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Abstract. Between the 16 and 18 October 2003, some
amounts of precipitation greater than 225 mm and sea waves
higher than 8.5 m were recorded in Catalonia (NE Spain) and
near its coast. Some rivers in the NE of the region were
overflowed and the sea swell produced several damages near
the coast. In order to analyse this case and to improve the
forecasting of events like this, two methodologies have been
applied: one deterministic and another one, probabilistic.
The deterministic analysis has been made by using the MM5
mesoscale model. A 48 h simulation has been designed for
three domains connected with two way nesting and having
54, 18, 6 km horizontal grid resolution and vertical resolu-
tion of 23 levels, and it has been initialised with the NCEP
Analyses. The simulation suggests that orography played an
important role on the precipitation generation (maxima were
located where the wind at low levels impinged on the moun-
tain ranges perpendicularly). The strong pressure gradient
produced in the North of Catalonia and West part of the Gulf
of Lyon, was the responsible of the great marine alteration.
On the other hand, the 6 km resolution precipitation forecast
for Catalonia is accurate, since it shows a spatial distribution
and amounts quite similar to the observations obtained from
315 automatic rain gauges. The analogous technique applied
here, considers the meteorological situations similar to the
current one, in terms of the 850 and 1000 hPa geopotential
fields at 00:00 UTC and 12:00 UTC from the NCEP/NCAR
meteorological reanalysis for the period 1958–2003. Two
windows have been considered, the first one from 60◦ N to
30◦ N and from 30◦ W to 30◦ E, and the second one, centred
in Catalonia, from 45◦ N to 37.5◦ N and from 5◦ W to 10◦ E.
The best 100 analogous have been selected and the compari-
son of the results with those obtained for other heavy rainfall
events has been also done.
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1 Introduction

Heavy rainfall events produce the majority of the natural
damages registered in Catalonia (NE of Spain). For in-
stance, the most important events in the last five years were
9–10 June 2000 (Llasat et al., 2003), 21–24 October 2000
(Barnolas, 2004), 8–9 October 2002 (Llasat et al., 2004a) and
16–18 October 2003, and they gave place to more than EUR
150 000 000 and 11 deaths. This figure is important if we
consider that only the events recorded on the year 2000 were
catastrophic (Llasat et al., 2006). Those damages are related
with the strong risk of floods that characterises part of the
region. More than five million persons live in the coast strip,
a flood-prone area. This fact, joined to several facts such
as holes in legislation, emergence procedures or high pres-
sure over the territory produces a strong vulnerability and,
joined to the high frequency of heavy rainfalls and the geo-
morphologic features drives to a high flood risk. Fortunately,
nowadays that is being taking into account and some direc-
tives have appeared from European and national institutions
(Llasat, 2004b).

In the last years, more available meteorological data and
technical advances have made possible the study of a partic-
ular case from different points of view. For instance, great
advances have appeared in radar analysis and second gen-
eration satellites with more detailed information allowing to
improve the nowcasting. On the other hand, mesoscale mod-
els, such as MM5, joined with other techniques like anal-
ogous techniques make possible to study a meteorological
event from different points of view at larger time scales.

The Analogous method was developed during 1970’s by
Duband (1970, 1974, 1981) in order to address the con-
cerns ofÉlectricit́e de France’s (EDF, Electricity of France)
Hydraulic Production and Energy Flows departments. This
method is based on the assumption that values of different
meteorological variables observed in a certain meteorologi-
cal context, could be observed again if this meteorological
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Fig. 1. Main orographic systems of Catalonia (NE Spain) and loca-
tions mentioned within the text.

context was repeated. This fact can be used for forecast-
ing meteorological events. Afterwards, different works from
the analogous point of view have been developed (Guilbaud,
1997; Gibergans-B́aguena, 2001; Obled et al., 2003; Bon-
tron, 2004).

On the other hand, the MM5 meteorological mesoscale
model has demonstrated to be suitable in rainfall distribu-
tion simulation on different study cases in Mediterranean re-
gion (Mariani et al., 2005; Romero et al., 2005) as it will be
shown.

In this article both techniques, MM5 mesoscale model and
Analogous method, are applied to 16–18 October 2003 case,
which affects all Mediterranean Spanish coast, specially the
North-East of Catalonia. Their individual results are dis-
cussed as well as compared.

2 Study area and event overview

Catalonia has a complex orography that has a great influence
on pluviometry, producing strong contrasts in few kilome-
tres. Over all, it can be mentioned three orographic systems
(Fig. 1). First of all, the Pyrenees in the north that rises over
3000 m. The second one is the Littoral range that goes par-
allel along the coast line and rises more than 700 m. Finally
the Pre-littoral system has maxima altitudes between 1000
and 1700 m. This orography has an important role on high
rainfall production (Llasat et al., 1999). Particularly, in this
case the most important contribution was due to the eastern
parts of the Pyrenees and the Pre-Littoral range.

On 15 October 2003 a depression was configuring over
Portugal at 500 hPa that following days, moved to the Gibral-
tar strait. At the same time a low pressure centre was forming

Fig. 2. Stations with available pluviometric data. Blue ones are
involved into the analogous process selection.

over the Balearic Islands, which on 16 was located in front of
the Catalan coast. More than 225 mm in 48 h (maximum ac-
cumulated precipitation in 48 h of 231.8 mm) were recorded
in some places and wind speed was also remarkable, with
speeds higher than 100 km/h that produced a lot of damages.
A strong sea temporal affected the coast, with waves between
3 and 4 m in the central Catalan coast and 7 m or even more
near the north one. The heavy rainfalls and the sea swell pro-
duced some floods in the North coastal region. The severe
weather, unfortunately, also caused one death.

3 Data and methodology

Two different methodologies have been used to study the
event: a deterministic method, using the MM5 model, and
other probabilistic one: the analogous method. Both meth-
ods have been applied separately and a comparison between
them has been made.

3.1 Meteorological data for Analogous method

The analogous method works using a 2.5◦ gridded pressure
database at 1000, 850 and 500 hPa levels. The values used in
this work begin on 1 January 1958 and finish on 31 Decem-
ber 2004 and are available at 00 and 12:00 UTC. The pres-
sure data values are provided by the NCEP-NCAR Reanaly-
sis Project (NNRP). The procedure followed and introduced
at the present work, was validated using daily rainfall data
for the period 1970–1983 (Gibergans-Báguena, 2001), wich
was carried out taking into account 53 stations covering Cat-
alonia. On the other side, values of probability rainfall are
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obtained from the SAIH rain gauge data base (1996–2004).
This database has much more resolution than the used one
into the validation process. Thus, an excellent cover over
East Catalonia (Fig. 2) with more than 120 stations for an
area of 16 000 km2 can be performed. Similar periods but
with not so good station density has been developed by other
institutions for operational forecasts: Spain (10 years, Del
Hoyo et al., 2000) and Italy (14 years, Diomede, 2003).

Into the analogous process two domains are involved: Do-
main 1, which is the First Selection Window (FSW) and is
delimited from 60◦ N to 30◦ N and from 30◦ W to 30◦ E and
has a 2.5◦ grid resolution. This first domain is useful to look
for an analogous situation from a synoptic point of view. Due
to the fact that heavy rainfall in Catalonia is usually pro-
duced by mesoscale processes (Ramis et al., 1994; Mariani
et al., 2005; Zampieri et al., 2005), it would be need to select
those days that would have a similar meteorological situation
around Catalonia. To get this purpose, a Domain 2 has been
made. This domain is the Second Selection Window (SSW)
and is centred in Catalonia. It is delimited from 37.5◦N to
45◦N and from 5◦W to 10◦E (Fig. 3).

3.2 The probabilistic model: the Analogous Method

As explained above, the analogous method takes into account
the weather observed in the past associated to certain me-
teorological contexts. When a meteorological situation is
forecasted and applying some similarity criteria, several past
situations are selected. Two atmospheric states are deemed
“analogous” when there is certain resemblance between them
(Lorentz, 1969). After that, the model outputs are calculated
using the meteorological observations corresponding to se-
lected situations. Different criteria to consider two states as
analogous can be applied in addition to different variables to
do the selection.

At the present work, two selection criteria take part in the
selection of “analogous situations”. The first one is a “cri-
terion of proximity” in a space ofn dimensions (nis related
with the number of freedom degrees). The second one is a
“criterion of correlation” between variables that characterise
an atmospheric state. Only the states that have parameters
higher than a prefixed threshold are selected as analogous.

The “criterion of proximity” takes into account geopoten-
tial values at 1000 and 850 hPa levels which describe the
meteorological state of the atmosphere. As said above, the
FSW is an extense area and represents a considerate number
of points where data is available. This fact is an advantage in
atmosphere description, but on the other hand, it holds a trou-
ble due to the great number of freedom degrees, falling down
the process. To decrease the number of freedom degrees, but
trying to maintain a good system description, an EOF pro-
cess has been developed. The first six Principal Components
(PC) keep near 80% of system variance, which is accepted
as a reasonable level. Taking each PC as independent from
the others, the space which represents the considered meteo-
rological state has six dimensions.

Fig. 3. Different domains used in analogous technique.

The considered analogous situations are those that lie in
the interior of a six-ball of radiusd in a 6-dimensional space.
The radius is taken as a function of the distance,d, to the
origin of the test day,t , as a follows:

N∑
j=1

(
Zij − Ztj

)2
< d2 (1)

whereZij is the value of the variableZj on the dayi, and
Ztj is the variable value on the forecasted day (test day). To
calculate the distance “d” the procedure is as follows. LetD
be the distance to the origin of the test day, so that:

D2
=

N∑
i=1

(Zi)
2 (2)

The variableD2 follows aχ2 distribution law withN degrees
of freedom, sinceZ1, Z2, ZN are considered independent
and identically distributed. For a law ofχ2 with N degrees of
freedom, the function of density is given by the expression:

f (x) =
x(n/2)−1e−x/2

2n/2 0(n
2)

, with 0(n)=(n−1)! (3)

As the first six PC have been retained, the density function
takes the next form:

f (x) =
x2 e−x/2

16
(4)

that corresponds to a Gamma function with parameters (λ=3
andρ=2). Any quartile of this function of density has a typ-
ical deviationσD proportional to the size of the sample,m,
that is, to the number of analogous situations for each test
day. If 25 analogous days are considered then:

σD =
1

f (x)

√
p(1 − p)

m
=

1

f (x)

√
p(1 − p)

25
(5)

in which, p is the probability calculated by interpolation
based on a table of the Gamma distribution with six degrees
of freedom.
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Table 1. Probability thresholds and outputs of the analogous tech-
nique.

ERP(0.5) Expected Rainfall Probability>0.5 mm/day
ERP(2) Expected Rainfall Probability>2 mm/day
ERP(10) Expected Rainfall Probability>10 mm/day
ERP(20) Expected Rainfall Probability>20 mm/day
ERP(50) Expected Rainfall Probability>50 mm/day
MER Maximum Expected Rainfall/day
AER Average Expected Rainfall

Fig. 4. MER (>20 mm/day) for 17 October 2003.

For a number of variables between six and eight, Duband
(1981) proposes the following expression:

d2
= ω2σ 2

D ⇒ d = ω

√
1

f (x)

√
p(1 − p)

25
(6)

in whichω is a parameter that should be increased/decreased
if the number of analogous situations are lower than 10 or
more than 50.

The “criterion of correlation” is applied to select those
days that have high correlation coefficient with the test day.
The correlation coefficient used is the linear Pearson’s one
and the values to calculate the correlation coefficient are
13 PC: 6 from 1000 hPa, 6 from 850 hPa, and other one at
500 hPa pressure levels. These fields have been selected after
testing different levels and taking into account the main fac-
tors responsible of flood generation in Catalonia (Gibergans-
Báguena et al., 1997; Gibergans-Báguena, 2001).

The vectors containing the values are:(
Z850

i1 , Z850
i2 , ..., Z850

i6 , Z1000
i1 , Z1000

i2 , ..., Z1000
i6 , Z500

i1

)
for the dayi

(
Z850

t1 , Z850
t2 , ..., Z850

t6 , Z1000
t1 , Z1000

t2 , ..., Z1000
t6 , Z500

t1

)
for the test day,t

Candidate days that satisfied the next conditions (Duband,
1981) are selected as analogous ones:

u2
=

d2

r2
< 6 and r2 > 0.25 (7)

It is had to pay attention to those days which haver<0, (an-
tithesis analogous day). They must be refused previously.

The first step in the analogous selection is the application
of the explained criteria above the FSW and a certain number
of analogous days are selected. Afterwards, a second “crite-
rion of correlation” is applied over the first step outputs, us-
ing the SSW. Days best correlated are considered the most
similar to the test day.

To avoid the possibility of ignoring a similar day in the
FSW but with low correlation and highd, the thresholds used
in Eq. (7) can be relaxed in order to pick more days.

3.3 The MM5 model

The MM5 mesoscale model (Grell et al., 1994; Dudhia et
al., 2004) is one of the most widely used models by the
scientific community. This numerical model has been run
for a 48 h simulation period starting on 16 October 2003 at
00:00 UTC. Three domains connected with two way nesting
and having 54, 18, 6 km horizontal grid resolution and 23
vertical levels have been used. The outer domain (domain
1) is centred in the northeast of Spain at geographical coor-
dinate (39.0◦ N, 0.0◦ E). Initial and boundary conditions are
obtained from the 2.5◦ resolution NCEP analyses available
at 00:00 and 12:00 UTC, which are improved using surface
and upper-air observations (ADP, Automated Data Process-
ing observations from the NCEP). Full physics is used and a
Betts-Miller scheme (Betts and Miller, 1993) is applied to
parameterise convection for the first domain, Kain-Fritsch
scheme (Kain and Fritsch, 1993) for the second domain and
whereas no convective parameterisation is present over the
third domain. The convective parameterisation of the this
domain is not critical in the study case. Instead of being
characterised by a convective pattern, the most rainfall quan-
tities were produced by warm-wet wind advection triggered
by orography. These parameterisations and resolutions have
been used with reasonable results in other similar extreme
meteorological events in the West Mediterranean area, like
the cases of November 2001 (Arreola et al., 2003), June 2000
(Mariani et al., 2005; Romero et al., 2005), September 2002
and November 2002 (Romero et al., 2005).

4 Results

The probability outputs calculated by the analogous meth-
ods correspond on 16 and 17 October 2003. All probability
outputs have different thresholds (Table 1) in addition to the
Maximum Expected Rainfall (MER) and Average Expected
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Fig. 5. Accumulated rainfall over Catalonia from 16 Ooctober 2003 at 00:00 UTC to 18 October 2003:(a) MM5 output for 6-km domain;
(b) Observed from the rain gauge stations and(c) MM5 output for 6-km domain, without orography.

Fig. 6. MM5 outputs for the 6-km domain and for the 17 October 2003 at 12:00 UTC:(a) mean sea level pressure (red continuous lines) and
surface temperature (shaded lines);(b) wind (arrows) and wind speed (shaded lines).

Rainfall (AER). The outputs have been calculated and repre-
sented over Catalonia using a 0.04◦ grid resolution.

The probability of having a rainy day is over 95% in sev-
eral Pre-Littoral places and in the East Pyrenees on both
days. As the rain threshold goes up, the probability goes
down. So, AER>20 mm/day present probability values over
35% in the South and North Pre-littoral range on 16 Octo-
ber and around 30% on 17 October (Fig. 4) in the same ar-
eas. On the other hand, the accumulated AER between 16–
17 exceeds 40 mm at the North-East Catalonia. The model,
as said above, also takes into account the MER, whose val-
ues over 200 mm/day are expected in North-East and near
200 mm/day in South Pre-littoral zone on 17 October.

In addition, the developed MM5 simulation appears to be
strongly validated. For example, Fig. 5a shows the simulated
precipitation in the 6 km resolution domain, quite similar to
the records in Catalonia (Fig. 5b). As it can be seen in Fig. 5c,
Pre-littoral range played a crucial role for the heavy rainfall

production. Although in more detail, the accumulated pre-
cipitation and the covered area are overestimated.

The MM5 simulation also allows to analyse accurately the
main meteorological features with a high spatial resolution.
The evolution of the mean sea level pressure field for the 6-
km domain shows an interesting movement of a mesoscale
low pressure centre firstly located at the Balearic Islands on
16 October at 00:00 UTC. This low was approached to the
south Catalan coast in a first moment increasing the pres-
sure gradient over the northern coast and the wind speed.
Afterwards it moved to the Ebre Delta (S Catalonia) and
returned to the Balearic Islands. There, the low pressure
centre was deepening on 17 October at 12:00 UTC. From
this position the low was approached to the Catalan coast
again, with less than 1005 hPa in its centre (17 October at
18:00 UTC, Fig. 6a) and producing wind speeds higher than
20 m/s (Fig. 6b). Simultaneously, a second nucleus arisen at
the North of Majorca Island on 17 October at 18:00 UTC,
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Fig. 7. Rainfall outputs for 17 October 2003 from 00:00 UTC to 24:00 UTC:(a) Maximum expected rainfall from the analogous tech-
nique;(b) Accumulated rainfall from the 6-km MM5 forecast and(c) Accumulated rainfall from SAIH (Automatic System of Hydrological
Information) network.

followed the same way of the first low and facilitated the
eastern wind flux continuation and reinforcement over the
north Catalan coast. Afterwards, the two lows were moved
to north Valencia coast (E Spain) and weakening. Despite
this peculiar movement, described above, a great pressure
gradient over northern coast was considerable all the time,
being the responsible of the sea swell. On the other hand, the
intense advection of moisture coming from the sea in addi-
tion to the orography forcing, was the responsible of the great
precipitation amounts recorded on North-East region, where
the mountains are situated perpendicularly to the wind flow.

5 Comparison and conclusions

With the MM5 outputs, in addition to the analogous method
ones, and taking into account the event observations some
conclusions appear clearly:

i) The first one is that both methods, probabilistic and de-
terministic, get good rainfall forecasts or probability distri-
bution if they are compared with the observations (Fig. 7)

ii) The other one is that whereas the Analogous technique
tends to underestimate the values on rainfall, the MM5 sim-
ulation tends to overestimate it (Fig. 7).

The Analogous method discriminates well rainy days with
probability over 90% in a lot of pixels, specially near coast
and North-East region. On the other hand, the AER field
presents quite low values. That is because of some selected
analogous days have very low amounts of precipitation reg-
istered. The ERP outputs, such as ERP(>10 mm/day) and
ERP(>20 mm/day) on 17 October, show that the greatest
precipitation probabilities above the thresholds are recorded
in the zone where the maxima amounts of precipitation were
finally observed.

Finally, it is observed the interest on applying both meth-
ods ensemble (deterministic and probabilistic). The MM5
provides an accurate evolution of interesting variables (rain-
fall, basically) and the analogous technique offers good out-
puts concerning rainfall probabilities and MER in compar-

ison respect MM5 rainfall output. This process is found
within the current research line of multiensemble prediction
systems that is being developed within the INTERREG III-B
AMPHORE project.
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