough to reach
vertical cross section over the Pyrenees (Fig. 9f) showghe LFC and trigger precipitating cells. As it can be seen
the vertical extent of this warm and moist layer (high in the vertical cross section at 16:00 UTC (Fig. 17b) surface
©e within the first 4km along the mountain axis between winds reached values of 15 m’spersisting more than 10 h.
Andorra and Canigo massif). The total water content of Furthermore, a distinct low level jet (LLJ) of 30 msaround
hydrometeors (represented as black contoursgkg 1) 1500 m, favouring strong vertical wind shear, generated a
reveals the generation of vertically developed precipitatinglayer of negative horizontal vorticity. This layer interacted
cores over the relief. In the eastern extreme, over the seayith the orography contributing to enhance the upward
the vertical structure of the warm front and its convective motion on the south slopes of the Pyrenees. The vertical
associated line can be identified. It is during this stage reflectivity profile along a south—north axis over Andorra and
that the low level water content flux achieves its greatestCatalonia (Fig. 17¢) evidences the south slope location of the
intensity exceeding the 550kgths! during the entire  mostintense and vertically developed precipitation structures
period (Fig. 11c). This exceptional moist flow persisted where the most distinct upward motions represented by the
approximately 10 h perpendicular to the Pyrenees, supplyingirrows took place. Note the intense downslope flow in the
along-lasting precipitation system. Vertical velocities greaternorth slope of the Pyrenees causing the rapid evaporation
than 1ms?! at 1500m represented in Fig. 17a clearly of the precipitating system due to the strong adiabatic
identify the orography as triggering mechanism of convectivewarming. This effect can also be detected in the Segre Valley
cells and its continuous regeneration while the abovelocated between Cadi range and Andorra, where rainfall
mentioned very moist flow persisted. Despite over otheraccumulation was less important.
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Fig. 18.Same as Fig. 15, but for the two regions during phase 3: Andorra (top panels) and Canigo (bottom panels).

The backward trajectories computed during this phase ar@ool propagating away from the ridge. In the vertical profile
represented in Fig. 18. Both precipitation systems selectedf ®. (Fig. 9f) a mixed convective layer, which acts to
over Andorra and Canigo were fed by a unique branchincrease®. at mid-levels and decrease in the lower levels,
coming from Gibraltar strait and advanced north-eastwardcan be identified as in the idealized simulations of strong
along the Spanish coast. Due to the cyclonic windsconditionally unstable flow over a mountain ridge performed
strengthening during this phase, parcels spent less than 10y Migletta and Rotunno (2009) (their Fig. 7c). This result is
over the sea. It appears from the vertical cross section thatonsistent with the idealized works of Bresson et al. (2012)
parcels were directly uplifted by orographic forcing over the or Migletta and Rotunno (2009), where they prove that for
Pyrenees and it low-level convergence did not exist. Parcelstrong mid-level winds (20 nTg) precipitation is reinforced
taken in the Andorran updrafts (5—4 km) were mostly situatedover the mountains and the presence of a cold pool it is
below 1000 m. However, cells over Canigo region were most unlikely because there is no time (from the Lagrangian
less developed (5km) and fed by parcels mainly situatedooint of view) for evaporation to have a significant cooling
inside the LLJ (between 1000 and 2000 m). The moistureeffect on the upstream temperature field. Moreover, if moist
transport and the amount gained from the Mediterranean Seadvection at low levels or highesd. values at 850 hPa
are clearly conditional to its initial content and the level affect an extended area, then the rainfall will be widespread
where the parcel was located. As shown in Table 2, theinstead of focused on a particular location. In this case study,
elevated initial water content before entering the Gibraltarprecipitation was all over the Eastern Pyrenees.
region &6gkg1) highly limited the contribution of the During this third phase the event reached its highest
Mediterranean Sea: parcels below 1000m gained arounihtensity due to the steady interaction of the warm and moist
3gkg 1, and the ones above this level almost did not modify conveyor belt ahead of the cold front with the Pyrenees.
their content (1 g kg?).

From the fact that stationary convective cells were
simulated over the Pyrenees during this stage, and there
was no upstream propagation of the convective systems, it
could be inferred that the system did not produce any cold
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a) 7/11/1982 22 UTC b) 8/11/1982 01 UTC c) 8/11/1982 04 UTC
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Fig. 19.Evolution during phase four of the simulated reflectivity at 2500 m (shaded colours, dBZ) and 10 ma.g.l. wind (arrods, ms

4.4 Phase 4: cold front passing over Andorra and 5 Conclusions
dissipation (18:00 UTC, 7 November 1982)

The last phase starts at 18:00 UTC on 7 November when he historical catastrophic HPE recorded in Andorra from
the omega blocking pattern identified in the synoptic 6 to 8 November 1982 has been analyzed in detail and, for

conditions weakened due to the eastward displacement dhe first time, using mesoscale model simulations at 2.5km
the upper-level ridge and the deep Atlantic low started tohorlzontal resolution with the French Meso-NH model. The

decay. The cold frontal surface which remained stationary2n@lysis has a twofold objective: to describe the synoptic
in front of the Galician coast during the previous stages€nvironment in which the HPE developed and to identify

eventually progressed north-eastward approaching Andorrdhe mesoscale mechanisms that lead to steady rainfall_over
Figure 9g shows the strong gradient in the field along a the Eastern Pyrenees as well as the features of the moisture
north—-south axis which delimited the cold front edge overNflow feeding the precipitation systems which were fairly

the Pyrenees. The characteristic shape of the leading edg¥e!l reproduced by the model. _
of the cold-frontal surface is also identified in the vertical At Synoptic-scale the event was characterized by a deep

cross section (Fig. 9h), where well-developed convectivetlantic cyclone which generated a strong southerly flow
cells are favoured by the distinct uplift triggered over OVer the Iberian Peninsula. The presence of low and upper
the boundary of the two different air masses. The total'€Vel anticyclonic cond_ltlons mstqlled over Central Europe
content of hydrometeors exceeding 1gkgshows the favoured a slow evolving syn_optlc enwron_ment. Based on
vertical dimension of the convective cells over Andorra the evolution of the extratropical cyclone, its structure and
reaching 7 km. At the same time its progressive propagatiorjfhe _inter_action Wit_h Pyrenees, four distinc_:t phases have been
eastward evacuated moist and warm air, which was stildistinguished during the event. The earlier stage developed
feeding the upslope flow over the easternmost Pyreneed! a still a_ntlcyclonlc env!ronr_nent was characterized _b_y light
As a result, one of the main ingredients that allowed the@nd persistent orographic rainfall favoured by a conditionally
steady cell development over the mountain ridge decayed anfnStable airstream impinging on the mountains. During the
precipitation started to weaken as it can be observed in th§econd phase, the rainfall accumulations were intensified
temporal reflectivity evolution (Fig. 19). During the night of due to the interaction of warm and moist air mass coming
8 November, the exceptional moist level flux that impinged ffom North Africa with the Eastern Pyrenees. The gradual
perpendicularly on the Pyrenees during the previous phasgtrengthenmg o.f the cyglomc_condltlons contributed to
was evacuated over the Mediterranean Sea (Fig. 11d) ant'® fast advection of this African warm front and the
affected the southern French coast and the Massif Centrgi€neration of a low level unstable flow with CAPE and
where the most intense convective cells developed. Durind®W-1evel moisture content more important than the initial
this last phase characterized by more dynamic atmospherigi@d€, especially in the eastern edge of the Pyrenees.

conditions, rainfall accumulations distinctly decreased over! € third phase is the most intense in terms of rainfall

Andorra and the rest of the NE of the Iberian Peninsula@ccUmulations as a consequence of the stationary synoptic
(Fig. 13d). conditions and the highest intensities of the south-westerly

cyclonic flow generating a LLJ. As a result, the Atlantic

warm and moist conveyor belt impinged over the whole
Eastern Pyrenees more than 10h. As in the Aude (1999)
case reported in Nuissier et al. (2008), the low CAPE

Nat. Hazards Earth Syst. Sci., 13, 2962299Q 2013 www.nat-hazards-earth-syst-sci.net/13/2969/2013/



L. Trapero et al.: The November 1982 heavy precipitation event over Andorra 2987

values of this lasting flux seems to be counterbalancedconcluded that when cyclonic conditions prevail before the

by large moisture fluxes (550 kgmhs™1). During the last HPE the amounts of moisture gained from the Mediterranean

phase, rainfall accumulations decayed when the anticycloniés remarkably lower (3—4 gkdf), and also with Pinto et

blocking weakened and cold front crossed over the Pyreneesl. (2013) who studied a large data set of HPEs affecting

and followed its path towards the Mediterranean Sea. Duringhorth-west Italy and concluded that the most intense events

the whole episode synoptic and mesoscale ingredientsvere characterized by a significant moisture advection from

pointed out by Lin et al. (2001) as conducive to orographicthe Atlantic Ocean.

rainfall were present (conditionally unstable environment, This present study strengthens the importance of the

a LLJ, steep mountain and a quasi-stationary synopticslow-evolving synoptic conditions and the strong cyclonic

system). On the other hand, the episode characterized bffow induced by the deep Atlantic low. Moreover it

long-lived (> 12 h) and spatially distributed~(50 x 50 kn?) contributes to quantify the mesoscale ingredients as the

precipitation could be classified as a Type | event accordingsubstantial moisture advection from the Atlantic Ocean

to the methodology proposed by Molini et al. (2009). Within and details the crucial role of the Pyrenees in the major

the framework of that classification, a good estimate offlash-flood event recorded in Andorra.

the convective timescale (Molini et al., 2011) would be

shorter than 6h corresponding to convective equilibrium

regime dominated by large-scale forcing. Future work whichAppendix A

would require higher density and temporal resolution of

precipitation observations could include a predictability A fuzzy verification of the high resolution QPF

analysis of the different event phases similar to that . i o

performed by Rebora et al. (2013), or Keil et al. (2013). To .objectlvely complement the previous quahtatl\{g eyal—
Furthermore, the backward trajectories have underlined'@tion presented in Sect. 3.2, two fuzzy verification

the mechanism which contributed during phase 2 and 3 tgéchniques have been applied to 48 h accumulation forecasts

generate the necessary forcing ascent to trigger and maintaff 2:2km spatial resolution. The validation is focused

the precipitation more than 30h over the Pyrenees. For th@" the sub-domain of 105100 grid boxes shown in
second phase, in addition to the orographic forcing whichF19- 7. As described in Ebert (2008), opposite to traditional

triggered or enhanced warm frontal precipitating structures/erifications, neighbourhood (fuzzy) verification assumes
over the Pyrenees, two areas of low-level wind convergencdn@t it is acceptable for the forecast to be slightly
were also identified: one in the west border of Andorra as adisplaced and still be useful. As we are interested in
result of the deflection role of Pre-Pyrenees and the secontf€lfying the forecast in particular locations of interest

over the Canigo region where southerly flows are channelled{fingauge observations) two methods that follow a single
For the third phase, strong updraughts are ContinuOUS|)5:>bservat|on—ne|ghbourhood forecast strategy were chosen

generated all over the windward slopes of the Easterr(EPert 2008): the multi-event contingency table (ME) and

Pyrenees. Hence the orographic uplift is the dominantn® conditional square root of RPS (CS).

lifting mechanism in this HPE which triggered long-lasting _ 1€ ME method (Atger, 2001) considers a forecast useful

precipitating cells over the Pyrenees and Andorra. if it pred|cfcs at least one event close to an ob;erved eveqt.
The moisture inflow feeding the heavy precipitating cells AN event is the occurrence of a value exceeding a certain

was found to be confined within the lowest 2000 m of the threshold of rainfall intensity (i.e.mm/48h). The .standard

atmosphere and its origin mainly within the warm and moist Score used for that method is the Hansen and Kuipers (HK)

conveyor belt ahead of the cold front. The evolution of SCOr€:

the water vapour content during its pathway showed the

limited role of the Mediterranean Sea due to the high initial HK =H-F, (A1)

water vapour content of the parcels before entering this

area and the rapid crossing of the basin (less than 12 h)\{vhere

Particularly, parcels between 1000 m and 2000 m had their hits

origin mainly within the warm and moist conveyor ahead of H = hits+misses (A2)
the cold front and almost did not modify its initial moisture false.alarms

content (7 gkg?) before reaching saturation. Furthermore, F= false.alarms+correct.rejections (A3)

parcels below 1000m, which were in contact with the

Mediterranean air mass, had elevated initial water content The HK measures the ability of the forecast system to
(8-9gkg?) and only 2-3gkg?! could be gained from the separate the observed “yes” cases from the “no” cases.
Mediterranean. Therefore, for this HPE the moisture coming The CS method (German and Zawadzki, 2004) represents
from remote source regions (Atlantic and African air masses)he following decision model: “A useful forecast is one that
is larger than the local moisture source. These results arbas a high probability of matching the observed value”.
in good agreement with Duffourg and Ducrocq (2011), who Unlike ME method, the CS includes the intensity directly
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Fig. Al. Fuzzy verification of the precipitation forecast shown in Fig. 7: multi-event contingency table showing the HK score (left panel) and
conditional square root of RPS (right panel). The red colours on the left panel indicate good performance according to the decision model
used by the ME method, while blue colours indicate poor skill.
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