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Abstract

The objective of this paper is to present the improvement of quantitative forecasting of daily rainfall in Catalonia (NE Spain) from
an analogues technique, taking into account synoptic and local data. This method is based on an analogues sorting technique:
meteorological situations similar to the current one, in terms of 700 and 1000 hPa geopotential fields at 00 UTC, complemented with
the inclusion of some thermodynamic parameters extracted from an historical data file. Thermodynamic analysis acts as a highly
discriminating feature for situations in which the synoptic situation fails to explain either atmospheric phenomena or rainfall
distribution. This is the case in heavy rainfall situations, where the existence of instability and high water vapor content is essential.
With the objective of including these vertical thermodynamic features, information provided by the Palma de Mallorca radiosounding
(Spain) has been used. Previously, a selection of the most discriminating thermodynamic parameters for the daily rainfall was made,
and then the analogues technique applied to them. Finally, three analog forecasting methods were applied for the quantitative daily
rainfall forecasting in Catalonia. The first one is based on analogies from geopotential fields to synoptic scale; the second one is
exclusively based on the search of similarity from local thermodynamic information and the third method combines the other two
methods. The results show that this last method provides a substantial improvement of quantitative rainfall estimation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction material goods attracts special attention: a good estimate

of the precise time they will occur, how intense they will

Forecasting precipitation over a period of two or three be and their location is needed. However, precipitation is

days is a response to very important needs of a socio- more difficult to forecast than other variables such as
economic kind. In particular, forecasting heavy rainfall temperature or wind, mainly because of three factors:

that could potentially lead to catastrophes for people and

1) The hydrodynamic and thermodynamic mechanisms
that govern this variable bring into play additional
E-mail addresses: jose. gibergans@upe.edu, microphysical phenomena that are less well known,

jose.gibergans@upc.es (J. Gibergans-Baguena), carmell@am.ub.es and therefore they are more difficult to model than

(M.C. Llasat). temperature and wind (Romero et al., 1997).
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2) The scale of some mechanisms involved in the preci-
pitation processes is smaller than the grids commonly
used by numerical forecasting models. Furthermore, it
is necessary to parameterize the usual grids to repre-
sent these kinds of phenomena, and especially the
extreme cases, as happens with convection.

3) Finally, precipitation in the Mediterranean often is
closely linked to orography through the upslope
advection of moisture (Doswell et al., 1996; Romero
etal., 1997). However, besides this upslope advection,
orography can also help to maintain the stationarity of
the convective systems, trigger the potential instability
or create some mesoscale structures that modifies the
pressure field in surface (Rigo and Llasat, 2007,
Mariani et al., 2005; Riosalido et al., 1997; Ramis
et al., 1994).

Nowadays, the best numerical weather prediction
models are increasing their skill of quantitative precipi-
tation forecasts (Roebber et al., 2004), but, for rainfall
forecasting from one to three days, and taking into
account the limitations exposed previously, statistical
techniques can play a major supporting role. Indeed,
recent analyses made using Limited Area Models have
shown completely different results when they have been
applied to the same heavy rainfall event (Mariani et al.,
2005). The advantage of these statistical methods is that
they give information about the probability distribution,
which is especially important to civil protection and
water management agencies. Recently, some operational
weather services in Europe have implemented the
analog forecasting method in operational tools. This is
the case of the INM, National Institute of Meteorology
in Spain (as it can be consulted on its website http://
www.inm.es/web/infmet/predi/preci.html), and Regione
ARPA Emilia-Romagna in Italy (Obled et al., 2002;
Diomede et al., 2006). This technique consists of:

1) Condensing the available information in large data
sets (geopotential fields or other variables at various
pressure levels) using principal components analysis
(PCA),

2) Selecting analogous situations from an historical file
using a similarity criterion,

3) Drawingup a probabilistic rainfall forecast on the basis
of the precipitations observed during such analogous
situations.

This technique replaces the subjective procedure
carried out by a person who makes a precipitation forecast
using the geopotential and surface maps and then relates
them to the rainfall distribution in the region based on his

experience. This subjective procedure was already
applied before the 50°s and the analog forecasting method
from an objective analysis was drawn up during the 1970s
by Duband (1970, 1974, 1980, 1981). Afterwards, it has
been applied by the operational forecasting section of the
Direction Technique Générale d’Electricité de France in
conjunction with the results offered by Météo-France.
Efforts have been made since then — with greater or less
success — to develop the method (Radinovic, 1975;
Gutzler and Shukla, 1984; Toth, 1989; Guilbaud, 1997;
Obled et al., 2002; Bontron, 2004).

The objective of this paper is to show the improvement
on the traditional analogues method by using local
thermodynamic information in order to do the quantitative
precipitation forecasting (QPF). Thermodynamic analysis
of the atmosphere allows obtaining information such as the
possible existence of instability or auspicious environment
for convection, the water vapor content as well as the
possible formation and development of clouds, and the
existence of wind shear and jet streak. Besides mesoscale
analysis, thermodynamic analysis is a useful discriminating
feature in situations in which the synoptic situation does not
allow a complete explanation of either the atmospheric
phenomena or their distribution. In the case of heavy
rainfalls, where the existence of conditional instability and
high water vapor content are essential preconditions
(Doswell et al., 1996; Schultz et al., 2000), the
thermodynamic analysis can provide very useful informa-
tion. Much work has been carried out on this topic as it
relates to the Mediterranean area (Ramis et al., 1994, 1995;
Llasat et al., 1996; Barret and Cheng, 1996; Boni et al.,
1996; Doswell et al., 1998; Jansa et al., 2001a,b; Alpert
et al., 2002). The methodology developed here has been
applied over Catalonia (North East of the Iberian Peninsula,
Fig. 1). This region is characterized by a high frequency of
heavy rains, which sometimes give rise to catastrophic
flash-floods (Llasat et al., 2003) or extended flooding that
can even affect the South of France or the North of Italy
(Llasat et al., 1999). The similar heavy rainfall conditions
present over the just mentioned areas (Gulf of Genova
surroundings) suggest an extension of the methodology
shown in this paper to that region (Llasat, 2004).

This paper begins in Section 1 with a brief introduction
of the situation and matter of interest. A detailed de-
scription of the data used is provided in Section 2. Data
quality control and selection of the most suitable
thermodynamic descriptors are discussed and shown in
Section 2, which also includes the thermodynamic anal-
ysis. Section 3 contains the presentation of the analogues
methods used, and particularly of method improved with
information from the Palma de Mallorca radiosounding.
A methodology for the forecast verification is given in
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Fig. 1. (a) Location of Catalonia. (b) Enlarged map showing major orographical features and the location of several places mentioned in the text.
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Fig. 2. A) Distribution of daily rainfall superior to 50 mm/24-h in Catalonia (1975-1990) over the course of the year. The sector diagrams show the

yearly (B) and autumnal (C) distribution of these precipitations.

Section 4. Below, Section 5 provides a discussion of the
results obtained for the fall season (the months of
September, October and November). Finally, the paper
finishes with the most important conclusions and some
proposals of future work.

2. Description and analysis of the database
2.1. Daily pluviometry. Pluviometric regionalization

Catalonia is located on the NE corner of the Iberian
Peninsula (Fig. 1). Its coastline runs along the NE-SW
direction and its main orographical features are a coastal
mountain range with some peaks exceeding 1000 m and
the Pyrenees, which lie roughly from W to E along the
northern border of Spain. The main rivers are the Ebro and
its tributaries, but most floods affect the minor ones, such
as Llobregat, Besos and Fluvia rivers, which flow roughly
from the coastal mountain range to the Mediterranean sea.

As a rule, minor floods are recorded almost every year
somewhere at the coastal plains. These are caused by short-
lived showers with moderate (over | mm/min) or high
(above 3 mm/min) rainfall rates, which occur mostly in late
summer or in early fall. However, catastrophic events
causing serious damage to property and even casualties are
recorded from time to time (Llasat and Puigcerver, 1994).
Under favourable conditions, the above-mentioned topo-

graphical features can act as triggering and bolstering
atmospheric convection factors (Romero et al., 1997).
Autumn and spring are the seasons of the year with the
maximum accumulated precipitation (Fig. 2). Fall (Sep-
tember—October—November) is characterized as being the
season of the year with the highest percentage of
precipitation exceeding 75 mm in 24 h (Gibergans-
Baguena, 1993). In this season the return periods of this
precipitation threshold are less than 10 years in some zones
of Catalonia. Taking into account the different features of
rainfall over Catalonia along the year, the regionalization
can vary from one season to another (Lana et al., 1995). In
this paper, special attention has been paid to the fall season.

Table 1
Variance and total accumulated variance (%) explained by the first 7
principal components from the daily rainfall for the fall

Principal Eigenvalue Variance (%) Accumulate
component variance (%)
1 18.28898 40.6 40.6

2 4.42664 9.8 50.5

3 2.75503 6.1 56.6

4 1.92402 43 60.9

5 1.74075 39 64.7

6 1.31455 29 67.7

7 1.14201 25 70.2
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Fig. 3. Fall pluviometric regionalization for Catalonia. Table 6 contains the names of this pluviometric stations.

The initial information at our disposal consisted of
daily precipitation series from 45 pluviometric stations
in Catalonia and the South of France for the period
1970-1983. A previous quality control focusing on the
spatial correlation was applied. After that control, gaps
were less than 5% and they were filled in by means of a
correlation method taking into account the closest and
best correlated stations (r>0.6).

Given that the daily precipitation in the study region
varies widely from one station to another (Lana et al.,
1995), we must work with mean values representative of
sufficiently homogeneous zones. A first step, therefore, is
to undertake a pluviometric regionalization of Catalonia
and a grouping of the stations into homogeneous zones in
relation to the available period. Then, we created the
pluviometric groups applying the following methodology
from Bonell and Summer (1992), which consists in:

1) Principal Component Analysis (PC Analysis) of the
daily precipitation data, in order to remove possible
correlations between variables;

2) Cluster analysis on the basis of observations in the
space of the principal components.

Table 1 shows the variation explained by the first 7
principal components (criterion of Kaiser, 1958). The first
two components explain 50% of the variation, while all
7 together explain over 70%, indicating that it was
possible to reduce the 45 variables to only 7. Fig. 3 shows
the results obtained after the cluster analysis, choosing six
pluviometric regions that include the Pyrenean stations on

the Spanish and French sides. Table 2 shows the main
characteristics of every group. The Zone 4 is observed to
be the one that records the largest accumulated precipi-
tation in the fall (247.3 mm); however, the zone in which
the highest precipitation values in 24 h are reached is Zone
2 (north-east coastal plains).

2.2. Geopotential fields at 700 hPa, 1000 hPa and 700/
1000 hPa thickness

Geopotential data were available at 00 UTC from 37
radiosonde stations in central and Western Europe over
the period 1953-1990 (Fig. 4 and Table 3). These data
were provided by Eléctricité de France (EDF). Because
this paper investigates the improvement of the analog
forecasting method usually applied by previous authors
(Duband, 1981; Guilbaud, 1997), the geopotential ficlds
selected were the same as those used by these authors:

Table 2
Pluviometric characteristics for the studied zones in the fall

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6

Fall mean (mm) 185.0 2135 1955 2473 1884 173.8
Fall percentage 249 240 236 347 31.0 192
rainy days (%)

Fall daily 8.2 9.8 9.3 7.8 6.7 9.9
mean (mm)
Fall maximum 81.3 111.2 116.1 120.8 1082 624

daily mean (mm)
Fall daily absolute 1859 430.0 271.8 240.0 169.5 187.2
maximum (mm)
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Fig. 4. Radiosonde station network. Table 3 contains the names of this radiosonde stations.

700 and 1000 hPa. These fields were selected owing to
the great importance of the role that lower and middle
troposphere plays in rainfall processes in the zone of
study, and particularly in the zones of highest precip-
itation intensity (Duband, 1981; Llasat et al., 1997;
Tuduri and Ramis, 1997).

The information was condensed by carrying out a
Principal Component Analysis, saving in a file the first 6
principal components (PCs) of the geopotential at
700 hPa, the first 6 PCs of the geopotential at 1000 hPa
and the first 6 PCs of thickness 700/1000 hPa, which will
be indicated as Z7%°, Z'°°° and E, respectively (Duband,
1980, 1981).

2.3. Palma de Mallorca thermodynamic data

Although the city of Barcelona now has a radiosonde
station, this station was not used because sufficiently

lengthy data series were not yet available for it. Never-
theless previous studies have shown the suitability of
the Palma de Mallorca radiosounding for studying and
monitoring the Mediterranean meteorological systems
that usually affect Catalonia (Llasat, 1987; Llasat and
Puigcerver, 1992; Ramis et al., 1995). Local thermody-
namic data have been shown to be useful for the
diagnosis of heavy rainfalls and severe weather in Cata-
lonia and surrounding region (Llasat, 1987; Tuduri and
Ramis, 1997; Doswell et al., 1998). The information
used as a point of departure was that made up of the
notable points from the Palma de Mallorca radio-
soundings corresponding to 00 and 12 UTC for the
period 1975-1989. A quality control was carried out on
the radiosoundings, selecting those that showed they
fulfilled certain requirements regarding both the quality
and the quantity of information provided (Llasat et al.,
1997).
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Table 3

Radiosonde stations network

1 Point [

2 Torshaw’n
3 Oslo

4 Jokioinen
5 Point J

6 Stornoway
7 Kestrup

8 Valentia

9 Aughton
10 De Bilt

11 Emden

12 Lindenberg
13 Logionowo
14 Point K

15 Brest

16 Trappes

17 Payerne
18 Munich

19 Praga

20 Budapest
21 La Coruna
22 Bordeaux
23 Nimes

24 Milan

25 Zagreb

26 Belgrado
27 Bucarest
28 Lisboa

29 Madrid

30 Palma

31 Cagliari
32 Roma

33 Brindisi
34 Funchall
35 Gibraltar
36 Malta

37 Poprad Tatry

Numbers correspond to its location in the map of Fig. 4.

The quality control of radiosoundings has three steps:

1. Mistaken data: the different radiosounding were
discretized taking 10 hPa intervals. We calculated the
mean (u) and standard deviation (o) of temperature
for each interval. The distributions obtained in each
one of the intervals were, however, different and
generally far-removed from a normal distribution.
We have accepted as valid those observations
situated in the interval defined by pu=+5c. This in-
terval contains at least 96% of the observations of
this variable in this level according to Chebyshev
inequality (Mood et al., 1974). Only the values that
fail this criterion are eliminated, but not the whole
radiosounding.

2. Regarding the number of observations and the
minimal pressure reached by the radiosounding
(temperature and humidity data), if the last level is
below 500 hPa or the number of values fewer than 4,
the radiosounding is eliminated.

3. Regarding the number of observations and minimum
pressure level for which wind data are available, in
this case, those radiosoundings that miss that kind of
data are not eliminated. However they have been
identified as “not good radiosounding”.

Application of this quality control meant that from
3991 observations at 00 UTC and 3947 at 12 UTC, 3450
and 3451 at 00 and 12 UTC respectively were finally used
due to their being deemed reliable (Fig. 5 shows this
process). In the end, all the thermodynamic parameters
and variables from 2393 and 2265 radiosoundings at 00
and 12 UTC respectively were taken into account.

In order to have detailed information about the tro-
posphere in the area of study, 33 thermodynamic param-
eters were calculated. The first 30 are based exclusively
on temperature and humidity data, while the last three
include wind. The calculated parameters are:

® Relative temperature (quotient between the temper-
ature and the average temperature in this level):
surface, 850 hPa, 700 hPa and 500 hPa.

® Potential temperature: surface, 850 hPa, 700 hPa and
500 hPa.

® Potential equivalent temperature: surface, 850 hPa,
700 hPa and 500 hPa.

® Equivalent potential temperature difference: surface —
950 hPa, 950-850 hPa, 850—700 hPa and 700-—
500 hPa, using Bolton’s (1980) expression.

® Precipitable water mass (PWM) between: surface —
850 hPa, 850—700 hPa, 700-500 hPa. In order to
distinguish between its value in the low troposphere
and medium troposphere it is also calculated between
850 and 500 hPa and, finally, in order to know the
total water content between surface and 500 hPa.

® [sozero pressure: level at which the temperature is 0 °C.

® Convective Available Potential Energy, CAPE,
following Weisman and Klemp’s (1986) definition.

® Positive energy or energy released by the particle
during its ascent, £>0.

e Maximum vertical velocity, VMAX. Even though
directly related to CAPE, it is useful to know its
magnitude.

e Showalther index (Showalter, 1953), SL

e Lifted index (Galway, 1956; Fujita et al., 1970), LI.

e K index (George, 1960), KI.

® Total totals index (Miller et al., 1972), TTL
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® Wetbulb potential temperature index (Pickup, 1982), PI. 600 m below and the wind of the 500 m below
e Severe Weather Advisory Trend (Miller et al., 1971), (Weisman and Klemp, 1986).

SWEAT. ® Bulk Richardson number (Weisman and Klemp,
® Vertical shear, SHR, defined as the difference

1986), BRI, which provides a relationship between
between the wind averaged with the density of the CAPE and vertical shear.

PALMA’ RADIOSOUNDINGS - 12 UTC
1975 - 1989
3947

DATA QUALITY
CONTROL

JEMPERATURE DATA
SURFACE PRESSURE?
PRESSURE LAST LEVEL?
DATA NUMBER?

NO
SURFACE
PRESSURE

PRESSURE
LAST LEVEL
> 500 hPa ELIMINATED

3521

3 370

WIND DATA
PRESSURE LAST LEVEL?
DATA NUMBER?

ELIMINATED

e DATA NO ELIMINATED FROM
bt Lt e WIND PARAMETERS
62 36 3451
| |
NO NO
SWEAT SHEAR GooD
RICHARDSON
Ioex y ’ 2265
17 1187
G0OD
BUT PERFECT
NOT PERFECT
156 2109

Fig. 5. Quality control schema and results for Palma de Mallorca radiosounding data at 12 UTC for the period 1975-1989
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With the objective to compress as much information
as possible, a Discriminant Analysis with these 33
variables was carried out (Timn, 2002; Wackernagel,
2003). The results of this analysis allowed the selection
of 7 variables (further comments are included in Section
5 of this paper).

3. Methodology followed for rainfall forecasting

Two states of the atmosphere are deemed “analo-
gues” when there is a resemblance between them
(Lorenz, 1969). It would therefore be reasonable to
expect that the meteorological phenomena associated
with such states would also bear a resemblance to each
other. Clearly, however, a large collection of analogues
situations can have very different phenomena associated
with them, although each of these phenomena will have
a certain probability of occurring, so we may speak of a
function of distribution of probability, of mean, quan-
tiles, etc.

The principle of the various methods used in this
paper can be summed up in two steps:

1) “Selection” or “search” of analogous days to a par-
ticular day (test day) according to selection criteria.

2) “Estimation” of mean precipitation for the test day
for each study zones, on the basis of a cumulative
distribution function of the rainfall obtained from the
analogous days, calculated by interpolation the
quantiles of 20, 60 and 90%.

For the period 1975-1983 (inclusive), the radio-
sounding data, rainfall data and pressure fields were all
available. In order to validate the results, a 70% of the
observations have been selected by a random process
and the remaining 30% has been used to validate the
methodology.

The various methods drawn up and tested, which are
described below, differ from each other essentially in the
different proposed ways of searching the analogous days.

3.1. Method A

In this method, selection of the analogues is carried
out by means of two selection criteria. This is the
classical method (Duband, 1981; Guilbaud, 1997). The
first one, referred to as “criterion of proximity”, lies in
the space of the first 6 Principal Components (PC) of
the geopotential field at 700 hPa at 00 UTC; whereas the
second one, referred to as a “criterion of correlation”, lies
in the space of the 6 PC of the geopotential at 700 hPa, 6
PC of the geopotential at 1000 hPa and 1 PC from the
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Fig. 6. Proximity criterion: a day (S;) is considered as analogous if it is
within N-ball centred in test day (Sy).

700/1000 hPa thickness, all of them at 00 UTC. The
methodology is the following:

3.1.1. “Criterion of proximity”

Situations in the space of the N principal components
that lie in the interior of an N-ball of radius d (a function
of the distance from the origin to the test situation, 7) are
considered to be analogous if (Fig. 6):

(Zj— 2y < d” (1)

N
=1

J

where Z;; is the value of the variable Z; on the i-th day,
and Z,; is the value of that variable on the test day under
study.

For situations far from the origin, the number of
analogs decreases. In order to be able to have a similar
number of analogous situations for all the searched days,
the radius of the N-ball has to be increased.

In order to calculate the distance “d” we proceeded as
follows. Let D be the distance to the origin of the test day,
so that:

D> = XN: (Z)*. (2)
i=1

The Probability Density Function (PDF) of the distances
D? follows a %° law with N degrees of freedom, since Z;,
Z5,..., Zy are assumed to be independent and identically
distributed normal random variables (Muirhead, 1982).



182 J. Gibergans-Baguena, M.C. Llasat / Atmospheric Research 86 (2007) 173—193

For a law of % with N degrees of freedom, probability
density function is given by the following expression:

x(N/Z)flefx/Z ]
2

For certain values of N, this PDF corresponds to a
Gamma function. Since, in our case the number of prin-
cipal components at 700 hPa is N=6, this function is
expressed as:

XZefx/Z

== )

and PDF corresponds to a Gamma function of parameters
A=3and p=2.

All the quantiles of this PDF have a typical deviation
op proportional to the size of the sample, m, that is, to
the number of analogous situations for each test day.

For example, if we take m=25, then:

1
f(x) m f(x) 25

in which p is the probability calculated by interpolation
based on a table of the Gamma function with 6 degrees
of freedom.

For a number of variables between 6 and 8, Duband
(1981) proposes the following expression:

1 (-
&= 0ted = d = | [P (6)

f(x) 25

in which o adjusts the radius of the N-ball to have a
number of analogous situations between 10 and 50.

3.1.2. “Criterion of correlation”

This criterion requires the days selected to have a
high coefficient of correlation with the test day for the
13 PC as a whole: 6 PC of the geopotential at 700 hPa, 6
PC of the geopotential at 1000 hPa and 1 PC from the
700/1000 hPa thickness. The coefficient of linear
correlation, 7, is calculated between the vector

700 700 700 1000 1000 1000 :
(ZN°, 25", . 2" 2 2y Zyg " En) of day i

and the vector

700 700 700 71000 71000 1000
(Z)°, 25", 2y 2 2y s 2y Ep ) of the test day, ¢

and we retain as analogous the day i/ for which the
following requirements are satisfied (Duband, 1981):

d2
' =— <6and r” >025. (7)
r

Finally, the days chosen as analogous to the test day
are in agreement with it regarding to general circulation
of the atmosphere.

3.2. Method B

Method B is the same as Method A, except that it uses
exclusively the information provided by the radio-
sounding that, as explained in section above, is re-
presentative of the rainfall situations of the zone of study.
When working with Method B, we only take into ac-
count the “criterion of proximity” applied to the selected
thermodynamic predictors, calculated on the basis of the
Palma de Mallorca radiosounding at 12 UTC, in the
selection of the analogous days.

In this case, the radiosounding selected is that of Palma
de Mallorca. In Method B, in the selection of the ana-
logous days, account was taken only of the “criterion of
proximity” applied to the selected thermodynamic predic-
tors calculated on the basis of the Palma de Mallorca
radiosounding at 12 UTC.

3.3. Method C

This third method considers into account both the
information at the synoptic scale, provided by the
principal components of the geopotential fields at 700,
1000 and 700/1000 hPa at 00 UTC, and the information
at a local scale, provided by the thermodynamic varia-
bles calculated on the basis of the radiosoundings at 12
UTC in Palma de Mallorca.

In this case, the search of analogous days is carried
out by using the following stages:

1) Firstly, for each test day, the best 50 analogues are
taken by applying the selection criteria of Method A.

2) Secondly, the 25 closest days are taken from the
analogous selected in the previous step, using the
selection criterion of Method B.

4. Methodology followed to evaluated the forecast
The objective of forecast verification is to determine its

quality. In order to carry out this verification it is necessary
to relate the values obtained by a specific forecasting
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Contingency table
| observed |
| yes | no |
false
yes| hit
alarm
correct
no miss .
negative

Fig. 7. Representation of the contingency table used to calculate hit
rate(HR) and false-alarm rate (FAR).

method with those actually observed. By means of a
suitable statistical method, indices are determined, which
help to estimate the quality of the forecast so as to decide
how useful it might be for users (Dobryshman, 1972;
Daan, 1984, 1985; Murphy, 1985, 1987, 1990; Stanski,
1989). We present below the indices used.

4.1. Forecast of yes or no occurrence of a phenomenon

The simplest forecast is a categorical yes or no
forecast of occurrence of a phenomenon such as rain,
hail, etc. Given N, analogues corresponding to day D,
of which in N, cases an occurrence of the phenomenon
does arise and where P, is the climatological percentage
of days on which the phenomenon does occur, we have:

® If N,<N,P.= Forecast: Non-occurrence of the
phenomenon
® IfN,>N, P.= Forecast: Occurrence of the phenomenon

In order to assess the level of agreement between
forecastings and observations, different measures of accu-
racy have been calculated as follows: once it has been
obtained a forecasting answer (occurrence or non-occur-
rence of the phenomenon), we show the frequency of “yes”
and “no” forecasts and observations in a contingency table
(Fig. 7). A perfect forecast system would produce only hits
and correct negatives, and no misses or false alarms.

Forecast accuracy can be measured from the con-
tingency table by the hit rate (HR) and the false-alarm
rate (FAR) as given by:

hits

" hits + misses

false alarm

FAR = - .
false alarm 4 correct negativeness

Despite having the advantage of being very simple,
deterministic and dichotomous type forecasts are of very

limited practical utility, for often what is of interest is to
gain a quantitative idea of the rainfall and its associated
probability and not simply the categorical prediction of
rain occurrence or non-occurrence. That is the reason
why a probabilistic forecasting method was developed
in different intervals of precipitation. Once the proba-
bilistic forecasts are obtained for each category of
precipitation, different thresholds are fixed in order to
provide the dichotomous rain or non-rain prediction. At
the moment we will focus on the exceedance of 0.1 mm
in 24 h, since this is the threshold suggested by the
National Institute of Meteorology in Spain (INM) to
distinguish the rain occurrence or non-occurrence (more
details about precipitation categories can be found in
Section 4.2 in the current paper).

The verification method carried out on the predic-
tions mentioned in paragraph above is relative operat-
ing characteristic (ROC) curves (Swets, 1973; Mason,
1982; Mason and Graham, 1999). Actually, 6 sets of
ROC curves have been plotted, one for each pluvio-
metric zone. ROC curves provide, in general terms, a
comparison between hit rate (HR) and false-alarm rate
(FAR), which respectively indicate the proportion of
events for which a warning was provided correctly, and
the proportion of non-events for which a warning was
provided incorrectly. The hit rate is sometimes known
as the Probability of Detection (POD), or prefigurance
(Doswell et al., 1990; Wilks, 1995), and provides an
estimate of the probability that an event will be
forewarned. The false-alarm rate estimates the proba-
bility that for a non-event a warning will be provided
incorrectly. The same way in the case of the deter-
ministic forecast, a 2 x 2 contingency table can show the
frequency of “yes” and “no” forecasts and observations,
but in the particular case of probabilistic forecasts, the
contingency table should have as many rows as there
are forecast probability categories, not simply two (as in
the case of dichotomous forecasts). Specifically, the
thresholds for converting our quantitative probabilistic
forecast to a dichotomous one will be 10%, 20%, 30%...
up to 90%, so that we get 9 pairs of (FAR, HR). All the
pairs (FAR, HR) obtained are plotted as an ensemble
points on a diagram to form the ROC curve. One of the
advantages of using ROC curves is that we can plot in
the same graph the curves obtained from different
forecasting systems (as methods A, B and C we are
working with) and also make a comparison of the
results obtained for each system. The global measure of
forecast accuracy can be defined as the area under the
ROC curve (AUC), so this value will be included for
every forecast method in the ROC plots in Fig. 8. In
general, for skilful forecast systems, the ROC curve
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Fig. 8. ROC curves corresponding to the forecast rain/no rain for the six pluviometric zones of Catalonia by Analog Forecasting Methods (A, B and
C), for the period 1975-1989. (A) ROC curve for Zone 1, (B) ROC curve for Zone 2, (C) ROC curve for Zone 3, (D) ROC curve for Zone 4, (E) ROC

curve for Zone 5 and (F) ROC curve for Zone 6.

bends toward the top left, where hit rates are larger than
false-alarm rates, and the total area under the curve is
then greater than 0.5. When the curve lies close to the
diagonal, the forecast system does not provide any
useful information, and the area beneath the curve is

approximately 0.5. If the curve lies below the line,
negative skill is indicated. The reader is referred to
Atger (2001) and Pellerin et al. (2003) for detailed
explanations on computation and interpretation of the
ROC.
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Fig. 8 (continued).

4.2. Forecast in different intervals of precipitation

Let N, be the number of analogues selected for a
particular day. If among them there is a number N, that
lies within a rainfall amount interval 7, then, the prob-
ability of rain in that interval will be given by the
percentage of analogous days selected which are in the
interval i, that is:

©)

It is therefore necessary, firstly, to establish the
number of rainfall intervals and their limits. On the basis
of a climatic study of precipitation in the region (Martin
Vide, 1995), the following precipitation intervals were
established:

— Class 1: P<1I mm No rain or negligible rainfall
recorded

— Class 2: | mm<P<10 mm  Light rain
— Class 3: 10 mm<P<25 mm Moderate rain
— Class 4: 25 mm <P<50 mm Heavy rain

— Class 5: 50 mm <P<100 mm
— Class 6: 100 mm <P

Very heavy rain
Extreme rain

where P is the daily rainfall amount (mm/24 h).
The verification scores most commonly used to
evaluate categorical rain forecasts are:

F | ROC curves zone 6|
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4.2.1. Brier Probability Score (Brier, 1950)
L ,
PS==> > (Por— Oen) (10)
n=1 g=I1
where:
N is the number of forecasts made using a
particular method.
G is the number of rainfall intervals or classes.
Pn=P1n» P2n»-» PGn) 1s the vector of foreseen

probabilities, in which p,, is the probability
of the n-th forecast being in class g.

0n=001, 02,5.., 0Gn) 1s the vector of probabilities
obtained from observed data, in which dg,=1
if class g is observed and dg, =0 otherwise; for
the n-th forecast.

We have 0<PS<2, so PS=0 if each forecast is
correct and PS=2 if every forecast is incorrect. The
lowest value of PS is for the best forecast. This index
measures the accuracy of the forecast. Nevertheless it has
got the disadvantage of penalizing the incorrect forecast
equally, whether they are in neighboring class or not.

4.2.2. Ranked Probability Score (Epstein, 1969)
The expression used in this paper is the simplest one
(Dequé et al., 1988), which is the quadratic error
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between the vectors of probability observed and
forecast:

RPS =

==

> [zg: (Pin = 5kn)] (11)

n=1 g=I k=1

We now have 0 <RPS<G-1, so the lower this
value reaches the better the forecast is. In addition to
accuracy, this index also measures the reliability of the
forecast, since it penalizes the incorrect forecast to a
lesser extent when it is close to the observed value.

5. Results
5.1. Results obtained in the predictors selection

Once the quality control was applied and variables
indicated in Section 2.2 were calculated for all the
radiosoundings series (00 UTC and 12 UTC) of Palma de
Mallorca, discriminant analysis and correlation analysis
with daily precipitation were carried out (Gibergans-
Baguena, 2001). A similar discriminant process was
applied by Tuduri and Ramis (1997) to relate severe
weather in Mallorca and radiosounding data. The result
of the discriminant analysis allowed the selection of the
following variables, both for the 00 UTC and for the 12
UTC radiosoundings:

® precipitable water mass in 700—500 hPa stratum
e relative temperature at 850 hPa

e instability indices LI and KI

® isozero pressure

e CAPE

Table 4

Results obtained for POD and RPS by different Analogues Methods
applied to the prediction of daily precipitation in Catalonia and the
reference prediction (climatology or persistence)

Climatology Persistence Method A Method B Method C Zone

POD 75.01 75.53 75.24 76.27 77.37 1
RPS 26.06 33.82 24.66 26.49 23.23
POD 76.41 76.48 76.26 76.91 79.33 2
RPS 26.97 37.07 25.17 28.91 25.60
POD 76.12 77.44 76.33 76.81 78.63 3
RPS 26.03 34.94 24.23 26.02 24.13
POD 65.57 70.62 71.72 66.77 75.56 4
RPS 31.68 44.40 28.40 32.45 24.76
POD 70.40 72.63 72.97 72.38 76.26 5
RPS 27.12 34.11 25.40 26.82 22.42
POD 80.81 80.73 80.95 79.40 81.98 6
RPS 23.20 31.87 22.49 24.65 21.36

The best forecasting appears in bold letters.

Table 5

Major relative reduction, in POD and RPS, obtained by the
corresponding Analogue Method in relation to percentage not
explained by the best reference prediction (climatology or persistence)

Zone Relative reduction (%) Relative reduction (%)
POD RPS
1 7.5 Method C 10.9 Method C
2 12.1 Method C 6.7 Method A
3 6.1 Method C 7.3 Method C
4 16.8 Method C 21.6 Method C
5 13.8 Method C 17.3 Method C
6 6.1 Method C 7.9 Method C

® potential temperature gradient in 850—700 hPa stratum
® cquivalent potential temperature gradient of the
surface — 950 hPa stratum.

These seven variables have been applied to classify a
90% of the observations in “rain/no rain” days, in order
to obtain the discriminant functions. 10% of the obser-
vations are withheld during the discriminant analysis
in order to validate the results and to compare with
the corresponding climatologic percentage. Results ob-
tained show that at 00 UTC 72.6% observations were
correctly classified, in comparison to 70.6% that clima-
tology indicated. At 12 UTC 76.5% observations were
properly sorted, what means more than the 70.0% value
obtained from the climatology. These results reveal the
suitability of the criteria followed for the variables
selection, as well as the good selection of the 12 UTC
radiosounding.

5.2. Results obtained by the different analogues methods

The methods presented above were applied to forecast
daily precipitation in Catalonia for the fall season. The
period studied was 1975-1983, corresponding to the
intersection of the databases involved: daily precipitation
in Catalonia, principal components of the geopotential
fields at 00 UTC and Palma de Mallorca radiosoundings
at 12 UTC.

Firstly, the verification scores corresponding to the
forecasts by climatology and by persistence were calcu-
lated, so they can be used initially as standard references
for evaluating the skill of these standard forecasting
schemes (Hall et al., 1999; Kuligowski and Barros, 1998).
They were calculated for all the zones, and in Table 4 are
shown and compared with the results obtained by the
various analogues methods tested. In this table, the values
of'the scores indicating best forecasting are emphasized in
boldface type. It is important to notice that the column
corresponding to Method C presents better values in all
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Fig. 9. Results obtained for Zone 1 by Analogues Methods (A, B and C) for October 1987. These figures contain for each day in October: the
precipitation observed value and the forecasted quantiles: 20, 60 and 90% and the mean precipitation.

the verification scores for nearly all the pluviometric explained by the best reference forecast. For example,
studied zones. for Zone 1, the best prediction of reference of rain/no
Table 5 summarizes the relative reduction by the best rain would be the persistence with a POD value of

forecast by analogues of the part of the forecast not 75.53%, while the best prediction for analogues
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Fig. 9 (continued).

corresponds to the Method C with 77.37%. It would
imply an improvement of 1.84% (the difference between
both percentages) when Method C is applied. Therefore,
with the Method C this part not explained would be
decreased by 7.5% (calculated as the rate between the
improvement and the part not explained by persistence).
In the same Table 5 it can be observed that for the rain/
no rain forecasting, the Method C provides the best
improvement with values between 6% and 17%.
Actually, Method A appears only once in this table
and Method B does not even appear. The Zone 4 is the
one that shows the greatest improvement by means of
Method C.

Fig. 8 shows the ROC curve for the forecasting of
rain/no rain. These curves indicate that the predictions
generated by the three analogue forecasting methods
possess real discriminant power. Method C is in all the
cases the best discriminant method, with areas ranging
from about 0.74 to 0.80 in Zone 4, Zone 5 and Zone 6.
The curves corresponding to Method B and Method C
corresponding to Zone 6 present a slight asymmetry,
indicative of an overestimation of false alarms. The
same behaviour is observed for Method C in Zone 5. On
the contrary, the asymmetry observed in Zone 4 shows
an underestimation trend of rainfall forecasting. Thus, to
forecast rain/no rain Method C presented in this paper,
which combines the information at synoptic scale with

the information from the Palma de Mallorca radio-
sounding, is the best of all the methods tested.

Method C is also the one that shows the best results
when it is applied over daily rainfall classes (mm/24 h):
P<1, 1=<P<10, 10<P<25, 25<P<50, 50<P<100,
100 < P. Table 3 shows that the best reference forecast
for rainfall classes is given by climatology, with an RPS
value of 31.68. On the other hand, when analogues
technique is applied, Method C gives the best results,
with a value of 24.76 for that score. That means a
relative improvement of 21.6% in forecasting of pre-
cipitation by classes (Table 4).

With regards to Method B, which takes account only of
the information provided by the selected and calculated
variables from the Palma de Mallorca radiosounding for
12 UTC, we find that in Zone 1, Zone 2 and Zone 3 it
improves upon the forecast offered by Method A for
forecasting rain/no rain, while the quality of forecasting
by rainfall classes remains the same or slightly lower,
though in any case higher than that given by climatology
and persistence. With this same method, for Zones 4 and
5, we find that the results obtained are quite significantly
worse than those provided by Method A, both as relates to
forecasting of rain/no rain and rainfall classes. It is to a
certain extent logical that this would happen, for in this
case the forecasting was carried out only with information
from the Palma de Mallorca radiosounding, and these
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zones are very far from those affected by invasions from
the East.

Finally, with regards to Method A, the POD index
values obtained for Zone 1, Zone 2 and Zone 3 are lower
than those obtained by persistence, which suggests that
persistence is a better method for discriminating be-
tween rain/no rain. For the other three zones, Zone 4,
Zone 5 and Zone 6, Method A is slightly better. When
forecasting in rainfall classes the RPS indices show that,
for all the zones, the forecasting by Method A is better

Table 6
Pluviometric stations used for the Catalonia regionalization: the
number corresponds to its location in the map of Fig. 3

Pobla de Masaluca

1

2 Amposta

3 Perello

4 Montblanch

5 Castellvi de la Marca
6 Sant Sadurni d’Anoia
7 Artesa de Segre

8 Terradets-Embalse

9 Gavet-Central

10 Organya

11 Seu d’Urgell

12 Port de Suert

13 Esterri d’Aneu

14 Tavescan-Presa

15 Viella

16 Arties

17 Berga

18 La Pobla de Lillet

19 Campdevanol

20 Camprodon

21 Calaf

22 Manresa

23 Balsareny

24 Moia

25 Prats de Llucanets

26 Bongonya

27 Les Planes d’Hostoles
28 Castellfollit de la Roca
29 Martorelles

30 Caldes de Montbui
31 Canoves Can Garriga
32 Dosrius

33 Argentona

34 Girona Bell Lloch

35 Calella de Paqlafrugell
36 Jafre

37 Castello d’Empuries
38 Cadaqués

39 Darnius

40 Le Tec

41 Mont-Louis

42 Hospitalet

43 Usson

44 Salou

45 Artigues

than the reference forecasts. It is also important to
observe that Zone 5 is one of what has got most rainy
days in fall as well as the lowest percentages of isolated
days of rain, which makes it hardly surprising that the
persistence index gives a better result in this zone than in
the others. By means of climatology, the index of
probability of detection of rain/no rain, POD, shows
values lower than or equal to those of Method A for all
the pluviometric zones considered. The same happens
with forecasting in rainfall classes; the values of RPS are
in all cases very much lower with Method A, which
indicates better forecasting in rainfall classes with this
method. It is also interesting to observe the results
obtained in Zone 4, corresponding to the stations
situated more to NW Catalonia and the French Pyrenees
zones. This is the zone with the greatest difference in the
percentage of successes for the POD index, with 71.72%
for Method A compared with the 65.57% given by
climatology. Another good result is obtained in Zone 5,
also pertaining to the NW Catalonia. It shows a value of
72.97% by Method A, compared with a climatological
value of 70.40%. Both zones pertain to the most west-
erly sector, and so can be more greatly affected by
organized weather systems entering from the West and
reaching these sectors in fall, as a consequence of the
withdrawal towards the South of the high subtropical
pressures. These types of precipitations are well de-
tected by Method A, which seeks analogous situations at
the synoptic scale.

5.3. Results obtained to the heavy rainfall event of
October 1987

On the evening of 28 September 1987, heavy rainfall
brought the dry Mediterranean summer to an abrupt end
in the Catalonian region. 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 Catalonia was affected by flooding,
resulting in road closures and disruption of the railway
system. By the end of the flood event, ten people had
been killed and damage in North-East Spain was
estimated at more than 10° euros.

The analysis of Palma de Mallorca radiosounding
data indicates that the atmospheric structure over the
Western Mediterranean was favourable to the develop-
ment of deep moist convection (Llasat and Ramis, 1993;
Ramis et al., 1994).

This section presents the mean quantitative daily
rainfall estimated in Zone 1 by the analogue forecasting
method, for the entire month of October 1987. Zone 1
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has been selected because it was the most affected by the
heavy rainfall on 3rd October and 4th October. Although
the three methods present good results (Fig. 9), Method
C is the best one. When attention is paid to the 90%
quantile, Method A presents very low values in com-
parison with rainfall recorded, but it overestimates the
amount of precipitation when low values are recorded.
Although Method B is better than Method A for the 90%
quantile, it underestimated accumulated precipitation of
3rd October and 4th October. The best estimates are for
the precipitation of days 8, 9 and 10 of October.

Finally, Method C shows a good agreement in the
monthly evolution as well as on the accumulated pre-
cipitation during the heavy rainfall event when 90%
quantile is considered. The displacement observed on
day 5 might be related with the time interval of 24 h for
which accumulated rainfall was recorded. The lap
between the maximum cumulated rainfall observed on
day 4 and the maximum forecasted rainfall on day 5
could be related to the integration interval of the 24 h
cumulated rainfall (between 0700UTC day 4 and
0700UTC day 5). Indeed, a great part of the rainfall
was recorded on the night between days 4 and 5.

6. Conclusions

This paper has shown three different analogues meth-
ods to obtain quantitative daily rainfall. Those methods
were applied over NE of the Iberian Peninsula. In order to
have a better spatial coverage, average rainfall values
were calculated for homogeneous zones. Method A takes
into account only information from the atmosphere at
synoptic scale, based on geopotential fields at 700 and
1000 hPa. The other two methods include the use of
thermodynamic data to improve the discriminant method.
With this aim, a previous quality control and selected
thermodynamic variables had been introduced. Method B
involves using only information from the Palma de
Mallorca radiosounding at 12 UTC. The second improve-
ment consists of an integration of the two preceding
methods, that is, taking as a basis an initial selection of
analogous days from information at synoptic scale at 00
UTC using the base method, a second selection was then
made of analogous days in relation to the Palma de
Mallorca radiosounding at 12 UTC. This method has been
designated as Method C.

All three methods have been applied to daily data
over the period 1975-1989. A heavy rainfall event
recorded in October 1987 has also been analyzed. The
results from all these methods have been evaluated by
calculating three verification scores of successful fore-
casts: the Probability of Detection (POD) and ROC

curves for evaluating the forecasting rain/no rain and
the Ranked Probability Score (RPS) to evaluate the
forecasting into rainfall classes. Here, six daily rainfall
classes (mm/24 h) have been used: P<1, 1 <P<I10,
10<P<25, 25<P<50, 50<P<100, 100<P. The
results obtained have been compared with those ob-
tained by taking as a point of reference the methods of
forecasting by persistence and by climatology. The
values obtained from them led us to draw the following
conclusions:

— Method C shows itself to be the best of the three, as
well as to forecast rain/no rain and rainfall classes.

— Method B shows good results in the discrimination of
days of rain, especially when they originate from
Mediterranean situations which are reflected very
well by the Palma de Mallorca radiosounding. In
such cases it offers better results than Method A.

— Finally, we might note that Method A discriminates
days of rain well. On the other hand, it has a tendency
to underestimate days with quite significant rainfall
and to overestimate days with lighter precipitation.

Although verification results performed here dem-
onstrate that Method C is superior to the other methods,
an independent verification analysis would need to be
performed before this method was used operationally.
This is part of the future work. Besides, future research
considers the specific improvement of the quantitative
precipitation related with high rainfall events, by using
the analogues method.

In order to complete the current work, based on theo-
ry of averages values (such as the central limit theorem)
future research will consider the specific treatment
that extreme values require Coles (2001a,b), Katz et al.
(2002), Gilleland and Katz (2005), Beirlant et al. (2004).
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