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Overview 

 
Floods are the main natural hazards affecting the population worldwide. The 
Western Mediterranean region is one of the areas in risk of suffering these 
phenomena. In this region, these types of events have lead in many occasions 
to the destruction of infrastructures and agriculture terrains, and hundreds of 
human fatalities. A wide research of historical, hydraulical, hydrological and 
meteorological factors that affected during these events is needed, in order to 
be able to predict these hazards in the future. We have focused our study in 
the meteorological reconstruction of these historical floods. 
 
By using the ‘Prediflood’ database we have selected the 23 most catastrophic 
floods that affected the Northeast of the Iberian Peninsula between 1874 and 
2000. Then, the NOAA 6 hourly 20th Century V2 Reanalysis Data Composites 
have been used in order to analyze the synoptic conditions along each flood 
and several convective indices of the atmosphere. 
 
As a result, after studying these 23 floods, we have found a strong correlation 
between the stability indices and the season in which the flood occurred. For 
example the Convective Available Potential Energy (CAPE) usually presents 
high values during summer episodes, moderate during autumn and low values 
in winter floods. Regarding the duration of the rainfall, autumn and summer 
events are usually generated by shorter rainfalls than winter ones.  
 
Then, we have focused on studying deeply the synoptic conditions and the 
temporal evolution of the convective indices for 5 episodes that can be 
representative of all the rest in terms of stability conditions. 
 
Moreover, studying the hydrological data available for these events, there are 
clear differences between floods which affected mainly the coast and those 
which affected the Pyrenees. Coastal specific peak flows are larger than the 
Pyrenean ones, especially for small catchment areas. 
 
In addition, we have related meteorological (rainfall duration, CAPE), 
hydrological (specific peak flow) and geomorphological (catchment area) data 
to show dependencies between them and between the region (Coast or the 
Pyrenees) and the season when occurred the flood. Large values of CAPE are 
usually associated to large specific flows. 
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Resum 

 

Les inundacions son el risc perill natural que afecta a la població d’arreu del 

món. Les regions situades al Mediterrani Occidental tenen un alt risc de patir 

aquests fenòmens i, en moltes ocasions, han portat a la destrucció 

d’infraestructures i de terrenys agrícoles, arribant a causar centenars de 

víctimes mortals. És necessari fer una àmplia recerca dels factors històrics, 

hidrològics, hidràulics i meteorològics que van portar a aquestes inundacions 

per poder preveure-les i aplicar les mesures necessàries en un futur. En 

aquest estudi ens hem centrat en la vessant meteorològica d’aquests episodis 

històrics. 

 

Utilitzant la base de dades ‘Prediflood’, hem seleccionat les 23 inundacions 

més catastròfiques que han afectat la zona nord-est de la Península Ibèrica 

entre els anys 1874 i 2000. Després, utilitzant el NOAA 6 hourly 20th Century 

V2 Reanalysis Data Composites, hem analitzat les condicions sinòptiques i els 

índexs convectius de l’atmosfera durant cada episodi. 

 

Com a resultat d’aquest estudi, hem trobat una gran correlació entre els índexs 

d’estabilitat i l’estació en que va passar cada inundació. Per exemple, la 

Convective Available Potential Energy (CAPE), sol adquirir valors alts durant 

l’estiu, moderats durant la tardor i baixos durant l’hivern. A més, si tenim en 

compte la durada de les pluges, podem veure que habitualment, les pluges 

que provoquen les inundacions d’estiu i de tardor son més curtes que les 

d’hivern.  

 

Posteriorment, ens hem centrat en estudiar en detall les condicions 

sinòptiques i l’evolució temporal dels índexs convectius per a 5 episodis que 

poden ser representatius de tota la resta en termes d’estabilitat atmosfèrica. 
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A més, estudiant les dades hidrològiques disponibles per aquests dies, hi ha 

clares diferències entre les inundacions que afectaren principalment les zones 

costeres, i les dels Pirineus. El flux màxim específic a la costa sol ser menor 

que als Pirineus, especialment per a conques petites. 

 

Finalment, hem relacionat variables meteorològiques, hidrològiques i 

geomorfològiques per mostrar dependències entre elles i entre la regió 

afectades i l’estació en que va haver-hi cada inundació. Per exemple, valors 

alts de CAPE solen anar associats a grans cabals específics. 
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1. Introduction 
 
According to the Intergovernmental Panel on Climate Change (IPCC, 2012 [1]), 
floods are the main natural hazard affecting the population worldwide, causing 
more than a thousand fatalities and losses of 40 billion euros per year. More 
than 800 million people live in areas with a high risk of being flooded. (Pino et 
al., 2015 [2]) 
 
Only in Europe, between 1998 and 2009, there were more than 213 severe 
floods, which caused a total of 1126 causalities, the displacement of half a 
million people and more than 60 billion euros in economic losses (EEA, 2010 
[3]). These fatalities are more common in countries surrounding the 
Mediterranean Sea, where we find areas of large population near the coast due 
to the important urbanization processes in this area occurred during the last 
decades. Spain is one of these countries where the housing boom near the 
Mediterranean has enhanced the probability of suffering a destructive flood. 
  
For instance, some of the floods analyzed here caused hundreds of deaths, 
such as the Santa Tecla flash flood on September 1874, when more than 500 
persons died, or the floods on September 1962, which caused more than 850 
victims. But we can find more recent events, such as the flood of August 1996 
in Biescas (North of Spain), where 87 people died. These data let us know that, 
although the government has invested resources in improving the conditions of 
the basins to protect the population of the damages of floods, catastrophic 
events are still likely to happen nowadays. 
 
In addition, due to climate change, both the frequency and magnitude of floods 
are likely to increase in the near future, especially in the Mediterranean region. 
In Catalonia, for example, for the period 2070-2100, models estimate a 15% 
decrease in total rain depth but, at the same time, a 15-30% increase in the 
number of days with heavy precipitation. (Barrera and Cunillera, 2011 [4])      
 
Floods are still very difficult to predict due to their low frequency and the 
difficulty to find the reliable measurements. River flow instrumental series are 
usually too short to analyze these low-frequency events, but the use of historical 
flood information can help to improve our knowledge of these hazards. In this 
sense, the European Union Floods Directive on the assessment and 
management of flood risks (2007/60/EC of the European Parliament and of the 
Council, 26 November 2007) encourage the use of historical information in flood 
risk assessment.  
 
Unfortunately, in Spain, the quality of the historical flood compilations has 
always been very poor, due to the lack of proper historiographical methods, so 
they are not very useful in flood risk assessment. 
 
The PREDIFLOOD database (Barriendos et al., 2014 [5]), which we have used 
for this project, contains the historical and hydrological reconstruction of the 
floods that happened in the Northeast of the Iberian Peninsula between the 11th 
and the 21st century (1035-2013). This database will be described widely in 
section 3.2. 
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It is essential to analyze the meteorological, hydrological and geological 
conditions that happened in historical floods to try to understand them and be 
able to predict them in the future. In this project, in order to achieve these goals, 
we have defined the following objectives:  
 

 Study the most important floods that occurred over the Northeast of the 
Iberian Peninsula in the last 150 years. 
 

 Learn to use the historical meteorological data from the NOAA Twentieth 
Century Reanalysis. 

 

 Compute the time evolution of the convective indices and the 
atmosphere stability over the region during these episodes. 

 

 Analyze the synoptic situations that lead to the floods. 
 

 Find relationships between the meteorological convective indices and 
hydrological data. 

 

 Look for differences between episodes depending on the season when 
they occurred and the area that they affected: Coastal regions or the 
Pyrenees. 

 

 Try to classify the floods and find similarities in terms of convective 
indices and synoptic patterns. 
 

 

1.1. Atmospheric stability1 
 
Before starting with the meteorological analysis, it is essential to know some 
fundamentals about the subject. 
 
First of all, we know that the atmosphere is in hydrostatic equilibrium, and that, 
in the troposphere, pressure and temperature decrease with height. From the 
equation 1.1 of the ideal gas: 
 
 

            
 

 
        

 
 
We can derive that density is inverse to the temperature. In conclusion, an air 
parcel with a higher temperature will have less density, and will go upwards in 
the atmosphere. In addition, as the pressure becomes lower, the air parcel 

                                            
1 Most of this chapter has been adapted from Ahrens,C.D.,2008: Meteorology 
today: an introduction to weather, climate, and the environment. Cengage 
Learning [6] 
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expands and cools. And on the contrary, if the air parcel is colder than its 
surroundings, it will go downwards and it will compress and warm. This process 
is adiabatic, as the air parcel does not exchange heat with its surroundings. 
 
The dry adiabatic atmospheric rate for unsaturated air is 9.8ºC every 1000 m. If 
the air is saturated (its relative humidity is 100%), the gradient is called the 
moist adiabatic rate, which is 6ºC for every 1000 m. So, the air temperature of a 
rising parcel will decrease with these rates, depending if it is saturated or not. 
 
We determine the stability of the air by comparing the temperature of a certain 
air parcel with its surroundings. If                      , the parcel will move 

upwards and the atmosphere will be said to be unstable, while if         

              it will move downwards and we will have an stable atmosphere. 

 
To compute the temperature of the atmosphere in a certain point, a radiosonde 
is used. This sonde, give us information of the temperature at each height, 
computing the environmental lapse rate, which will determine the stability. The 
atmosphere is stable when this rate is small, that is, when there is a relatively 
small difference in temperature between a certain height and the air aloft. 
 
In conclusion, the atmosphere tends to be more stable when the temperature of 
the air near the surface is similar to the air aloft, which can be reached warming 
the air aloft or cooling the surface air. To cool the surface air, there are the 
following mechanisms: 
 
-  Nighttime radiation. 
-  Influx of cold air brought in by the wind.  
- Air moving over a cold surface. 

 
On the other hand, instability is produced when the air aloft is cooled, due to 
cold advection and when the surface is warmed. The surface air is warmed in 
the following cases: 
 
- Daytime solar heating of the surface. 
- Influx of warm air brought by the wind. 
- Air moving over a warm surface. 

 
So, generally, the atmosphere becomes unstable as the surface air warms 
during the day. 
 
When we have mixed air which is unsaturated (air and water vapor) and it rises, 
it cools at the dry adiabatic rate. At a certain height, it can reach the dew point 
temperature (also called the saturation temperature), where some of the water 
vapor condenses into liquid. This level is called the Lifting Condensation Level 
(LCL), and the relative humidity here is 100%, so the air is saturated. It is said 
that air is saturated when we have the maximum quantity of water vapor that it 
can hold. Then, the water vapor tends to condense into liquid faster than it re-
evaporates.  
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Above the condensation level, if we have a rising saturated air, it cools at the 
moist adiabatic rate. Due to the release of latent heat in the condensation 
process, the rising air can become warmer that the air around it and the parcel 
can create again certain instability. 
 
It is said that the atmosphere is conditionally unstable when there is 
unsaturated stable air that may result unstable if it is lifted to a level where it 
becomes saturated.  
 
 

1.2. Cloud development and stability2 
 
As we explained in the previous sections, unstable air rises, expands and cools. 
The main mechanisms that produce the development of a cloud are: 
 

1. Surface heating and free convection.  
 

2. Topography 
 

3. Widespread ascent due to convergence of surface air 
 

4. Uplift along weather fronts 
 
 

1.2.1. Convection 
 

Convection occurs when the heat is transferred by mass movement. For 
example, when the Sun radiation heats the Earth surface, the air in contact 
becomes hotter and less dense. Then, the air will start to rise and will follow the 
process described before. As it ascends, it expands and cools. Then, the parcel 
can mix with the cooler and drier air around and disappear, or it can be helped 
by other rising thermals and reach the saturation point. This is the lifting 
condensation level (LCL). If this happens, the moisture condenses and it 
becomes visible in the form of a cumulus cloud.   
 
Then, depending on the stability above the cloud base, it can grow vertically or 
not. If the layers above are unstable, its development is enhanced. The cloud 
arrives to its maximum height when stable layers are reached, or where the 
troposphere starts, as it is always stable. When the unstable air is several miles 
deep, the cumulus congestus can develop into a cumulonimbus cloud. The 
horizontal development of these clouds uses to be of a few kilometers. 
 
 
 

                                            
2 Most of this chapter has been adapted from Ahrens,C.D.,2008: Meteorology 
today: an introduction to weather, climate, and the environment. Cengage 
Learning [6] 
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1.2.2. Topography 
 

When air is passing through a large obstacle, like a mountain, it is forced to lift 
upwards, in which is called orographic uplift. As an air parcel lift, it cools, and 
depending on its humidity, it can produce an orographic cloud. 
 
Clouds are more prevalent in the windward side (upwind) of mountains, 
although under some atmospheric conditions, they may form on the leeward 
side (downwind) as well. For example, stable air over a mountain often form 
waves that may extend for several hundred miles on the leeward side. If this air 
is moist, when it rises on the upwind side of the wave, it cools and condenses, 
being able to form a type of clouds called lenticular clouds, as they have the 
characteristic lens shape. 
 
 

1.2.3. Convergence of surface air 
 

A surface air mass can go upwards due to convergence. As we can observe in 
figure 1.1, at a surface level in a low pressure area, the air blows to the center 
to compensate the lack of pressure, and then converge and goes up. As it 
happens in the previous cases, as the air rises it cools and expands. If the air 
parcel is humid and reaches the lifting condensation level, it can condensate 
and form clouds. 
 
On the other hand, in a high pressure area, the air converge at a certain 
altitude, goes down and diverge at the surface, to reduce the pressure.  
 
 

 
 

Fig. 1.1 Air movements in low and high pressures (UC Santa Barbara, 
Department of Geography) 

 
 
 
 

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCNHB09eu5ccCFURaFAodflcD3g&url=http://www.geog.ucsb.edu/~joel/g110_w08/lecture_notes/nongeostrophic/nongeostrophic.html&bvm=bv.102022582,d.d24&psig=AFQjCNEKHwHarCw4Rxu8LwQXdkHeSZSYTg&ust=1441730469994356
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1.2.4. Weather fronts 
 

When air masses of different characteristics meet, a front appears. When a 
front passes, the air conditions change: temperature, wind direction, cloud 
cover, moisture content or isobars direction. We can say that there is a warm 
front when the air is warmer after the front or that there is a cold front if we have 
the opposite. When a cold and a warm from meet, an occluded front is formed. 
And finally, there are also stationary fronts, which have no movement. 
 
A weather front is another mechanism to lift the air, as we can see in figure 1.2. 
When a warm front advances over cold air, the warm air, as it is less dense, is 
forced to lift following a soft slope. If the warm front contains dry and stable air, 
high and middle clouds may form, and there won’t be precipitation. If the warm 
air is moist and unstable, as it may happen in summer, thunderstorms can be 
formed, but they are not very common. 
 
On the other hand, if we have a cold front reaching warmer air, this warm air is 
forced to go upwards quickly, following a steep slope. These conditions favor 
the formation cumulus clouds when the warm air is unstable. These clouds can 
develop vertically depending on the atmospheric stability above them, as we 
described before.  
 
 

 
 

Fig. 1.2 Weather fronts forming clouds (CMMAP) 
 
 
 
 
 
 
 

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJaJ7OyKuscCFWGWcgod7G0Nfw&url=http://www.windows2universe.org/earth/Atmosphere/front.html&ei=Og3XVZaEI-GsygPs27X4Bw&psig=AFQjCNFBKw1t8_95y2tzQhJJEaONIUCMJg&ust=1440243370777223
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1.3. Precipitation3 
 
The water vapor needs condensation nuclei in order to start the condensation. 
These nuclei are small particles such as microscopic dust or smoke. When the 
water vapor condenses and forms a cloud, these liquid droplets are extremely 
small, and slight upward air currents are able to maintain them suspended. If 
they fall, they evaporate before touching the ground. 
 
There are two different processes to make these tiny droplets large enough to 
form precipitation: 
 

- Collision and coalescence process: random collisions between cloud 
droplets can produce larger droplets, which is called coalescence. The 
most important factor in the production of raindrops is the cloud’s liquid 
water content. If a cloud has enough water, the other significant factors 
are: 

o The range of droplet sizes: a wide range of sizes will favor 
collisions. 

o The cloud thickness: in a thick cloud, droplets will be larger 
because they will spend more time inside it. 

o The updrafts of the cloud: as in the previous case, if there are 
many rising air currents, a cloud droplet will spend more time 
inside the cloud and its size will be maximized. 

o The electric charge of the droplets and the electric field in the 
cloud: coalescence is enhanced when the colliding droplets have 
opposite electrical charges.   
 

- Ice-crystal process (or Bergeron): when the temperature inside a cloud is 
below freezing, both ice-crystals and liquid droplets coexist. At low levels 
of the cloud we find liquid droplets, and at higher levels, where the 
temperature is below the freezing level, we can still find liquid droplets, 
which are called supercooled, and ice-crystals. These ice-crystals can 
act as condensation nuclei (ice nuclei), and then the supercooled 
droplets surround them and form precipitation. Most of the rainfalls 
occurring over middle and high latitudes are caused by the ice-crystal 
process, where clouds are able to develop vertically and reach upper 
levels of the atmosphere, where the temperature is below freezing. 
 

When cloud droplets are able to grow large enough to fall to the ground, the can 
do it as rain or as snow, but raindrops and snowflakes can be altered by the 
atmospheric conditions encountered beneath the cloud. So finally, cloud 
droplets can arrive to the ground in form of rain, snow, sleet, freezing rain, snow 
grains and hail. 
 
In this project we are going to focus on rain, as it is the cause of the floods, 
although we will see that other types of precipitation can help, such as snow 

                                            
3 Most of this chapter has been adapted from Ahrens,C.D.,2008: Meteorology 
today: an introduction to weather, climate, and the environment. Cengage 
Learning [6] 
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melting. A falling drop of liquid water is considered rain when it has a diameter 
equal or higher to 0.5 mm. Smaller drops are called drizzle. 
 
Cumuliform clouds, which normally contain large convection currents, usually 
generate rain showers, especially when they are enough developed to form a 
cumulonimbus. These showers tend to be brief and sporadic, as the clouds 
move overhead and then drift on by. On the other hand, continuous rains are 
usually generated by layered clouds, such as Nimbostratus, that cover a large 
area and have smaller vertical currents. 
 
 

2. Area of study 
 

Here we analyze the most catastrophic floods occurred in Catalonia, that is 
located in the North-East of the Iberian Peninsula. This region has a complex 
orography, with some coastal mountain ranges and an important system at the 
North, where we find the Pyrenees Mountains, with an extension of 490 km and 
peaks that overcome the 3000 m. Additionally, Catalonia has a huge influence 
of the Mediterranean Sea, located at its East, which becomes warm during 
summer and autumn, but also of the Atlantic Ocean, which usually brings cold 
fronts from the North. 
 
Due to its location, the region has a temperate climate, but its orography, 
combined with the influence of the Mediterranean Sea and the proximity to the 
Atlantic Ocean, confers it a complex weather, difficult to predict. As we 
explained in the introduction, the mountains are one of the most important 
factors that favor the surface air to rise, and a warm sea as the Mediterranean, 
brings hot mixed air which rises due to convection. These conditions favor 
torrential rains, especially during the months of summer and autumn, both in the 
coastal regions and in the mountainous regions. (Llasat et al., 2005 [7]; Romero 
et al., 1999 [8]) 
 
Finally, according to forecasts models and to several researches about the 
Climatic Change, the average precipitation will decrease in the next years, but 
the torrential rains and storms will be more powerful, due to the increase of the 
temperatures in all Europe. This will be especially noticeable in the regions near 
the Mediterranean Sea, which could lead to an increase of number and intensity 
of flash floods.  (Challenges of Growth 2013 [9]) 
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3. Methodology 
3.1. Hydrology 

 

For the reconstruction, ten hydrological units have been defined, which contain 
all the rivers and tributaries with their headwater in Catalonia. Additionally, we 
have added another hydrological unit which is not located in Catalonia, but in 
the Community of Aragón. It is the area of the Arás stream, and we added it to 
include the flood of 1996, one of the most catastrophic floods in the recent 
history of Spain. The eleven hydrological units are: 
 

1. North coast streams. 
2. Central coast streams. 
3. Southern coast streams. 
4. Tordera and Besós system. 
5. Francolí, Gaia and Foix system. 
6. Muga and Fluvià system. 
7. Ter river. 
8. Llobregat system. 
9. Segre and Noguera system, the main tributaries of Ebre river. 
10. Headwater Garona river, which continues in France. 
11. Arás stream 

 
These units are shown in figure 3.1. 
 
 

 
 

Fig. 3.1 Hydrological units used for this project (Pino et al., 2015 [2]) 
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3.2. The “Prediflood” database 
 

The “Prediflood” database (Barriendos et al, 2014 [5]), has been created in 
order to improve the current historical flood compilations in Spain, which have a 
very low quality and are useless in flood risk assessment. This database meets 
the international standards, as it is formed of reliable and contrasted information 
that allows accurate flood analysis. 
 
Specifically, the “Prediflood” database is centered on the historical floods that 
occurred in Catalonia, at the Northeast of the Iberian Peninsula, between the 
11th and the 21st century. At this moment, it contains 3046 flood cases in 1355 
flood events. 
 
For the reconstruction of all these floods, several sources have been used: local 
newspapers, scientific literature, technical reports, paleolimnimetry (study of the 
marks that the flood left in the buildings), and for more recent events, 
instrumental sources. 
 
The multidisciplinary reconstruction done by the Prediflood research group 
consists in three parts: 
 

- Hydraulic reconstruction, which objective is the calculation of the peak 
flow or, when possible, the whole hydrograph of the flood. 
 

- Hydrological reconstruction, that tries to compute the hyetograph of the 
rain event that caused the flood. The hyetograph is the graphical 
representation of the distribution of rainfall as a function of time. 

 
- Meteorological reconstruction, in which is centered this project, which 

objective is to analyze the meteorological processes before and during 
the rain event that caused the flood. 

 
All the floods have been classified depending on the damages that they caused. 
There are three basic levels: (Barriendos & Pomés, 1993 [10]; Barriendos & 
Martín-Vide, 1998 [11]; Llasat et al., 2005 [7]). 
 

1. Ordinary flood: non-overbank flood, causing disturbances. 
 

2. Extraordinary flood: overbank flood, causing disturbances and some 
damages. 

 
3. Catastrophic flood: overbank flood, causing damages and destruction. 

 
In general, the basic criteria of the classification considers if it was an overbank 
flood or not. Then, it is studied its capacity to damage non-permanent elements 
(vehicles, cattle, light structures…) and its capacity to destroy permanent 
structural elements (bridges, walls, buildings…). 
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3.3. Cases 
 
This study is focused in the last 150 years, and contains 23 cases from 1874 to 
2000. These cases have been chosen by the researchers Jordi Tuset 
(University of Lleida) and Mariano Barriendos (University of Barcelona), 
considering the following criteria: 
 

 They have taken the two episodes more catastrophic of each 
hydrological unit, that is, the floods that have damaged more 
infrastructures, which are usually related to those that caused more 
human fatalities. As with this method, the episode of 1994 appeared two 
times, the next catastrophic episode for one of the hydrological units has 
been chosen (June 2000). Then, we have 20 episodes, marked in red in 
table 3.1. 
 

 In addition, they have decided to analyze two episodes affecting The 
Pyrenees (Noguera Pallaresa, 1894 and Garona river, 1963, marked in 
yellow in table 3.1), because with the previous choices we didn’t have 
any episode representing these common summer flash floods in the 
area. 

 

 Finally, they have added the episode of 1996 that happened in Biescas, 
in the Community of Aragon, because it’s also located in the North-East 
of the Iberian Peninsula, and represents one of the most catastrophic 
floods in the recent history of Spain, causing a total of 87 deaths and 183 
injured people. This episode is marked in green in the table. 

 
They use an anthropologic criterion, because they have chosen those floods 
that caused more destruction of human constructions, and more human 
fatalities. For this reason, floods in non-populated areas will not appear in our 
study. 
 
We have considered that every episode starts three days before the flood, and 
finishes two days after. This way, we can examine not only the meteorological 
conditions during the flood, but also what happened before and after, to give us 
a wider idea of the episode and try to be able to “predict” future floods in the 
region. 
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Table 3.1. Hydrological units that affected each flood 
 

 Flood date 
Hydrological unit 

1 2 3 4 5 6 7 8 9 10 11 

1 23/09/1874            

2 22-24/06/1875            

3 24-25/07/1894            

4 04/07/1897            

5 15-18/01/1898            

6 21/09/1901            

7 21-24/10/1907            

8 29-30/09/1913            

9 06-07/10/1919            

10 11-17/10/1932            

11 25-28/10/1937            

12 17-18/10/1940            

13 15/12/1943            

14 02-12/10/1951            

15 25/09/1962            

16 03/08/1963            

17 20-21/09/1971            

18 05-07/01/1977            

19 06-08/11/1982            

20 28/09-05/10/1987            

21 10-11/10/1994            

22 07/08/1996            

23 10/06/2000            
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4. Meteorological analysis 
 
We have obtained all the meteorological parameters used in this study from the 
data base of the National Oceanic and Atmospheric Administration (NOAA), 
specifically from their Twentieth Century Reanalysis, which contains these 
parameters worldwide from 1851 to 2012 in spaces of 6 hours. 
 
The meteorological variables are defined on a 2 by 2 degree latitude-longitude 
grid, and you are able to demand a subset of a certain region and a certain time 
period.  
 
The available parameters are: 
 

 Cloud water 

 Convective Available Potential Energy (CAPE) 

 Convective Inhibition (CIN) 

 Geopotential height: available at 27 levels (isobaric surfaces), from 
ground or water surface to tropopause. 

 Potential temperature 

 Precipitable water 

 Pressure 

 Pressure reduced to MSL 

 Relative Humidity and Specific Humidity, at 20 different levels. 

 Temperature at 36 levels, from surface to tropopause. 

 Total ozone 

 U and V components of wind at 28 isobaric surfaces. 

 Vertical velocity (pressure) 
 

For the analysis, we have used the parameters marked in bold. 
 
First of all, using these data, we have computed the following levels of the 
atmosphere: 
 

- Lifting Condensation Level (LCL): It is an approximation of the cloud 
base height in case of forced ascend. It can be computed as follows: 

 
 

                           
  

  
           

 
 

- Level of Free Convection (LFC): It is the altitude where the ambient 
temperature decreases faster than the moist adiabatic lapse rate. If 
LFC<3000 m, thunderstorms are more likely to be initiated and 
maintained. 
 

- Limit of Convection (LOC): Height at which convection stops. Clouds can 
extend from LCL to LOC. If LOC reaches high levels of the atmosphere, 
rainstorms are more likely to occur. 
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In the figure 4.1 you can see a thermodiagram, with the representation of these 
three levels. 
 

- The dry adiabat line shows the gradient of temperature as a function of 
the altitude (or pressure), and it is used when the temperature and the 
dew temperature are not equal. 
 

- The moist adiabat line shows the same but when the air is moist.  
 

- The ambient sounding, representing the real temperature of the 
atmosphere at each level. 

 
These lines define where LCL, LFC and LOC are located, which can give us an 
idea of the possible vertical development that the clouds can have in each 
moment. 
 
 

 
 

Fig. 4.1 Thermodiagram (Stull, 2000 [12]) 
 
 
Additionally, to know the instability and the convection intensity, the following 
indexes have been computed for every episode. (Ruiz-Bellet et al., 2015 [13]) 
 

1. Vertical Total (VT) is the temperature difference between 850 hPa and 
500 hPa. When it is higher than 26 K, severe storms are likely to appear: 

 
 

                            

 
 

2. Cross Total (CT), is the difference between the dew point temperature at 
850 hPa and the ambient temperature at 500 hPa. If this index exceeds 
20 K, the possibility of a severe storm increases. 

 
 

                               

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.st-andrews.ac.uk/~dib2/climate/thunders.html&ei=jstZVcidHOiz7gbmiYDwDw&bvm=bv.93564037,d.d24&psig=AFQjCNGsaSic8GBdjY7u9TjW1OJ68p2Yhw&ust=1432034546825550
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3. Total total (TT), computes the sum of the two previous indices and the 

instability region is over the 50 K. (Miller, 1972 [14]) 
 
 

                    
 
 

4. K-index (KI). It is defined that heavy rain is likely to appear when this 
index is over 30. KI considers temperatures and dew point temperatures 
at several levels, and is computed as follows. (George, 1960 [15]) 

 
 

                                      
 

 
5. Modified K-index (MKI). As its name indicates, it is like the KI with a 

modification, adding the term of the average relative humidity at 850 and 
700 hPa (Dayan et al. 2015 [16]) 

 
 

                                                    
 
 

6. H-index (HI). HI also uses the temperature and dew point temperature at 
500,700 and 850 hPa. As in the previous cases, when this index is 
higher than 30 K, heavy rain is likely to appear (Litynska et al.,1976 [17]) 

 
 

                                            
 
 

7. Lifted Index (LI). It is one of the most important convective indices to 
compute instability. It compares the temperature of an air parcel lifted 
adiabatically with the environmental temperature at 500 hPa, and it is 
scaled as: (Galways,1956 [18]) 
 

 LI>6, very stable conditions 

 0<LI<6, stable conditions 

 -2<LI<0, slightly unstable atmosphere, thunderstorms possible if 
there are lifting mechanisms.  

 -6<LI<-2, unstable. Thunderstorms likely to appear, maybe 
severe, if there are lifting mechanisms. 

 LI<-6, very unstable. Severe thunderstorms likely to appear if 
there are lifting mechanisms. 
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8. Convective Available Potential Energy (CAPE). CAPE is the most used 
index to compute instability, and it is defined as the amount of energy 
that a parcel of air would have if it is lifted to a certain altitude, and it is a 
good indicator of the atmosphere stability. It is computed as the area 
described by the lines of the ambient temperature and the moist 
adiabatic rate, since the Level of Free Convection to the Equilibrium 
Level. The atmosphere is moderately unstable when CAPE reaches 
1000 J/kg. (Mapes, 1993 [19]; Doswell and Rasmussen,1994 [20]) 

 
 

      
   

  
  

  

   

            

 

 
9. Convective Inhibition (CIN), it is the opposite of CAPE and indicates the 

amount of energy that will prevent an air parcel from rising from the 
surface to the Level of Free Convection. If CIN exist, it covers a layer 
from the ground to the LFC, and if it is greater than 200 J/kg, the 
convection is inhibited. 

 
 

     
   

  
  

   

      

            

 
 

10. Vertical shear at 3 km and 6 km (VS3, VS6). It computes the gradient of 
the wind velocity between 3 km and ground and 6km and ground, 
respectively. If the absolute value is above 6, there is a large convection. 
If it exceeds 8, convection is considered to be severe. 
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5. Results 
 

5.1. All the episodes 
 
5.1.1. Seasons and affected areas 
 

Once we selected the episodes, we classified them in groups, depending on the 
season. From the meteorological point of view, December, January and 
February are considered winter, March, April and May are spring, June, July 
and August are Summer, and the months of Autumn are September, October 
and November. As you can observe, this classification differs from the 
astronomic one. Having this into account, we have found: 
 

- Winter: 3 episodes of the 23 selected. (13%) 
- Spring: no episode happened in this season. 
- Summer: 6 episodes (26%). 
- Autumn: 14 episodes (61%) 

 
These percentages of the seasonal flood distribution are similar to the 
described by Barrera et al, (2015) [21], where they analyzed floods of the last 
700 years in the same region. Most of the floods in this area are in autumn, with 
a peak in October (35%). 
 
Table 5.1 shows the area distribution of the floods. We realize that 14 of them 
(61%), are caused by precipitation mainly in the coastal areas (hydrological 
units 1 to 7), while 9 of them (39%) are caused by rain mainly in the Pyrenees 
and pre-Pyrenees (hydrological units 8 to 11). Most of the coast floods were in 
autumn (79% of them, the rest in winter), while in the Pyrenees, the 55% were 
in summer, and the rest in autumn.  
 
 

5.1.2. Synoptic patterns 
 
One of the objectives of this project is to identify the different synoptic patterns 
that can lead to a catastrophic flood. The synoptic patterns that we can find are: 
 

- Trough: low pressure region which is not disconnected of the principal 
flow. It is located at all heights, so we can observe it at the three levels 
that we have plotted: 500 hPa, 850 hPa and 1000 hPa. This pattern is 
observed, for example, in the episode of 1874. We can see in figure 5.1 
that the trough is located at the three levels studied. 
 

- Cutoff low: low pressure area that is disconnected of the principal flow 
and becomes isolated. We can see an example of a cutoff low in figure 
5.2, which corresponds to the episode of 1894. At a certain moment, the 
though becomes isolated and does not follow the principal flow to the 
East. 
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- High altitude low: low pressure area located at a high altitude. It is not 
disconnected of the principal flow. 

 
- Flash triggering: it can happen when there is a ridge (high pressure area) 

at a certain height, which inhibits the convection. Lower layers of the 
atmosphere can accumulate humid air and rise their temperature, while 
the ridge acts as a stopper. Then, any mechanism that ‘breaks’ this 
stopper, can provoke the liberation of the accumulated energy, which 
usually acts violently, and develops intense focus of convection.  

 
- Surface easterlies: in our region, eastern winds in the surface bring air 

from the Mediterranean Sea, which is usually a warm and moist air. 
 
With the data obtained from the NOAA Twentieth Century Reanalysis, we have 
been able to reconstruct the atmospheric situation the days before, during and 
after each flood, in order to classify each episode with the synoptic model that 
caused it, as we can see in table 5.1. We have observed that some of the 
episodes are not produced by only one of the patterns, but they are a 
combination of two of them. The episode of 1994 cannot be classified in any of 
the groups. 
 
If we relate the synoptic patterns with the season, we can see that most of the 
floods produced in summer where caused by a cutoff low (83% of them). On the 
contrary, troughs are prevalent in autumn (50%). We cannot conclude anything 
about the winter episodes, because there are only three cases, and they are 
different in this aspect.  
 
Looking at the affected areas, we can note that cutoffs and troughs can cause 
floods both at the coast and at the Pyrenees. On the other hand, from the 
episodes studied, all the high-altitude lows have been near the coast. 
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Table 5.1. Season, region and synoptic pattern of each episode 
 

 Flood date 
Meteorological 

Season 
Affected Area Synoptic pattern 

1 23/09/1874 Autumn Coast Trough 

2 22-24/06/1875 Summer Pyrenees Cutoff low 

3 24-25/07/1894 Summer Pyrenees Cutoff low 

4 04/07/1897 Summer Pyrenees Cutoff low 

5 15-18/01/1898 Winter Coast High-altitude low 

6 21/09/1901 Autumn Coast Trough 

7 21-24/10/1907 Autumn Pyrenees Trough 

8 29-30/09/1913 Autumn Coast High-altitude low 

9 06-07/10/1919 Autumn Coast High-altitude low 

10 11-17/10/1932 Autumn Coast 
Trough evolving to 

cutoff low 

11 25-28/10/1937 Autumn Pyrenees Cutoff low 

12 17-18/10/1940 Autumn Pyrenees 
Flash triggering and 
surface easterlies 

13 15/12/1943 Winter Coast 
High-altitude low and 

surface easterlies 

14 02-12/10/1951 Autumn Coast Cutoff low 

15 25/09/1962 Autumn Coast 
Trough and flash 

triggering 

16 03/08/1963 Summer Pyrenees Cutoff low 

17 20-21/09/1971 Autumn Coast Cutoff low 

18 05-07/01/1977 Winter Coast 
Cutoff low and 

surface easterlies 

19 06-08/11/1982 Autumn Pyrenees Trough 

20 
28/09-

05/10/1987 
Autumn Coast 

High-altitude low 
evolving to trough 

21 10-11/10/1994 Autumn Coast - 

22 07/08/1996 Summer Pyrenees Trough 

23 10/06/2000 Summer Coast Cutoff low and trough 
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Fig. 5.1 Temperature (color contours), geopotential height (black contours) and 
winds (arrows) on 22 September 1874 at 00 UTC at 500, 850 and 1000 hPa, an 

example of trough 
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Fig. 5.2 Temperature (color contours), geopotential height (black contours) and 
winds (arrows)  at 500 hPa plotted every 12h from 23 July 1894 at 00 UTC to 25 

July 1894 at 12 UTC, an example of cutoff low 
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5.1.3. Duration 
 
If we consider the duration of the rain that provoked each flood, we can see 
some tendencies. The rainfall duration for each episode has been computed in 
the University of Lleida, and is shown in table 5.2. We can realize that autumn 
and winter events are caused by rainfall of a wide range of durations, from 1.5 h 
to 4 days, whereas winter episodes are caused by longer rains. It is important to 
take into account that the ancient data of rainfall duration is not completely 
reliable, because it is based on archive documents and the values can be 
approximated.  
 
 
Table 5.2. Season and rainfall duration of each episode 
 

 Flood date 
Meteorological 

Season 
Rainfall 

duration (h) 

1 23/09/1874 Autumn 8 

2 22-24/06/1875 Summer 96 

3 24-25/07/1894 Summer 6 

4 04/07/1897 Summer 60 

5 15-18/01/1898 Winter 48 

6 21/09/1901 Autumn 6 

7 21-24/10/1907 Autumn 75 

8 29-30/09/1913 Autumn 6 

9 06-07/10/1919 Autumn 24 

10 11-17/10/1932 Autumn 60 

11 25-28/10/1937 Autumn 60 

12 17-18/10/1940 Autumn 24 

13 15/12/1943 Winter 24 

14 02-12/10/1951 Autumn 36 

15 25/09/1962 Autumn 2 

16 03/08/1963 Summer 12 

17 20-21/09/1971 Autumn 6 

18 05-07/01/1977 Winter 48 

19 06-08/11/1982 Autumn 36 

20 28/09-05/10/1987 Autumn 60 

21 10-11/10/1994 Autumn 24 

22 07/08/1996 Summer 1.5 

23 10/06/2000 Summer 6 

 
 
In general, summer and autumn episodes are formed by rainfalls that last less 
than winter ones. Moreover, the duration of the rainfall can be used as a proxy 
for the intensity because is unlikely to have long rainfall episodes with high 
intensity. 
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5.1.4. Convective indices 
 
By using the data of the NOAA 20th Century Reanalysis, we have calculated the 
convective indices shown in the introduction for each flood episode, to see if 
there are any similar patterns between them, depending on the season. 
We have realized that the Convective Available Potential Energy (CAPE), which 
is the best index to compute the available convection, differs a lot from one 
season to another.  
 
The summer episodes studied, with the exception of 1875, and to a lesser 
extent, 1897, have very large values of CAPE. We can also see that these 
episodes coincide with the ones that last less, so they are short episodes with a 
very large atmosphere instability. The episodes of 1875 and 1897 were in the 
beginning of the summer, and their main difference from the rest of the summer 
episodes is the presence of the melted snow, which was a decisive factor to 
cause the flood, as we will see in the study of the flood of 1897. On the other 
hand, the studied winter floods present low values of CAPE and the rest 
indices.  
 
Finally, analyzing all the autumn episodes, we find a wide range of values of 
stability indices. Some of them are large, but without exceed the typical summer 
episodes, and some of them are low, but not as low as the winter ones. Their 
duration is also very variable, as we have discussed previously. 
 
In figure 5.3 we can observe the relation between the peak CAPE and the 
duration of the rainfall for every episode. We can see that the short episodes 
tend to have higher values of CAPE, whilst the longer episodes achieve low 
values of instability. If we look at the area that they affected, we can’t see clear 
differences between coast and Pyrenees floods. 
 
 

 
 

Fig. 5.3 Maximum CAPE versus rainfall duration for all the episodes 
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5.1.5. Relation between hydrological and meteorological variables 
 
In this part, we have tried to find relations between the hydrological variables, 
such as the peak flow of a catchment, and some meteorological variables 
during the flood episodes. 
 
Specifically, the hydrological variable used in this project is the maximum 
specific peak flow, which is the value of the peak flow of a catchment divided by 
the catchment area, in order to be able to compare floods that affected different 
hydrological units. Most of the specific peak flows used in this project have been 
measured, calculated or reconstructed in the University of Lleida. There, a 
systematical model internationally accepted has been used to ensure the 
homogeneity between floods with many hydrological data and other with less 
data, so the results obtained are accurate enough. (Balasch et al., 2010a [22], 
2011 [23]) 
 
In figure 5.4 we can see a plot of 231 specific peak flow values associated to 20 
of the 23 floods with datum collected from the 113 catchments and 

subcatchments smaller than      km2.  
 
As we can see, specific peak flow decreases with the increase of the 

catchments area. Thus, values above                only occur in catchments 

smaller than       , whereas the largest catchment with value above 

            is        . Above this size, the largest specific peak flows are 

less than                . 
 
If we look at the region that each flood affected, we can see that all the 
analyzed floods of the Pyrenees have specific peak flows of less than 

           , except the episode of 1996. As we explained before, this episode 
was extremely violent and local. On the other hand, for the coastal episodes, 

the value of               was over passed in 11 floods, especially in the 
episode of 2000, which was very similar to Biescas 1996.  
 
We have approximated a theoretical enveloping line for each area (Pyrenees 
and Coast). Their different specific peak flows depending on the area can be 
explained by differences in the meteorological and hydrological processes. 
 
In general, rainfalls at the coast are usually provoked by large quantities of 
humid air coming from the Mediterranean Sea (E-SE direction). These air 
masses move vertically due to convection and thanks to the help of pre-coastal 
mountainous systems. On the other hand, extreme rainfalls at the Pyrenees are 
normally caused when there is a southerly flow at low levels, so this flow bring 
less water content. 
 
There are also differences in hydrological processes due to smaller infiltration 
rates and water retention capacities in the coastal catchments due to shallower 
soils and some human factors. 
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Fig. 5.4 The 231 specific peak flow values of 20 of the floods versus catchment 
area, for catchments smaller than 2000 km2, classified according to the region 

where it rained mainly 
 
 

We can also relate specific peak flows with the rainfall duration of each episode. 
In figure 5.5 we can see clearly that the specific peak flow is higher when the 
duration of the rainfall is smaller. Summer floods are caused by short events of 

strong rain and can have large specific peak flows, exceeding               , 

while autumn episodes do not reach                and winter ones, 

           . If we look at the region that they affected, autumn events in the 
Pyrenees, which are caused by rains of 24 h or more, have specific peak flows 

of less than              . The same happens with the winter episodes, all in 

the coast, which do not exceed              . The autumn floods in the coast 
have a wide range of rainfall duration and also of specific peak flow. 
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Fig. 5.5 Maximum specific peak flow value for each flood against rain duration 

depending on season and area where it rained mainly for the 20 floods with 
available data 

 
 
Finally, we have plotted the maximum specific peak flow as a function of the 
maximum CAPE for each flood. As can be observed in figure 5.6, summer 
episodes have very high values of CAPE (excluding 1875), and two of the three 
have extremely high peak flows, one occurred in a coastal area and the other in 
the Pyrenees. Autumn Pyrenean events and winter coastal events have a 
similar behavior, with low values of CAPE and specific peak flows, while autumn 
coastal events have a wide range of both values, holding an intermediate 
position. 
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Fig. 5.6 Maximum specific peak flow value of each flood against maximum 
CAPE depending on the season and area where it rained mainly for the 19 

floods with available data. 
 
 
 

5.2. Five representative floods 
 
As we explained previously, after studying all the meteorological convective 
indices, we have done a classification depending on the similarity between the 
episodes. All the winter floods have similar convective indices, so we chose one 
of them (5-7 January 1977). For the autumn episodes, as there are many, we 
have widely classified them in two groups, that can be represented by two 
episodes (25-28 October 1937 and 1-12 October 1951), which we will see that, 
although they happened in the same month, they are very different. Finally, we 
have also taken two summer episodes to represent the total. Some of these 
episodes have the component of the melting snow, as they occurred in the 
beginning of the season (the flood of 3 July 1897 represent them), while the 
others are the typical summer flash floods in the Pyrenees (3 August 1963). 
 
Our study will be focused in these five representative floods, and the 
meteorological conditions of the other ones are closely related to one of them. 
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5.2.1. 3 July 1897  
 
Description 
 

This episode is very similar to the one in 1875. According to researches (Trutat, 
1898 [24]), the first days of the episode the summits of the Pyrenees were still 
covered by snow, whilst after the flood, the snow had melted. This condition 
seems to be very significant to enhance the flood. On the other hand, from 20 
June until 3 July 1897, large rainfalls were recorded at the central Pyrenees 
region (Saint-Gaudens 216 mm, Luchon 160 mm, both located in the French 
Pyrenees), and the strongest precipitation felt between 2 and 3 July (Saint-
Gaudens 123 mm, Luchon 160 mm). This flood affected the Garona river, as it 
happened also in 1875. 
 
 
Synoptic analysis 
 
To do the synoptic analysis, we have used the information provided by the 
NOAA Reanalysis described before, and we have plotted the maps showing the 
temperature, geopotential altitude and winds along the episode. From these 
maps, we can observe the following: 
 

- At an altitude where the pressure is 500 hPa, there is a low pressure 
area (cut-off low) with low temperatures associated, around -16ºC. This 
low pressure is formed in the British Islands on 29 June 1897 and 
advances in the South direction until covering the Iberian Peninsula since 
day 1. It remains stationary and does not start to dissipate until 3 July. 
The winds over the area that we are studying are coming from North 
along all the period, until 4 July, when they are from South. In figure 5.7, 
we can see the temporal evolution of the temperature (in colors), the 
geopotential height (in black contours) and the wind intensity and 
direction (in black arrows). 
 

- At 850 hPa and 1000 hPa the air masses didn’t have very high 
temperatures (as we can see in figure 5.8, 22ºC at 1000 hPa, which is 
not high for the season), and consequently the instability was not very 
important.  

 
However, we can remark that the vertical movements over the Pyrenees, where 
this flood occurred, are due to orography and also due to the convergence at 
1000 hPa between a cold air mass moving from the north-west with a warmer 
airmass coming from the South-Southeast. This, added to the low temperatures 
at 500 hPa created by the cut-off low, could form the clouds that created the 
flood. 
 
The stability indices computed at 42ºN and 2ºE are moderate, with a peak of 

CAPE of           on 1 July, and low values the rest of the days. The 

precipitable water exceeds          , while the K-index is higher than      
from 1 to 4 July, which are values relatively high. Additionaly, the values of 
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vertical shear at 6 km also show some convection, specially the days before the 
flood. On the other hand, the rest of the values are not high, which means that 
the atmosphere wasn’t extremely unstable those days. 
 
If we generate an image with the values of CAPE in Europe we can observe 

high peaks in France, reaching            , as we can see in figure 5.9 showing 
CAPE and CIN. These values, although they were not over the region where 
the flood occurred, could have generated a high instability, which could lead to 
an important cloud development that could affect the Pyrenees. On the other 
hand, negative values of CIN appear in the Mediterranean area, which means 
that there is some negative buoyant energy that helps to maintain an stable 
atmosphere over this region. 
 
Computing the different levels of LCL, LFC and LOC, we see that LCL is below 
1000 m and LFC is around 1500 m on 3 and 4 July, which enhances the 
possibility of thunderstorms. LOC is located between 6500 m and 8000 m these 
days.  
 
As it was explained previously, it seems that this flood of the Garona River 
occurred due to a combination of moderate rainfall rates and snow melting of 
the Pyrenees, which produced a large increase of the peak flow of the small 
basins in area. 
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Fig. 5.7 Temperature (color contours), geopotential height (black contours) and 
wind field (arrows) at 500 hPa plotted every 12 h, from 1 July 1897 at 12 UTC to 

4 July 1897 at 00 UTC 
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Fig. 5.8 Temperature (color contours), geopotential height (black contours) and 
wind field (arrows) on 3 July at 00h and 12 h, at 1000 hPa 

 
 

 
 

Fig. 5.9 CAPE (color contours) and CIN (black contours) values in west 
Europe plotted every 12 h, since 2 July at 00 UTC until 3 July at 12 UTC 
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5.2.2.  3 August 1963 
 

Description 
 

The episode of 1963 can be considered to be representative of the rest of the 
summer episodes. They are all flash floods that happened in the Pyrenees. 
During the night of 3 August 1963, intense precipitation produced floods in 7 

basins at the Pyrenees. The Garona river reached peak flows of            in 

Les Bordes,            at Ginaster,             at Pont de Suert and 

           at Escales. Those river growths caused the destruction of several 
houses and other infrastructures, and also several damages in agriculture 
terrains. (López-Bustos, 1981 [25]; Martín-Vide, 2002 [26]). 
 
 
Synoptic analysis 
 

After plotting the meteorological maps of Europe for these days, we have 
observed the following: 
 

- At 500 hPa, a deep trough was located at the North of the Atlantic 
Ocean, and another one in northern Europe. The first one evolves to the 
South, reaching the north-western part of the Iberian Peninsula on 2 
August 1963 at 00UTC. Then, due to western winds, this low pressure 
move to the East along the Peninsula, affecting all the North. This trough 
is dispersed and moves to the North since 4 August. Associated to this 
air mass, the temperatures in the area of our study reach a minimum of -
18ºC. We can see this evolution in figure 5.10. 
 

- At a height of 850 hPa, a trough is observed at the North-West of the 
Iberian Peninsula, producing an entrance of south warm winds (around 
20ºC), coming from North Africa, as we can observe in figure 5.11. 

 
- At 1000 hPa, a low pressure is located over Southern Spain. In the 

region of our study, there are east and southeast winds bringing air with 
temperature larger than 25ºC. After the flood, the temperature decreases 
more than 5ºC. 
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Fig. 5.10 Temperature (color contours), geopotential height (black contours) 
and wind field (arrows) at 500 hPa, plotted every 12 h, from 2 August at 00 UTC 

to 4 August 1963 at 12 UTC 
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Fig. 5.11 Temperature (color contours), geopotential height (black contours) 
and wind field (arrows) on 2 August 1963 at 00 UTC and 12 UTC at 850 hPa 

 
 

In this case, the synoptic patterns at each level indicate a huge instability in the 
atmosphere over the Pyrenees, due to the difference of temperatures between 
the surface air and the air of high levels. As a result of this gradient, all the 
stability indexes are high, and reflect the convective conditions those days. 
 
The CAPE values in the region (42ºN-2ºE) are very high during 2 and 3 August 

1963, reaching a maximum of              on 2 August at 12UTC. As we can 
see in figure 5.12, these values of CAPE are centered over the northeast of the 

Iberian Peninsula. We can also find negative CIN of            , which inhibits 
the convection, but it is completely unable to compensate the large instability.  
 
Also on this day, the Lift Index reaches -6 K, the Precipitable Water (PW),  

          and the wind gradient between the surface and 6 km is very high. All 
these variables show a severe convection. In addition, the Lifting Condensation 
Level (LCL) is located at 1000 m, while the Limit Of Convection (LOC), the level 
until the clouds can evolve reaches 11000 m. 
 
Summarizing, the combination of the meteorological conditions of pressure, 
temperature and winds during these days created a strong instability in the area 
of the Pyrenees, producing an extreme flash flood in the Garona River. 
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Fig 5.12 CAPE (color contours) and CIN (black contours) over west Europe 
since 2 August 1963 at 00 UTC until 2 August 1963 at 18 UTC, every 6 h. 

 
 

5.2.3. 25-28 October 1937 
 

Description 
 
This flood affected five basins, mainly located in the upper part of the Segre and 
Noguera rivers, in the Pyrenees.  Between 21 and 30 October 1937, strong 
rainfalls were recorded in the area (Cabdella 245 mm, Estany Gento 430 mm, 
Port de la Bonaigua 305 mm). Additionally, during the night between 25 and 26 
October, there were peaks of rainfall of more than 100 mm in ten hours 
(Molinos 124 mm). Those rains caused the growth of Segre and Noguera rivers, 

but also of the Ebre river, which achieved a peak flow of           . It is 
noticeable to know that some of the basins were already saturated the previous 
days because it had snowed in the Pyrenees peaks and the snow was melting. 
The violence of the flood caused numerous damages in buildings, destroying 
some houses, and producing human fatalities. (Fontseré & Galcerán, 1938 [27]) 
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We have decided to study this episode instead of other ones with similarities 
because, as it happened during the Spanish Civil War, it hasn’t been studied 
widely because the authorities didn’t give it the importance that it had. 
 
 
Synoptic analysis 
 
The meteorological conditions of the days before and during the flood were the 
following: 
 

- At 500 hPa we can find a cutoff low located over the British Islands, 
affecting all Europe and moving to South. It creates a secondary area of 
low pressure over the West of the Iberian Peninsula on 26 October, 
which is vanished on 28 October. The temporal evolution of the synoptic 
pattern is shown in figure 5.13. 
 

- At 850 hPa, it is observed the same pattern as at 500 hPa. Additionally, 
as we can see in the figure 5.14, since 26 October, the low pressure 
produces southern winds bringing warm air to the region under study, 
creating certain instability until 28 October. 

 
- At 1000 hPa, the relative low pressure area is located also near the 

Atlantic coast of the Iberian Peninsula since 26 October, remaining there 
for three days. Due to its location, it causes southern winds from the 
North of Africa, which are significantly warm, increasing the temperature 
over Catalonia to 20ºC approximately. These conditions are maintained 
until 28 October, when a new relative low appears at the North of the 
Iberian Peninsula. We can see this evolution in figure 5.15. 
 

Due to the certain instability produced by these conditions, the CAPE reaches a 

value of            on 27 October and            on 28 October. Looking at the 
maps of CAPE over Europe in figure 5.16, during these days, we can find 

values of more than             in the Mediterranean Sea. This moderately high 
instability, even if it is not located over our region, could help to produce the 
cloud development that affected Catalonia. In addition, we can see that the 
convection inhibition over Europe was low. 
 
In addition, the Lift Index is below -2 K on these days, the K index exceeds 30 K 
and the Total Total is over 50 K. This means that all the convective indices are 
over the limit on these days, which traduces into a high convection. The cloud 
base is located at really low levels during 25-28 October, around 800 m, whilst 
the limit of convection grows along the episode, reaching 9000 m on 27 and 28 
October. The clouds had the possibility to arrive to these levels. 
 
If we consider also the orography of the Pyrenees, the result was a severe 
rainfall that was maintained during a long period, around 60 h, according to the 
researches done previously. 
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Fig. 5.13 Temporal evolution of temperature (color contours), geopotential height 
(black contours) and wind field (arrows) at 500 hPa plotted every 12 h from 26 

October at 00 UTC to 28 October 1937 at 12 UTC 
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Fig 5.14 Temporal evolution of temperature (color contours), geopotential height 
(black contours) and wind field (arrows) at 850 hPa, shown every 12 h, from 26 

October at 00 UTC to 28 October 1937 at 12 UTC 
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Fig. 5.15 Temporal evolution of temperature (color contours), geopotential height 
(black contours) and wind field (arrows) at 1000 hPa, shown every 12 h, from 26 

October at 00 UTC to 28 October 1937 at 12 UTC 
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Fig. 5.16 CAPE (color contours) and CIN (black contours) over west Europe on 

23 October 1937 at 18 h and on 24 October 1937 at 18 h. 
 

 
 

5.2.4. 1-12 October 1951 
 
Description 
 
The episode of 1-12 October 1951 affected a total of twelve basins of the 
streams of the central and the north coast of Catalonia. This episode can be 
divided meteorologically in two parts. The first one, which took from 1 to 5 
October, affected mainly the basins located at the central coast. Many stations 
recorded moderate rainfall below 80 mm, but some of them reached more than 
100 mm in 24h. For example, in Barcelona airport, on 1, 2 and 3 October, the 
station recorded 106,114 and 149 mm of rainfall respectively. Also on 3 
October, 102 mm were recorded at Teià, the same quantity as in Barcelona 

centre. The growth of the Llobregat River, which reached a flow of           in 

Martorell, caused the closure of the Barcelona Airport on 4 October 1951.  
 
The second part of the episode, which lasted from 9 to 12 October, 
approximately, was caused by rainfalls such as the 173 mm in 24h at Argentona 
on 9 October or the 115 mm at Calella on 12 October. (AEMET) 
 
Both parts caused, as the previous episodes, numerous damages in 
infrastructures, and the death of, at least, three people. For the synoptic 
analysis, we are going to focus only on the first part of the flood, which was on 
1-5 October 1951. 
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Synoptic analysis 
 

The synoptic features that led to the episode of 1-5 October 1951 are: 
 

- At 500 hPa, as we can observe in figure 5.17, on 1 October, a cutoff low 
is separated from a trough located in the North Atlantic and affects the 
whole Iberian Peninsula, producing winds coming from the South and 
Southeast, at -17ºC. This low pressure with this temperature, which is 
higher compared with the 1937-episode, affected the Iberian Peninsula 
during the next four days.  
 

- At 850 hPa a low pressure is located over the Peninsula, moving from 
northwest to southeast. 

 
- At 1000 hPa we can find the same pattern as at 850 hPa, with east winds 

associated. 
 
Due to these synoptic conditions, the stability indices are lower than for the 
episode of 1937. The peak of CAPE at 42ºN 2ºE occurred on 2 October and 

reached           , the Lift index does not indicate a remarkable instability, as 
well as the rest of the convective indices. However, as we can see in figure 
5.18, there are higher maximums of CAPE over the Balearic Islands reaching 

          , without Convective Inhibition (CIN), which indicate a moderate 
instability in this area of the Mediterranean Sea. 
 
The different levels of the atmosphere vary along the episode, but the difference 
between the LCL and the LOC is lower than for the episode of 1937, so the 
clouds weren’t be able to develop vertically as much. As LCL and LOC are 
closer, the CAPE values are lower. 
 
If we compare the floods of 1937 and 1951, we can see some differences. 
During the episode of 1937 the prevailing winds near the surface were from the 
South, whereas the floods during October 1951, there were easterly winds, 
which have a major effect on the coastal areas. This can explain why the 
episode of 1937 affected the Pyrenees, while the 1951 affected the coast of the 
region. 
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Fig. 5.17 Temporal evolution of temperature (color contours), geopotential height 
(black contours) and wind field (arrows) at 500 hPa, plotted every 12 h, from 1 

October at 00 UTC to 4 October 1951 at 12 UTC 
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Fig. 5.18 CAPE (color contours) and CIN (black contours) over west Europe on 
2 October 1951 at 18 UTC and 3 October 1951 at 18 UTC. 

 
 
 

 

5.2.5. 5-7 January 1977 
 

Description 
 

In the winter episode of 5-7 January, the most affected area was the north coast 
of Catalonia, where five basins were flooded. There was a strong rainfall 
recorded by the meteorological stations of the area: 85 mm at Tordera and 243 
mm at Girona in 24h, on January 6, and 97 mm at Cadaquès and 97 mm at 
Sant Feliu de Guixols on January 7.(AEMET) The peak flows recorded of the 

rivers on 6 January 1977 were            at the stream of Tossa de Mar, 

           at the Calonge stream,            at Onyar River and            at 
Daró River, all of them located in the region of Girona. Additionally, although 
there had been some modifications in the Ter River to face the possibility of 
torrential rains in the area, it also became affected, flooding some agriculture 
terrains and damaging buildings. (MOPU) 
 
 
Synoptic analysis 
 

After analyzing the synoptic pattern of the images obtained we can remark: 
 

- At 500 hPa a cutoff low pressure area can be seen above central 
Europe, which starts to move to the South since day 4, entering into the 
studied area. This low pressure, which has temperatures around -30ºC 
and southerly winds associated, remains over the Iberian Peninsula 
during the entire episode. In figure 5.19, we can see this pattern. 
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- At 850 hPa, even though we find low temperatures over the Peninsula (-
8ºC), there is a low pressure over North Africa producing easterly winds 
that bring warm and wet air to the studied region (6ºC), as we can see in 
figure 5.20. 

 
- At 1000 hPa we can find easterly and southeasterly winds also bringing 

warm and humid air to the area. However, the temperature of the North 
coast of Catalonia does not overpass 10ºC during the entire episode. 

 
The combination of these synoptic features did not lead to a high instability in 
the area. As a result, we obtain null values of CAPE at 42ºN 2ºE, and a 

maximum of            in the whole Western Mediterranean on 6 January at 12 

UTC, with            of CIN, obstructing even more these low convection 
power, as we can see in figure 5.21. The surface air temperature in the entire 
region was quite low, and as a result, all the convective indices show an stable 
atmosphere. However, the flood was produced by steady precipitation that 
affected the northern coast of the Iberian Peninsula during 48h.  
 
If we compute the different levels of the atmosphere, we can see that the cloud 
base was located around 700 m during the episode, but the limit of convection 
was also very low, near 1000 m, so the clouds could not have a vertical 
development. This explains why the CAPE values are so low. 
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Fig. 5.19 Temporal evolution of temperature (color contours), geopotential height 
(black contours) and wind field (arrows) at 500 hPa, shown every 12 h, from 3 

January at 12 UTC to 7 January 1977 at 00 UTC 
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Fig. 5.20 Temporal evolution of temperature (color contours), geopotential height 
(black contours) and wind field (arrows) at 850 hPa, shown every 12 h, from 4 

January at 12 UTC to 7 January 1977 at 00 UTC 
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Fig. 5.21 CAPE (color contours) and CIN (black contours) over west Europe on 
6 January 1977 at 00 UTC and at 12 UTC 

 
 

5.3. Differences between seasons 
 
After analyzing these episodes we can conclude that there are similarities on 
the synoptic situations that lead to the floods, even if they occurred in different 
seasons and affected different areas of the region under study.  
 
On the other hand, we find several differences in the atmosphere stability. The 
values of the convective indices have a strong dependence with the season 
when the flood happened.  
 
If we focus on the most representative convective indices, such as CAPE, LI 
and TT, we can see that, in the episodes of summer such as the 1963 present 

the largest indices of stability with maximums of                 ,          
and         . Additionally, after computing the stability indices of the rest of the 
summer episodes, we can conclude that the floods of July 1894, August 1996 
and July 2000 have very similar values. During the other summer episode 
studied (1897), the instability of the atmosphere over our region was lower and 

the convective indices were similar to the autumn episodes (               , 

           and        ). But, as we mentioned before, this flood was the 
result of the combination of the rainfall and the snow melting of the Pyrenees. 
We can say that the episode of June 1875 is similar to this one, although its 

convective indices are even lower, with peaks of                ,            
and        . As in 1897, it also affected the headwater of Garona River, and 
happened in the beginning of the summer. 
 
If we take a look at the autumn episodes studied, we can see differences in the 

stability indices. For the flood of 1937, we find maximums of                , 
           and        , whereas for the flood of 1951 the peak values are: 

               ,            and        . Additionally, if we study the 
convective indices of all the autumn episodes, we encounter a wide range of 
values, attributed to the different temperatures at the surface and at upper 
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levels. Specifically, in the studied cases, we find larger surface temperatures 
and smaller upper-atmosphere temperatures for the episode of October 1937. 
For the episode on January 1977 all the stability indices show an stable 

atmosphere. With values of               , positive    and        , the 
convection power is almost null. All the winter episodes are defined by similar 
values.  
 
 

5.4. Temporal evolution of the convective indices 
 
In figures 5.22, 5.23 and 5.24, we have plotted the temporal evolution of the 
stability indices for each of the representative episodes. There, we can see the 
discrepancies of CAPE, Lifted Index and TT for each season, and the evolution 
along the episode. We can realize that the high instability of the summer 
episode of 1963 is maintained only a few hours, whilst for the other episodes, 
when the instability is certainly lower, it lasts a longer period. Another 
consideration that can be noted is that these three indices strongly related, as 
all of them reflex the stability of the atmosphere. High CAPE values usually 
coincide with negative values of LI and TT values near 50. 
 
If we take a look at the different levels of the atmosphere, we can know the 
possible vertical development of the clouds for each episode. In figure 5.25, the 
difference between LFC and LCL is shown. A small and positive difference 
between these heights tend to lead to a faster formation of thunderstorms, as 
the air masses require less work to pass through the layer of convective 
inhibition (CIN), but it is also important to consider the Limit of Convection 
(LOC), shown in figure 5.26, because, if LFC is over passed, this height 
indicates the limit of vertical development of the clouds. In the winter episode, 
for example, LFC and LCL are near, but LOC is also low, to if moist air reached 
the LCL it almost could not grow vertically. On the other hand, on the summer 
episode of 1963, the LFC was located more than 2000 m above the LCL, but if 
the condensated cloud had enough energy to reach LFC, it could grow freely 
until LOC, located near the 12000 m. 
 
Nevertheless, according to some meteorologists, the CAPE index is not a very 
good predictor of the convective properties of the atmosphere (Zipser, 2003 
[28]). For this reason, some of them have defined new methods to compute the 
stability of the atmosphere over a certain region. One of these convective 

indices is the convective timescale     (Done et al., 2006 [29], Molini et al., 2011 
[30]). It is defined as: 
 
 

   
    

 
       

  
 
            

 
 
 
The convective time scale relates the CAPE generated by large-scale 
processes with the CAPE consumed by convection. Scientist show that the 
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atmosphere is balanced (in equilibrium) when      h. In this case CAPE 
remains almost constant. On the other hand, if      h convection is not able 
to continuously destroy CAPE generated by the large-scale processes and 

CAPE is not constant. In figure 5.27, we can see the temporal evolution    for 

the five episodes selected. The scale of the vertical axis is limited to        h 
in order to avoid peaks when the denominator of the equation is very small, so 
these points are not appearing in the figure. 
 
As we can observe, in the winter episode of 1977, most of the time the values of 

   are below the limit of 6 h, while for the other episodes, there are much more 
moments where    exceeds this value. This means that, in the winter episode, 
most of the time the generation of CAPE by large-scale processes is 
compensated with the current convection and there is an equilibrium. On the 
other hand, in the rest of cases studied, we can see that CAPE is generated by 
large-scale processes during several hours and then it decreases suddenly due 
to the consumption by convection. This fact occurs several times during the 
same episode. 
 
 

 
 

Fig. 5.22 Temporal evolution of CAPE every 6 h for the selected episodes 
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Fig. 5.23 Temporal evolution of the Lifted Index (LI) every 6 h for the episodes 
selected 

 
 

 
 

Fig. 5.24 Temporal evolution of the Total Total (TT) every 6 h for the episodes 
selected 
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Fig. 5.25 Temporal evolution of the difference between the Level of Free 
Convection (LFC) and the Lifted Condensation Level (LCL) every 6 h for the 

episodes selected 
  
 

 
 

Fig. 5.26 Temporal evolution of the difference between the Limit of Convection 
(LOC) every 6 h for the episodes selected 
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Fig. 5.27 Temporal evolution of the convective timescale every 6 h for the 
selected episodes 

 
 
 
 

6. Conclusions 
 
In this project we have studied the meteorology and the hydrology of the 23 
most significant floods occurred in the North-East of the Iberian Peninsula from 
1874 to 2000.  
 
After defining eleven hydrological units in the region, by using the ‘Prediflood’ 
database, we have done a systematic choice of the most catastrophic floods of 
each unit along this period, adding three more cases due to their relevance.  
 
All the meteorological parameters used in this project have been obtained from 
the NOAA Twentieth Century Reanalysis, and we have computed several 
stability indices with them, in order to know the characteristics of the 
atmosphere before and during each flood episode. On the other hand, the 
hydrological data used, specifically the maximum peak flow of each episode, 
has been obtained from researches done in the University of Lleida. 
 
As a result of our episodes’ choice, we can observe a clear seasonality. Most of 
the floods happened in autumn, whilst only a few happened in summer or 
winter. None of the selected cases was in spring. If we look at the region where 
they affected, we can observe that all the winter floods occurred at the coast, 
whilst most of the summer floods happened near the Pyrenees. Finally, autumn 
episodes are more prevalent in the coastal areas. 
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Studying the synoptic patterns that lead to these floods, most of them are 
caused by cutoff low in combination with southern and southeastern winds at 
the surface. These winds usually bring warm and humid air coming from the 
Mediterranean Sea.  
 
Regarding the duration of the rainfall that caused each flood, we have seen that 
winter episodes use to be caused by longer rains, and that the duration is well 
correlated with the convective indices. In general, high CAPE values coincide 
with rainfalls of short duration, while the rains of long duration are associated 
with low CAPE values.  
 
Using the hydrological data available for most of the floods studied, we have 
been able to relate them with different meteorological variables. The results 
obtained can be summarized as follows: 
 

- The maximum specific peak flow decreases with the increase of the 
catchment area. 
 

- The maximum specific peak flow is higher for the coastal catchments 
than for the Pyrenees ones. This happens due to the high quantity of 
moist air coming from the Mediterranean Sea to the coastal areas, but 
probably also due to geological and human factors. 

 
- In general, for rainfalls of short duration, larger specific peak flows are 

achieved. Then, summer floods, which present the smallest duration, 
have the highest peak flows, except for the episode of June 1875, when, 
as we have studied, snow melting played a significant role in producing 
the flood. 

 
- We have found a strong correlation between maximum CAPE and 

maximum specific peak flow. Usually, episodes with high values of 
instability coincide with large values of specific peak flow, and vice versa. 

 
Then, we have analyzed five floods that could represent the 23 chosen 
before, two of them occurred in summer (3 July 1897 and 3 August 1963), 
two in autumn (25-28 October 1937 and 1-12 October 1951) and one in 
winter (5-7 January 1977). These episodes are representative of the rest in 
terms of rain intensity, destruction caused and stability indices of the 
atmosphere. After studying the synoptic situation and the meteorological 
indices at 42ºN-2ºE, we have observed the following: 

 
- All the convective indices computed show a good correspondence for 

each episode, so we have decided to center our study in the temporal 
evolution of CAPE, LI, TT and   , as they are the indices more used in 
the meteorological articles. 
 

- Summer episodes present large values of CAPE and the other 
convective indices. These values increase just before the flood and 
decrease afterwards, as its characteristic of summer thunderstorms. 
However, there are summer episodes such as the 1897 that present low 
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stability indices, but snow melting from the Pyrenees Mountains, 
produces an increase of the catchment’s flow. 

 
- Autumn floods have moderate convective indices and we can find a wide 

range of values depending on the episode, attributed to different surface 
and upper levels temperatures. The cases of 1937 and 1951 are a good 
representation of these differences. 

 
- Winter episodes, such as the one that occurred in 1977, present opposite 

characteristics to summer ones, having low values of all the stability 
indices, due to the low temperatures near the ground. 

 

- If    is analyzed, we find that in summer and autumn episodes, there is 
an imbalance between the CAPE generated by large-scale processes 
and the destruction by convection. On the other hand, for the winter 
episode it exist equilibrium between these two processes, so CAPE 
values remain small and constant. 

 
This study shows that by using the NOAA Reanalysis and the Prediflood 
database, a wide research can be done of all the major historical floods that 
have happened in the North-East of the Iberian Peninsula. We have been able 
to know the synoptic conditions, to compute the stability indices of each case, 
and to demonstrate that they show a good correspondence with the rainfall 
duration and specific peak flow. 
 
To further analyze and understand the atmospheric processes responsible for 
floods, we could use meteorological data with larger horizontal resolution than 
the NOAA Reanalysis, to be able to separate different areas. Moreover, 
additional convective indices could be computed, such as potential vorticity. 
Anyway, we have proved that the proposed methodology is very useful and 
promising for future analysis. 
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