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forcing are studied using objective

d with satellite imagery and subjective surface

motion was diagnosed at low levels while only
d latent instability characterized the region

delineating the area covered by the indicated synoptic factors seem to be an effective tool for

identifying the area where mesoscale focusing

show that the main focusing mechanism was 4 quasi-stationary conv
between the south-eastern warm and bumid flow, caused by a weak low

utflow from a mesohigh located in Catalonia and

coast of Catalonia. This lay

centred north of the Algerian coast, and the cold o
- mainly originated by the orographic blocking of the Pyrenees.

|. Introduction

On the evening of 28 September 1987, heavy rainfall
brought the dry Mediterranean summer to an abrupt
end in the Catalonian region of Spain (see Figure 1 for
location and Figure 2 for major geographical features).
Heavy rainfall continued intermittently in Catalonia
and southern France for the eight-day period ending 5

October. 1987, but most of the precipitation fell during .

the last four days. Much of the coastal section of Cata-
lonia was affected by flooding, resulting in road clos-
ures and disruption of the railway system. Sils Lake,
which is located near the city of Gerona and which had
been dry since the middle of the nineteenth century,
overflowed its banks. By the end of the flood event, ten
people had been killed and the damage in north-eastern
Spain was estimated at 10° ECUs (from press in-

formation).

The Spanish Mediterranean region — Catalonia in-
cluded - is often affected by heavy convective rain,
specially during autumn. For example, during October
1982 an official observation at Alicante indicated
83 mm in one hour (Garcia-Dana et al., 1982) and in

mechanisms became effective. Sub-synoptic analyses

ergence line, located near the

Catalonia, during September 1962, 110 mm was col-
Jected in one hour in Sabadell (Bennet, 1986). More-
over, most observing stations in the region have max-
imum recorded rainfall amounts of over 200 mm
in 24 h in the autumn (Font, 1983).

Phenomenological and synoptic studies have been per-
formed on Spanish Mediterranean flood cases

.2-4

(Garcfa-Dana_et al., 1982, among. others), and some

of them referred specifically to Catalonia (e.g. Llasat,
1987). These events typically are associated with the
presence of a cold trough or a cut-off-low located at
the south-west of the Iberian Peninsula; these produce
south-westerly diffluent flow in the middle and high
troposphere over the Western Mediterranean. At the
lowest levels an easterly flow from the Mediterranean
towards the Spanish coast provides warm and moist
air to feed the convection.

Other studies have put the emphasis on the blocking
over the North Atlantic by an anticyclone located over
Central Europe (Alonso & Puigcerver, 1978; Llasat,
1987). More-recent studies have highlighted the influ-
ence of low-level ‘Algerian’ cyclogenesis, which causes
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Figure 1. Geographical location of Catalonia (dotted). The location of radiosonde stations used for cross-section A-B are
indicated: Lisbon(LIB), Madrid(MAD), Murcia(MUR), Palma(PAL), Cagliari(CAG) and Rome(ROM).
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The October—1987 floods in Catalonia

Figure 3. Daily accumulated precipitation (mm)
UTC on day D to 0800 UTC on day D+1.

convergence in the low-level flow (Jans et al., 1986),

. and- the-organization. of-the. convection:as. Mesoscale _

Convective Systems (MCS) (Riosalido, 1990).

The purpose of this paper is to provide a detailed syn-
optic diagnosis and sub-synoptic examination of the
meteorological causes of this heavy rainfall event. In
so doing, we seek to add more-specific information to
the general fAlash-flood scenario for Catalonia which
has been identified in previous studies, through the
determination of derived fields from the numerical
products obtained by the Instituto Nacional de Met-
eorologia (INM) of Spain and the mesoscale hand-
analysis technique. In section 2 quantitative details
about the event are given. Section 3 studies the synop-
tic scale setting, during the heaviest rain period. Section
4 deals with mesoscale aspects when deep convection

_section 5. .. .

s Oct

o

during the rain episode. The precipitation amount for day D is from 0800

was present. Finally, we summarize our conclusions in

2. The event

The description of the event is mainly based on the
data from the 85 rain gauges in Catalonia and 20 in
southern France. Most of them only provide measure-
ments of 24-hour accumulated rainfall, though a few

give continuous measurements.

What is unusual about this event is the repetition of
quite heavy rain day after day, for several days, in the
came zone, even in the same locality (Figure 3). Every
day the largest precipitation amounts are located at or
close to the coast, but at different places. Particularly
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important maxima occurred on 3 October at Gerona
(209 mm) and on 4 October at Barcelona (138 mm).
The southern part of France near Catalonia was also
affected by heavy rain, with 2 maximum of 305 mm
on 3 October at Banyuls sur Mer, the highest 24-hour
precipitation during this event (see Figure 2 for
locations). The maximum total rainfall was registered
at Barcelona Airport, where 431 mm was collected in
the eight-day period; this represents 67% of the mean
annual rainfall. For such a short period this was the
most important heavy rain event in the coastal zone of

Catalonia in 50 years.

Figure 4 illustrates the hourly distribution of the rain.
The data come from Hospitalet de Llobregat, located
about five kilometres south of Barcelona. The total
eight-day amount of precipitation at Hospitalet was
235 mm, certainly less than at Barcelona Airport, but
significant enough to give a good indication of the dis-
tribution of the showers in time. This figure shows five
main shower periods with the largest hourly accumula-
tion being 33 mm from 1100 to 1200 UTC 4 October,

17.5 mm falling in 10 minutes.
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Figure 4. Hourly accumulated rainfall (imm) at Hospitalet de
Liobregat during 3 and 4 October.

3. Meteorological setting

oo The forecast.and the_post-event. analysis_of convective .

weather has two phases. The first consists of identify-
ing the characteristics of the synoptic-scale environ-
ment which are favourable to producing and sustaining
convective storms. In the second, the smaller-scale fea-
tures determining the localization of convective events
within the favourable synoptic-scale environment
should be identified (Rockwood & Maddox, 1988).
" McGinley (1986) indicates that the parameters that are
necessary to produce convection with a potential for

flash flooding area;

(a) synoptic scale upward vertical motion,
(b) unstable stratification,

(c) moisture, and

(d) low-level convergence.
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From the point of view of Doswell (1987), diagnostics
from synoptic weather maps can provide the
‘dynamics’ (quasi-geostrophic forcing) and part of the
‘thermodynamics’ (combination of moisture and
stability), but a detailed study of the ‘thermodynamics’
should use data from upper-air soundings. Mesoscale - -
phenomena, within an appropriate ‘dynamic’ and
‘thermodynamic’ background, represent the focusing
mechanism that triggers the development of convective

cells.

In this section we present the synoptic diagnosis of the
convective event using geopotential height, temper-
ature, humidity and wind components as generated by
the limited area model (LAM) analysis system of the
INM of Spain (Diaz-Pabén, 1988). Data values are
available on a 0.91° (latitude/longitude) grid in the
horizontal and standard pressure levels in the vertical.
In addition we have used radiosonde ascents from six
stations over south Europe and the Western Mediter-
ranean (see Figure 1) for constructing vertical cross-
sections and thermodynamics profiles.

The diagnosis consists of:

(a) The identification of upward quasi-geostrophic
forcing (hereafter FQ), which forces upward syn-
optic-scale vertical motion, the moisture flux and
the spatial distribution of convective instability
from LAM analysis data.

(b) The more-detailed study of radiosonde ascents
close to the zone of heavy rain.

The quasi-geostrophic theory is a powerful tool which
can be used to estimate the vertical motion associated
with synoptic-scale disturbances. Caracena & Fritsch
(1983) pointed out that the synoptic-scale identifica-
tion of areas of upward motion using quasi-
geostrophic analysis can provide important guidance

- for nowecasting convective storms. Also, Barnes (1985),

Durran & Snellman (1987) and Shou-Jun Chen et 4l.
(1988) show that analysis of the FQ of vertical motion
can provide short-term assistance with the prediction

instability can be an important factor for thunderstorm
development if synoptic-scale vertical forcing is pre-
sent (Iribarne & Godson, 1981). Also, the moisture
convergence in a layer close to the ground over a con-
vective area is a necessary mechanism to sustain deep
moist convection rooted in the boundary layer
(Barnes & Newton, 1986).

The FQ of vertical motion (FQ>0 for ascent) on iso-
baric surfaces has been calculated by using the
Q-vector formulation of the w-equation (see Hos-
kins & Pedder, 1980). For this purpose, the non-
initialized geopotential height and temperature fields
were filtered to eliminate short wavelengths.by using
the procedure described by Gomis & Alonso (1988).




3.]. Synoptic-scale overview

During the heaviest rain period the large-scale was
changing slowly, so synoptic charts are presented only
for half way through, namely 0000 UTC 4 October
(Figure 5), and at the end of the event, 0000 UTC 5
October (Figure 6). The meteorological situation was
characterized at 1000 hPa/surface (Figure 5(a)) by a
low located to the north-west of the Iberian peninsula,
which advected warm and humid Atlantic air over
Spain, and an anticyclone located over Scandinavia,
which extended its influence to the Western Mediter-
) ranean where it produced moderate winds and warm
advection from the south-east. A weak trough north
of the Algerian coast increased the winds in the north-
ern part of the Western Mediterranean. At 850 hPa
(Figure 5(b)) the pattern was Very similar to that at
‘the surface. The Scandinavian anticyclone extended its
influence up to Africa and produced a moderate warm-
air flux from the south over the Western Mediterran-
ean. At 500 hPa (Figure 5(c)) a closed low was located
over the surface low with a positively tilted trough to
the west of Spain and a ridge over the Western Medi-
terranean where temperature advection was not pre-
At 500 hPa there was very wealk cyclonic vorti-
Spain while at 300
shown) the south-westerly jet stream assocCl-

-

sent.
city advection (CVA) over eastern

hPa (not

Figure 5. Synoptic situation at 0000 UTC 4 October 1987. (a
for temperature 4+°C. j
4x107s77.(d) Quasi—geostrophic wvertical forcing at

wertical motion,

) 1000 bPa, (b)
(c) 500 hPa (beight and relative vorticity). Contour interval for beight 60 gpm,
850 hPa. Solid and dashed lines indicate forcing of upward and downward

respectively. Isoline interval 4X107" m kg™’ g
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ated with the low was located over the Iberian penin-
sula, so no upper dynamic forcing can be qualitatively
identified close to Catalonia. Diagnosis of FQ shows
that at low levels (850 hPa, Figure 5(d)) there was
upward forcing over Catalonia and the gulf of Lyon
but downward forcing over the gulf of Genoa and
south of the Balearic Isles. Over the Western Mediter-
ranean, FQ at 500 hPa was very weak, while more sig-
nificant values were to the north-west of Spain and
related to the cyclonic circulation.

A significant change in the synoptic pattern Wwas
observed at 0000 UTC 5 October. Figure 6(2) and ®)
shows that a cyclogenetic process reactivated the Alg-
erian trough, which appeared as 2 closed low at 1000
hPa and as a marked cyclonic circulation at 850 hPa.
The wind from the south-east/south and warm-air
advection became quite strong OVer the northern part
of the Western Mediterranean. The Atlantic low
moved to higher latitudes, and reduced its influence
over Spain. At 500 hPa (Figure 6(c)) the Atlantic low
had split into two centres, one located over the gulf of
Cadiz and the other to the west of France; stronger
winds at upper levels were over Morocco. The CVA
became appreciable over south-eastern Spain but not
very significant over the north-western Mediterranean.
The Mediterranean cyclonic circulation at low levels

al for height 30 gpm,

850 hPa. Contour interv
for relative vorticity
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Figure 6. As for Figure 5 but for 0000 UTC 5 October 1987.

appeared as a strong dipole of FQ (Figure 6(d)), but
the upward forcing continued to the north-east across
a sharp zone to the north of Italy. At 500 hPa the
greater upward FQ continued over Morocco and to
the west of France, where the baroclinic wave structure
is easily identified, but weak upward FQ was present
over south-eastern Spain. '

The cyclogenetic process at low levels led to the end
of the heavy rain episode. The transport of low-level
cold air eastward behind the low as it moved rapidly
to the north stabilized the atmosphere over the Medi-
terranean. The circulation over Spain became progress-

ascents from Palma (PAL, see Figure 1) are the most
representative of atmospheric stability during heavy
rain events in Catalonia. Moreover, since the wind at
lower levels was from the south-east during the heavy
rain episode, Palma was located upstream from Cata-
lonia on this occasion.

The latent instability of an air mass can be studied by
means of well-known instability indices or by calcula-
tion of the convective available potential energy
(CAPE) (Weisman & Klemp, 1986) and the potential
for flooding by means of the tropospheric precipitable
water (TPW). Since no statistical study on the thresh-

ively zonal throughout the troposphere, while the
meridional flow was displaced towards Italy and cen-

tral Europe.

These diagnostics indicate the existence, near and over
Catalonia, of large-scale upward vertical forcing at low
levels, associated with a significant differential thermal
advection giving favourable conditions for the genera-
tion of weak static stability and the development of

convection.

3.2. Instability diagnosis

Although upper-air observations are not available in
Catalonia, Llasat (1987) has shown that radiosonde
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exists, the latent instability has been studied by means
of CAPE.

The time evolution of CAPE and bulk Richardson
number (Ri), as defined by Weisman & Klemp (1986),
over Palma at 12-hour intervals is shown in Figure 7.
The very rapid increase of CAPE was produced mainly
by the entrance of warm and humid air at lower levels,
The Ri values of less than 100 from 0000 UTC 3
October, with a minimum of 37 on 1200 UTC 4
October, indicate that multi-cell convection was the
most probable development in that environment.

Figure 8 shows the time evolution of TPW over Palma
and Murcia (see Figure 1 for location). The higher

old valueof theindices for the Westertr Mediterramean— -
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Figure 7. Time evolution of convective available potential
energy (CAPE) and bulk  Richardson number (Ri) over

Palma.

values over Palma, up to 44mm at 1200 UTC 4
October (180% of the normal value during the same
time of the year, Ramis, 1976), were a consequence of

moisture increase from the surface up to 500 hPa. This

was confirmed by examination of the time evolution
of potential temperature (6) and equivalent potential
temperature (9.) cross-sections (not shown). The
important increase of TPW observed over Palma from
1200 UTC 3 October to 0000 UTC 5 October was not
observed in Murcia. This result shows that the advec-
tion of humidity was modulated by the cyclonic circu-
lation over the Algerian sea. The vertical profiles of
temperature and dew point over Palma from 1200
UTC 3 October to 0000 UTC 5 October were typical
of conditions preceding Type C thunderstorms in the
USA (Barnes & Newton, 1986), which can develop
heavy rain but not severe weather.

A zonal cross-section along 40° N (AB in Figure 1) at
0000 UTC 4 October is shown in Figure 9. The 6
distribution indicates that abnormally warm air was
located over the Western Mediterranean at all levels
(Ramis, 1976). However, the 0, distribution shows that
the humid air was concentrated over Palma, where the
convective instability was very strong. This instability
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Figure 8. Time evolution of tropospheric precipitable water
(mm) at Palma (PAL) and Murcia (MUR).
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Figure 9. Cross-section, along the line A-B in Figure 1, of
potential temperature (dashed lines) and equivalent potential
temperature (solid lines) at 0000 UTC 4 October. Contonr
interval is 5°C. Shaded zone bighlights potential instability.
Thick dashed lines represent inversions and tropopause. Dis-
tance from A to B is 1821 km.

could have been released by an upward displacement
of the atmospheric column of only 200 m.

This analysis of radiosonde data indicates that the
atmospheric structure Over the Western Mediterranean
was favourable to the development of deep moist con-
vection. Moreover, a smooth distribution of the ‘ther-
modynamics’ can also be deduced from LAM analysis
data. The temporal evolution of the spatial distribution
of the difference of 6. between 500 and 1000 hPa has
been calculated and Figure 10 shows an example for
0000 UTC 4 October. Positive and negative values rep-
resent potential stability and instability of the layer,
respectively. At 0000 UTC 2 October the potentially
unstable air was located over Africa and south-west of
the Western Mediterranean. By 0000 UTC 4 October
the unstable air mass covered the Iberian peninsula and
the Western Mediterranean, whereas stable air was
associated with the anticyclonic circulation over
France and Italy. During the final stage of the heavy
rain episode, potentially stable air swept across the
Iberian peninsula.

Figure 10. Egquivalent potential temperature difference
between S00 and 1000 hPa at 0000 UTC 4 October. Solid
and dashed lines represent positive and negative values,
respectively. Contour interval is 4°C. '
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Schwartz et al. (1990) use the surface 6, as a surrogate
for CAPE; high values of 6, indicate large values of
CAPE. Figure 11 displays the spatial distribution of 6,
at 0000 UTC 3 October, showing a maximum to the
south of the Balearic Isles and a strong gradient
towards Catalonia, which indicates the juxtaposition
of two air masses with very different specific humidity.

Figure 11. Equivalent potential temperature at 1000 hPa fm"
0000 UTC 3 October. Contour interval is 5°C.

3.3. Moisture flux divergence fields

The divergence/convergence of moisture in the layers
1000~700 hPa and 1000-850 hPa were calculated from
the LAM analysis data. At 0000 UTC 2 October there
was water vapour convergence in both layers over
north-eastern Spain and divergence over western Spain.
By 0000 UTC 4 October, moisture divergence covered
most of the Iberian peninsula, with a maximum over
Catalonia, while convergence was observed over the
Western Mediterranean. Comparing these results with
the spatial distribution of vertical velocity at 800 hPa
deduced by the kinematic method, using the O’Brien
(1970) adjustment (not shown), it is inferred that in the
computation of the moisture divergence field the term
including velocity divergence dominates the advective
term. A similar result was obtained by Elsner et al.

(1989) in the study of the flash flood of 6 August 1986 .

in Milwaukee, Wisconsin.

Following this result, we have calculated the time
evolution of the divergence/convergence of water
vapour at 1000 hPa and Figure 12 shows that distribu-
tion at 0000 UTC 4 October. The moisture conver-
gence maximum was located over eastern Spain at 0000
UTC 2 October. In the next 48 hours the zone of
convergence moved slowly eastward to the Western
Mediterranean and Catalonia with divergence over
most of Spain. That represents an important difference
in the area of interest with respect to the integrated
values of the 1000700 and 1000850 hPa layers. In the
last stage of the event, at 0000 UTC 5 October, the
water vapour convergence at 1000 hPa was very strong
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Figure 12. Moisture divergence (full line) and convergence
(dashed line) at 1000 hPa for 0000 UTC 4 October. Contour

interval is 2 mg m™? s~ hPa™’.

over the Western Mediterranean in agreement with the
integrated values.

3.4. Composite charts

In order to summarize the information obtained from
the diagnosis of LAM analyses, a composite chart was
created by plotting the zero lines of vertical quasi-
geostrophic forcing at 850 hPa, the 6, difference
between 500 and 1000 hPa and the moisture flux con-
vergence at 1000 hPa. These diagrams highlight where
upward vertical forcing, convective instability and
water vapour convergence overlap, so indicating the
area where the ‘three synoptic mechanisms become
favourable for development of convection. Figure 13
shows the overlap zone at different times in the rainfall

event.

(a) At 0000 UTC 2 October (Figure 13(4)) the zone
of coincidence was very small and located in the
south of Catalonia.

(b) At 0000 UTC 3 October (Figure 13(5)) the inter-
section zone was from south Catalonia and eastern
Spain to North Africa, with major upward forcing
over south Catalonia and the Balearic Isles.

(c)-At-0000.UTC4-October-(Figure 13(c))-the intersec-- -
tion zone remained over the Western Mediterran-
ean from Catalonia to North Africa, near current
convective activity and where new convective cells
continued to form.

(d) At 0000 UTC 5 October (Figure 13(d)) the coin-

cidence zone continued over the Mediterranean,
with major upward forcing located south of the
Balearic Isles, in association with cyclogenesis and
extending northward towards the gulf of Lyon.

Looking at the general evolution of the coincidence
zone in the composite charts (at 0000 UTC and 1200
UTC) and locating the development of convection
from satellite images (shown in the next section), we
can deduce that, in this event, the composite chart
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Figure 13. Composite charts. Full line, FQ=4x10""m kg™
otential temperature difference between 500 and 1
1000 bPa. Dotted zone Jenotes existence of the three for
pertical wpward forcing. (2) 0000 UTC 2 October,
() 0000 UTC 5 October.

method gives useful information on where the proba-
bility of thunderstorm development was high.

4. Mesoscale study

The importance of scale interaction in producing heavy
rainfall events has been highlighted (see Bosart, 1984

and Rockwood

sequently, 2 sub-synoptic study was carried out in
order to look for the focusing factors which could be
responsible for triggering the onvection which led to
the heavy rainfall observed during this case. We also
concentrated our mesoscale investigation between 0000
UTC 3 October and 0000 UTC 5 October, the period
during which mesoscale phenomena were most signi-
fcant and heavy rain produced the most important
consequences for Catalonia.

A problem arises in the process of mesoscale analysis
as a consequence of the lack of data available over the
sea. In order to overcome this inconvenience, Concep
cual models of pressure distribution around 2 thunder-
storm as indicated by, for example, Fujita (1986) and
Schofield & Purdom (1986), together with Meteosat

s=1. Dashed line, FQ=0.
000 hPa. Dot-dot-dashed line, zero line of moisture conve
cing mechanisms, and shaded zone denotes the zone of greatest
(b) o000 UTC 3 October, (c) 0000 UUTC 4 October and

& Maddor, 1988, for example). SoR

The October-1987 floods in Catalonia

Dot-dashed line, zero line of equivalent
rgence at

imaginary, have been used. Moreover, pressure dipole
structures (high pressure in the windward side and low
in the lee) developed by 2 mountain range when wind
blows perpendicular to it have been taken into account,
particularly for southerly flows in the Alps (Vergeiner
et al., 1982), the Pyrenees (Bessemoulin et al., 1993)
and the Atlas Mountains (Jansé et al., 1986).

It the series of six-hourly hand-made surface mesoana- - -
lyses (only partially reproduced in this paper; Figure

14) covering Eastern Spain, North Africa, Southern

France and the Western Mediterranean, some meso-
scale structures were present during the entire episode.
The role of these varied at different times during the
event. The first mesoscale feature was the orograph-
jcally induced Algerian surface low (identified as La in
Figure 14), located on the lee side of the Atlas Moun-
tains, which was only weakly present in the objective
analysis, but is clearly depicted in the mesoscale charts.
The second important and stationary structure, near
the Catalonian coast, was 2 mesohigh created at the
windward side of the Pyrenees (identified as Hp) and
finally there was the mesohigh (identified as Ha) in the
windward of the Alps. Both of the latter were as 2
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consequence of the blocking action on the large-scale
flow. These structures constituted the basic mesoscale
configuration as a consequence of the persistence of a
northward flow for several days. Moreover, through-
out the period a high water vapour content over the
Mediterranean was also present, with dew point values
between 18°C and 23°C.

The first convective cells appeared on 2 October in the
afternoon over the Iberic mountains (inland of Spain).
These were caused by diurnal heating within the air
mass advected from the west by the Atlantic low, and
they were transported towards the coast. Most of this
convection fell in the evening, but the merging of some
convective cells created the first MCS over the coast
(labelled a in Figure 15(#)), reinforced and fed by the
convergence between the outflow from the Pyrenean
mesohigh and the humid south-eastern flow over the

(@

sea. Thus, during the night, most convective activity
was triggered and located over the sea, but close to the
coast of Catalonia, and related to the same convergence

line.

The convective activity over the sea was maintained
during the morning of 3 October, but new cells
developed progressively between Catalonia and the
Balearic Isles (cells b and c in Figure 15(0)). The
mesoanalysis on 1200 UTC (Figure 14(4)) shows the
Pyrenean mesohigh, which extended its influence to
the south, towards the more humid air, due to the
outflow boundary of the convective system c. This was
due to the new cell d (see Figure 15(c)), which grew
and reached that size in half an hour. Later, this new
system drifted to Catalonia (where some showers were
observed, see Figure 4) and to the South of France, by
the winds at medium levels, and continued its displace-

®)

Figure 14. Surface hand analysis at (a) 1200 UTC 3 October, (b) 1200 UTC 4 October and (c) 0000 UTC 5 October. Full

lines are isobars plotted with an interval of 2 hPa. Dashed lines, isotherms with an interval of 2°C. Shaded zones represent
areas with dew point greater than 18°C and 22°C. The thick line indicates the coastline.

346

P2




327 41 W1 PIIUIAIJa4 S][2D 2A1IIAU0D 2FYIIPUL $129v7T “L861 EAPGMO Rm ,w mm%m wam o-n~m vmﬂ awwmwm %
) ¢ 10f aSvuu I
12900 DL 0561 (3) L861 424000 # D.LN 0071 (P) *861 32910 € DL 001 (3) %£861 429000 £ DL 0£01 (Q) ‘£86T 4240P0 € D.LI1 0£10 (e) 4of .

.w
il
i
§

i w3 @

I T




Ramis et al.

ment toward the east fed by the stationary front
between the cold air from the Alps mesohigh and the
warm Mediterranean air.

The mesoscale situation remained quite stationary with
successive developments of new -convective cells
between Catalonia and the Balearic Isles, partially due
to the stationary convergence line related to the Pyr-
enees and partially by the northward displacement of
the Algerian low La2 into the Mediterranean. The sur-
face mesoanalysis at 1200 UTC 4 October (Figure
14(b)) reflects the fact that the most important convect-
ive cells seem to be connected to the Pyrenean conver-
gence line and to the warm and stationary fronts in the
north-east of the Balearic Isles (cells e and f in Figure
15(d)). At that time, there was another heavy shower
in Barcelona. Fronts associated with the La2 low and
the action of outflow boundaries from pre-existing
thunderstorms developed new convective cells (g, h in
Figure 15(e)) during the afternoon over the Balearic
Isles, where heavy rain took place. More significant
was the presence over the Algerian coast of a new
mesolow La3, which deepened and moved towards the

sea.

The evolution of the La3 low during the next hours
was very important. Figure 14(c) (mesoanalysis at 0000
UTC 5 October) shows the low over the Mediterran-
ean where there was generalized convection, although
some cells can be identified by continuity (Figure
15(f)). The structure of convergence lines produced by
the mesohighs Ha and Hp still remained. The low La3
continued its displacement to the north very rapidly,
releasing the intrusion of cold air over the Mediterran-
ean from Spain, helped probably by the cold air down-
drafts from the convective cells. The displacement of
La3 to the north represents the end of the heavy rain

event.

The mesoscale evolution at the time of maximum pre-

cipitation and before the deepening cyclogenetic phase .

can be summarized as follows. As a consequence of
the synoptic configuration established and maintained
since the preceding days, the dominant southerly
winds crossed the Atlas Mountain range and produced

an orographic mesohigh (the Pyrenean mesohigh). This
took place not inland, but in front of the Catalonian
coast, where most of the convective activity began.
This fact is apparent even from the synoptic analyses
and the spatial distribution of 8, at 1000 hPa, which
indicate strong quasi-stationary low-level forcing over
the region and the juxtaposition of two air masses.

5. Summary and conclusions

A description of a deep moist convective event which
produced floods in the Catalonian region of Spain has
been presented. At the synoptic scale, the meteorolo-
gical pattern can be characterized by a cyclonic circula-
tion throughout the troposphere, which was initially
to the north-west of Spain and which moved very
slowly to lower latitudes. The surface pattern reveals
an anticyclone over central Europe which moved
slowly south-eastwards, while at middle and upper
levels a ridge was located over the western Mediterran-
ean. This circulation initially favoured the advection
of warm and humid Atlantic air from the south-west
toward the eastern Iberian peninsula; later, very warm
and humid Mediterranean air was advected from the
south-east in a shallow layer near the surface. During
the entire episode the temperature in the troposphere
over the western Mediterranean was higher than
normal for this time of year, and the humidity was
very high up to 500 hPa, and very low above this level.

The upward quasi-geostrophic vertical forcing was
important at low levels over the western Mediterran-
ean, but not at 500 hPa, where the stronger vertical
forcing remained over western Spain in association
with the Atlantic cyclone. Nevertheless, a weak
upward forcing over Catalonia and the western Medi-

terranean was present. Analysis of the regional atmo--

spheric stability indicated that there was convective
instability over the western Mediterranean and, in par-
ticular, over the Spanish coast. Weak ascent was suffi-
cient to release this instability during the heavy rain
episode. The values of CAPE and bulk Richardson
number show that the environment was appropriate
for supporting convection.

the surface Algerian low. This constitutes the ‘shallow’
orographic cyclogenesis phase, which is not properly
reflected in the objectively- analysed charts, but is
clearer in the hand mesoscale analyses. Due to the slow
movement of the European anticyclone, the low
helped the development of the easterly and south-
easterly flow in the Mediterranean. The warm and
humid Mediterranean air reached the coast of Spain,
in particular the Catalonia coast. Although forcing by
orographic lifting at the coastal mountain ranges can
contribute to the final intensity of the rain in the Cata-
lonian coastal zone, in this case the main mechanism
for trigger convection probably was the low-level con-
vergence provided by the encounter between the warm
air over the sea and the outflow coming mainly from
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There was a high moisture content. Convergence of
moisture at 1000 hPa was observed over the area of
thunderstorm development, providing better guidance
than the integrated values for the 1000-850 and 1000-

700 hPa layers.

A composite chart which highlighted the area where
there was quasi-geostrophic upward forcing at
850 hPa, moisture convergence at 1000 hPa and con-
vective instability between 1000 and 500 hPa deduced
from objective analysed fields has been found, in this
case, to be an effective tool to determine the broad
area where forecasters must concentrate their attention
when looking for mesoscale focusing mechanisms.
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Surface mesoscale analysis indicated that three main
structures were present during the whole episode. An
Algerian low in the lee of the Atlas Mountains, 2
mesohigh over Catalonia in the windward side of the
Pyrenees and a mesohigh in the windward side of the
Alps. The quasi-stationary convergence line located
over the sea and near the Catalonian coast was the
most-effective focusing mechanism; it was there where
most convective cells developed. During the final
stages of the event 2 cyclogenetic process over the
Algerian sea was the principal source of convergence,
but this cyclogenesis also transported older and dryer
air into the region and ended the rainfall event.

The Catalonian topography could perhaps contribute
to the final intensity of the rain in the coastal zone,
since the height of the coastal range is enough to lift
the air to its level of free convection. Moreover, the
land—sea discontinuity could produce a sharp change in
surface roughness, providing 2 secondary convergence
sone with a strong influence on 2 potentially unstable
air mass like the one observed in this case OVer the

western Mediterranean.

The importance of interaction between the synoptic-
scale environment and the mesoscale focusing mechan-
ism can be seen from the comparison of Figure 13 and
Figure 14. The large scale creates an environment
favourable for the development of thunderstorms near

_ Catalonia. The orography creates meso-alpha-scale cir-

culations in the lee and windward sides of the range
mountains, and these produce meso-beta convergence
zones which, when located within the broad area
where the large scale is favourable for thunderstorm
development, trigger the convection as isolated cells.

For the past four years, 2 Mcldas system (Suomi et al.,
1983) has been operated by the INM of Spain. Analysis
and forecast products from the LAM as well as derived
felds are now available for the forecasters in near real
ime and composite charts similar to those presented
here can be built in the forecast offices. Although
mesoscale hand analyses are routinely made in the
INM, this case study shows the importance of sub-

synoptic- analysiss
Mediterranean Sea where there is a lag of data and
i b the large-

where orography can significantly pertur
scale circulation.

Although this research adds information to previous
studies on the synoptic frame from derived fields, the
general scenario is quite similar to other cases of heavy
rain which have occurred not only in Catalonia but
also in eastern Spain. More research has to be done to
identify favourable synoptic environments and focus-
ing mechanisms to Sbtain more-discriminating guid-
ance for the identification of the area of major rainfall.
In addition, numerical experiments can help to identify
physical and dynamical mechanisms involved in this
type of convective event.

- especially- inregions..such- s _the ..
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