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RESUMEN

Este estudio examina el grado de persistencia de la brisa marina en Alicante. Esta investigación está basada
en la secuencia de datos semi-horarios de dirección y velocidad de viento correspondientes al período
quinquenal 1999-2003 (base de datos de días de brisa marina). El comportamiento repetido de esta variable
meteorológica (días consecutivos con vientos en régimen de brisa marina) es estudiado mediante la aplica-
ción de varios métodos y técnicas estadísticas: análisis del número y longitud de las rachas de días con brisa
marina; distribución de frecuencias de las rachas según la duración (curvas de concentración o de Lorenz);
cálculo de coeficientes de persistencia (probabilidades empíricas y condicionadas), y ensayo de probabilida-
des de duración de las rachas de brisa marina utilizando el modelo de las cadenas de Markov de primer y
segundo orden (cM1 y cM2). Los resultados demuestran el elevado grado de persistencia de este mecanismo
de vientos en el sureste de la península ibérica, particularmente en verano. La persistencia de la brisa marina
se relaciona con dos factores principales: las condiciones sinópticas regionales (débil gradiente de presión
en superficie) y las características del terreno –topografía–. La caracterización estadística de la persistencia
de la brisa marina podría ser una herramienta útil en el análisis de la variabilidad anual y estacional de los
niveles de contaminación atmosférica en la cuenca del Mediterráneo.
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ABSTRACT

This study examines the degree of persistence in the sea-breeze in Alicante. This research is based upon the
sequence of semi-hourly data for wind direction and speed for the five-year period from 1999 to 2003 (database
of sea breeze days). The repetitive behaviour of this meteorological variable (consecutive days with sea
breeze winds), is studied by applying various methods and statistical techniques: analysis of the number and
length of spells of days with sea breeze; frequency distribution of the sequences according to duration
(concentration, or Lorenz, curves); calculation of coefficients of persistence (empirical and conditional
probabilities), and probability testing for the duration of the sea breeze spells using one and two-order
Markovian chain models (cM1 and cM2). The results demonstrate the high level of persistence of this wind
mechanism in the southeast of the Iberian peninsula, especially in summer. The persistence of the sea breeze
is related to two main factors: the synoptic regional conditions (weak surface pressure gradient) and the
characteristics of the land –topography–. Statistical characterization of the persistence of the sea breeze
could become a useful tool in the analysis of annual and seasonal variability in atmospheric contamination
levels in the Mediterranean basin.

Keywords: Sea breeze, persistence, concentration curve, Markov chain, Alicante.

1. Introduction
Inertia is understood to be the capacity of a body to persist, in other words, its resistance to change.
Inertia is an inherent property in all meteorological variables to a greater or lesser extent (Martín-
Vide, 2003). The status of the atmospheric weather at any given time (temperature, humidity,
precipitation, wind, atmospheric pressure, cloud cover, etc.) is directly related to meteorological
conditions previously recorded. This dependence lessens as the period of time passed increases.
Furthermore, the persistent character is not identical between the various meteorological phenomena,
as it depends on the continuity of each meteorological variable. For example, temperature is more
persistent than precipitation, as it is a time-continuous atmospheric element (Martín-Vide, 2003).
However, wind is defined as a semi-continuous atmospheric phenomenon, as air is not in constant
movement.

The sea breeze was the object of few studies by Spanish climatologists (Ramis and Alonso,
1988; Ramis et al., 1990) until the 1990s. More recently, it has become increasingly valued in
research work on the Mediterranean area (Furberg et al., 2002). This can be explained by the high
level of occurrence and persistence of the sea breeze in this area, the important atmospheric role of
wind circulation in the dynamic of pollutants in the Mediterranean basin (Millán, 2003), and  the
spatial and temporal increase of wind-speed and direction data (Achberger et al., 2006).

Recent papers include studies on the climatology of sea breezes by Ramis and Alonso (1988),
Ramis et al. (1990), Ramis and Romero (1995), Romero and Ramis (1996), González Márquez et
al. (1998) and Alomar et al. (2004) for the Balearic Islands; Redaño et al. (1991), Palomares
(1996) and Prohom (1998), for the Catalan coast; Quereda (1987), Quereda and Montón (1994;
1998), Quereda et al. (2004), Salvador (1990; 1999), Boix et al. (1995), Salvador and Millán (2003),
Miao et al. (2003), Azorín-Molina (2004) and Olcina-Cantos and Azorín-Molina (2004) for the area
of Valencia, and Kottmeier et al. (2000) for Southeastern Spain. These studies have attempted to
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analyze the main characteristics, physical processes and effects of the sea breezes on the
Mediterranean coast of the Iberian peninsula. In other cases, tests have been carried out by modelling
this mesoscale mechanism (for example, Ramis et al., 1990; Redaño et al., 1991; Salvador, 1999).
The latter includes work on the dispersion of pollutants, carried out at the Centre for Environmental
Studies in the Mediterranean, Fundación CEAM (Centro de Estudios Ambientales del
Mediterráneo) by Millán, Estrela, Salvador and other researchers (Millán, 2002).

In contrast to research on the Spanish Mediterranean coast, few studies have been published on
sea breezes along the Iberian Atlantic coast (Alcoforado, 1987; Arteche et al., 2004; Vasconcelos
et al., 2004; Vasconcelos and Lopes, 2005), due to the dominance of synoptic winds for much of the
year.

Ramis and Alonso (1988) defined the average meteorological conditions that favor the high
persistence of the sea breeze during summer in the Mediterranean: weak geostrophic wind,
anticyclonic circulation (Reiter, 1975), intense solar radiation and clear sky.

This article looks at statistical tests to measure the degree of persistence of the sea breeze. The
methodological testing of all these statistical study techniques in Spain, especially the use of Markov
chains, evaluates or values the occurrence and duration of dry and rainy spells (Martín-Vide, 1981;
Raso Nadal, 1982; Gómez Navarro, 1997; Lana and Burgueño, 1998; among many others). It also
studies the daily concentration of precipitation (Martín-Vide, 2004). However, Markov chains have
not been used to examine the persistence of sea-breezes. This new methodological approach could
help explain the seasonal and annual variability of concentration levels of pollutants. This problem is
specific to the Mediterranean coastal cities, which are governed by a recirculating cycle of polluted
air masses (Millán, 2002).

2. Data and methods
2.1 Data set
This study focuses on statistical analysis of the persistence of the sea breeze at a specific point on
the central coast of Alicante (campus of the University of Alicante, San Vicente del Raspeig). This
point is located on the coastal plain of the Campo de Alicante district, at approximately 100 meters
above sea level and 5 km from the coastline of the Mediterranean Sea. The study area is located in
the southeastern region of the Iberian peninsula (Fig. 1).

The climatic data, recorded half-hourly, for wind speed and direction, were obtained from the
automatic meteorological station of the Laboratory of Climatology of the University of Alicante,
from 14 August 1999 to 31 December 2003. The hourly data from the Alicante-Renfe automatic
meteorological station depend upon the Atmospheric Contamination Control and Monitoring Network
of Conselleria de Territori i Habitatge (Generalitat Valenciana), which is located about 5 km
from the university. This location was used to complete the five-year study period (1999-2003). In
both cases, the wind speed and direction was measured at a height of 10 meters (Table I).
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2.2. Identifying sea breeze days by the manual method
The days with a sea breeze were identified manually, with the experience and empirical knowledge

Fig. 1. Map of the study
area.

Automatic weather Longitude Latitude Distance from Height above Period Days
station closest sea (m)  sea level (m)

Alicante-Renfe 0° 29´ 50´´ W 38° 20´ 70´´ N 365 25 01.01.1999 to 225
13.08.1999

Laboratory of 0° 30´ 68´´ W 38° 22´ 99´´ N 5100 102 14.08.1999 to 1601
Climatology 31.12.2003

Table I. Characteristics of the automatic meteorological stations used in this study.

Days with sea breeze were selected and the following statistical techniques were used to study
the degree of persistence:

  ( i )  Absolute and mean number of sea breeze spells, and maximum, minimum and mean length
of sea breeze spells, at different time scales (annual, monthly and seasonal).

  (ii) Distribution of frequencies according to the length of the spells of sea breeze.
 ( iii) Empirical probabilistic estimation of the persistence of the sea breeze.
 (iv) Markovian analysis of the spells of days with sea breeze.
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of the distinctive characteristics of the sea breeze. The statistical characterization of the occurrence
and persistence of the sea breeze is too complicated to analyze by automatic selection: generally,
the objective criterion apply to the study of the characteristics and physical processes of the sea
breezes. They are very precise and underestimate the breezy days with this circulation of winds
(Borne et al., 1998). As such, they have been dismissed as inapplicable for this case in study. On
the other hand, detailed manual revision recorded on a daily basis permits the creation of a database
of days with sea breezes. To statistically value the persistence of this phenomenon, the complete
daily cycle of days with a sea breeze was considered. Incomplete days, when there was interference
by synoptic or mesoscale factors, independent of the duration of the sea breeze also had to be
considered. All of these can be defined as sea breeze days selected by the manual method. The
interference of the synoptic or mesoscale factors can provoke a delay in the onset-time, or a slight
variation in the direction and reinforcement of the speed of the sea breeze. These days should be
taken into account in the study of the degree of persistence. According to Prezerakos (1986), the
best way to select days with a sea breeze is by manually examining the anemograph, although this
could prove a laborious task for long study periods. The manual method has been used by other
authors: Arteche García (2001) selected 57 cases during the period of 1992-1996 (May to September)
after visual observation of the wind direction graphics from the automatic meteorological station in
Santander (Northern Spain).

The main criterion used for selecting sea breezes days was the change in direction (approximately
between 120 and 180°), and wind speed (over 5.4 kph or 1.5 m/s) during the day (Steyn and
Faulkner, 1986; Redaño et al., 1991; Banfield, 1991; Gustavsson et al., 1995; Borne et al., 1998;
Furberg et al., 2002; among others). This is not attributed to the circulation of the synoptic scale. It
was the only criterion which theoretically assured that the synoptic regional conditions were stable
and that the difference between the land-sea temperature was positive. The selection criterion
indicated by the authors as essential atmospheric requisites for the breeze to blow, was a weak
pressure gradient at surface level and a weak large-scale flow (Steyn and Faulkner, 1986; Borne,
et al., 1998; Furberg et al., 2002; Salvador and Millán, 2003; among others).

The greatest difficulty of the manual method was in the detection of the synoptic influence in
winds that coupled to the same sector of wind direction as the sea breeze –as in the first and
second quadrant in Alicante (Redaño et al., 1991; González et al., 1998). In this case, through
observation and direct analysis of the wind data, revelation of the medium-high intensity of zonal
situations was possible: 1) stronger spells, generally prolonged night and day; and 2) constant direction
without sudden turns.

In addition to this primary criterion, Gustavsson et al. (1995) and Prohom (1998) consider
additional complementary filters for identifying days with a sea breeze: (i) stabilization and downwards
inflection of the air temperature curve, minutes after the sea breeze begins; (ii) stabilization or
upwards inflection of the air relative humidity curve, minutes after the sea breeze begins.

The manual filter of the data on wind speed and direction (1999-2003) revealed 1227 days with
a sea breeze; this constitutes 67.20% of the total days of the period. This signifies that the sea
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breeze blew over the Mediterranean coast of Alicante for two out of every three days. The subjective
characteristic of the selection method, plus the difficulty in discriminating between days with sea
breeze and those with winds of synoptic origin, created a small margin for error that tended to
slightly overestimate the results.
This database was used to test the application of the following statistical tests.

2.3 Statistical analysis methods for the study of the persistence of the sea breeze
2.3.1 Spell method
This consists of counting the number and length of the spells of sea breeze, where the spell is a
sequence or period of time made up of consecutive days with a sea breeze. Grouping days with a
sea-breeze into spells requires three methods, which consider different allocation criteria when a
spell stretches from one month to another or from one year to the next.

Method a. Assigns the days of a spell to the month or year in which the sequence of consecutive
sea breeze days began (Douguédroit, 1987). This is inconvenient for assigning spells which begin in
the last days of a month, when more days accumulate the following month. This example is outlined
in Table II, which assigns the spells of 17 days of sea breeze (from 29/03 to 14/04) to the month of
March. For the study period 1999-2003, 219 spells were recorded. This is less equitable than
method b.

Method b. Assigns the days of a spell to the month or year with the greatest number of sea
breeze days. The exception to this is when both add up to the same number, and in this case the
criterion adopted is that the spell is assigned to the month in which it starts. Without breaking spells,
this method favours the month which has a greater participation in the phenomena. In the example
shown in Table II, April contains the spell of 17 days of sea breeze. This is the method that was
used in this study. Using this method, an identical number of sea breeze sequences were recorded,
as 219 spells.

Method c. Works with independent or individual months, fragmenting the spells that last from
one month to the next (there are a total of 33 cases of this kind). By breaking spells, a total of 252
sequences were counted. This method is inadequate in valuing the persistence of the sea breeze. In
the example shown in Table II, the spell of 17 days was broken into 2, with 3 days in March and 14
in April. This is the procedure used to calculate half of the statistic monthly values.

Table II. Sea breeze days in Alicante, from 15 March to 15 April 1999.
15.03 16.03 17.03 18.03 19.03 20.03 21.03 22.03 23.03 24.03 25.03 26.03 27.03 28.03
   0 0 0 1 1 1 1 1 0 0 1 0 0 0
29.03 30.03 31.03 01.04 02.04 03.04 04.04 05.04 06.04 07.04 08.04 09.04 10.04 11.04
   1 1 1 1 1 1 1 1 1 1 1 1 1 1
12.04 13.04 14.04 15.04
   1 1 1 0

    0 = No sea breeze day
     1 = Sea breeze day
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The average length of the spell is obtained as the quotient between the total number of days with
a breeze and the total number of spells for the period of time being valued.

2.3.2 Frequency distribution of concentration, or Lorenz, curves
The knowledge of the structure of the days with a sea breeze throughout the statistical sample
considered (1999-2003), is obtained by applying the frequency distribution method and its graphic
representation by means of the concentration, or Lorenz, curves (Martín-Vide, 2003). The study of
frequency distribution in accordance with the spells of sea breeze considers the following statistical
fields:

  (i)  Class: spells were classified in increasing order in class intervals of two days, from the
lowest (1-2 days) to the highest (51-52 days). The latter class considers the maximum
length of the absolute sea breeze spell recorded during the entire study period.

  (ii)  Midpoint: central values representative of each class.
 (iii)  ni: number or absolute frequency of sea breeze spells for each class or class interval.
 (iv) Σni: accumulated absolute frequency, a value that is obtained by adding the number of

spells of each lower class to the last one considered. The value corresponding to the last
class interval must coincide with the total number of sea breeze spells throughout the
period considered; for the five-year period 1999-2003, the 1227 days with a sea breeze
selected were grouped into 219 spells (method b).

  (v)  Pi: the product of the midpoint and ni for each class, where this operation gives a precise
estimation of the total number of days with a sea breeze.

 (vi)   ΣPi: accumulated number of days with a sea breeze per class, adding the intervals below
the class. The value of the last class represents a close approximation of the total number
of days with a sea breeze for the whole study period.

(vii)   Σni (%): percentage of the number of sea breeze spells for each class interval, in reference
to the total number of sea breeze spells.

(viii)  ΣPi (%): percentage of the number of days with a sea breeze for each class interval in
reference to the total number of days with a sea breeze.

The graphic representation of Σni (%) as X (abscissa axis) and ΣPi (%) as Y (ordinate axis),
draws the concentration, or Lorenz, curve, resulting in a notable exponential polygonal curve. This
curve values the dependence or relation between the percentage of the number of spells and that of
the total number of sea breeze days.

2.3.3 Persistence coefficients: empirical probabilities
The repetitive behaviour of a meteorological condition can be assessed by the use of persistence
coefficients (Martín-Vide, 2003). A statistical approach to this working technique requires the handling
of conditional probabilities to evaluate the persistent character of certain meteorological variables.
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Table III. Persistence coefficients applied to the study of sea breeze.

Simple probability
Probability of a day with a sea breeze (P1) P1 = [ 1 ] / N
Probability of a day without a sea breeze (P0) P0 = [ 0 ] / N  or  1 − P1

Conditional probabilities (for cM1)
Probability of a day with a sea breeze after P11 = [ 1 - 1 ] / [ 1 ]
a day with a sea breeze (P11)
Probability of a day without a sea breeze after P10 = 1 − P11

a day with a sea breeze (P10)
Verification of the persistence index of the sea breeze P11 > P1

Conditional probabilities (for cM2)
Probability of a day with a sea breeze after P011 = [ 0 - 1 - 1 ] / [ 0 - 1 ]
a day with a sea breeze and the day before this one
without a sea brezze (P011)
Probability of a day with a sea breeze after P111 = [ 1 - 1 - 1 ] / [ 1 - 1 ]
two days with a sea breeze (P111)
Probability of a day without a sea breeze after P110 = [ 1 - 1 - 0 ] / [ 1 - 1 ]
two days with a sea breeze (P110)
Probability of a day without a sea breeze after P010 = [ 0 - 1 - 0 ] / [ 0 - 1 ]
a day with a sea breeze and the day before this one
without a sea breeze (P010)

Table III summarizes the statistical calculations or empirical probabilities applied to the study of the
inertial tendency to repetition of the days with a sea breeze on the coast.

[  ]: Number of cases of sea breeze (1) or no sea breeze (0)
N: total number of days observed

2.3.4 Markovian chain model: calculated probabilities
The Markovian chain stochastic model was used as a statistical method for calculating the probability
of a determined state of a meteorological variable lasting 1, 2, 3… n consecutive days, Pn. The
Markovian property is defined as the dependence of the state of a variable at a given moment, with
regard to its value during previous days. The hypothesis to be tested is that the temporal behavior of
the sea breeze days is an order 1 or 2 Markovian phenomenon: the occurrence of a sea breeze day
depends only on the state (sea breeze or not) of the day before, or of the day before and the
previous one, respectively. The first-order Markov chain (cM1) considers only the state of the
variable of the day before the day studied. A spell of sea breeze with a duration of n days has n sea
breeze consecutive days, beginning after a day without a sea breeze and ending with another of
identical type (0-1-…(n)…1-0; 1 for sea breeze day and 0 for the opposite). The calculation of the
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probability of a sea breeze spell lasting exactly n days using the Markovian model requires the
chain to end with a day without a sea breeze: 1-…(n)-1-0 (there are n days with a sea breeze plus
one final day without a sea breeze: n + 1 day). Consequently, there are n – 1 links of the 1-1 type
and one of the 1-0 type. The first-order Markov chain formula applied is:

Pn = P11
n−1  • P10   ;   Pn = P11 

n−1   • (1 − P11)  or  Pn = (1 − P10)n−1  • P10

P11  is the probability of a day with a sea breeze after a day with a sea breeze, and P10 the probability
of a day without a sea breeze after a day with a sea breeze.

With the aim of improving the adjustment of the probabilities calculated by cM1, the second
–order Markov chain (cM2)–, was formulated to take the character of the two previous days into
account, and considered thus:

Pn = P011 • P111
n−2 • P110   ,  for   n ≥ 2

P1 =  P010

When the probabilities of sea breeze spells with a length of 1, 2, 3... n days had been calculated,
the first and second-order Markovian chain model was validated. The adjustment(s) was/were
verified by the χ2 test, with v – 2 degrees of freedom, once the spells with a frequency less than 5
were grouped, to a significant level α = 0.05 (Martín-Vide and Gómez, 1999).

3. Results
3.1 Application of the spell procedure to the study of the circulation of the sea breeze
3.1.1 Absolute and mean number of sea breeze spells
The greater or lesser number and length of sea breeze spells depend upon three basic factors: (i)
the effect of the latitude; (ii) the topographical characteristics, and (iii) the synoptic variability on a
daily temporary scale (López-Bustins and Azorín-Molina, 2005). On an annual scale, the total
number of spells in Alicante is very balanced as it fluctuates between a maximum of 50 for the year
2003 and minimum of 40 for the year 2000, where the quinquennial mean is 43.8 sea breeze spells.
To summarize, four stages are differentiated throughout the year, taking into account the numeric
distribution of the monthly mean of spells (Fig. 2a):

   (i)  Central summer months: very few sea breeze spells are recorded during the months of
June (mean No. spells: 2.2), July (1.2) and August (1.8), which contain a significant
number of sea breeze days, depending on the conditions of anticyclone circulation and
atmospheric stability (Fig. 5a). These conditions are sometimes far from the trajectory of
frontal depressions (Reiter, 1975; Ramis and Alonso, 1988; Ramis et al., 1990; Redaño et
al., 1991).
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 (ii)   Central winter months: the mean number of sea breeze spells in winter is almost three
times greater than in summer, although there is a slight reduction in the mean number of
spells (December 4.4, January 4.6 and February 4.2), compared with those of the preceding
months (November) and following months (March and April). The dominance of synoptic
westerly winds in winter (Fig. 5d), and the expansion of the circumpolar vortex (Shindell
et al., 2001), alternates with the succession of high-pressure blocking situations over the
synoptic stage; this creates the calm that triggers the sea breeze on the coast of Alicante
(Olcina-Cantos and Azorín-Molina, 2004). For example, anomalies in mean pressure for
1961-1990 of +12 hPa to the west of Ireland in January 2000, and between +4 and 8 hPa
in the Iberian peninsula, caused by a long period of anticyclone (Eden, 2000), led to a
reduction in the number of spells to only four and an increase in the sea breeze days to 26,
i.e. 83.87% of the days in January 2000 (Fig. 5c).

(iii)   Transition from winter to spring and from autumn to winter: this corresponds to two stages
of the year with variable weather types, where opposite atmospheric situations occur in a
very brief time interval of a few days. March (4.8), April (4.8) and November (5.0) are
variable, unstable months which combine days of calm with others typical of winter (Font
Tullot, 2000). Consequently, the mean number of sea breeze spells in these months is
markedly different to the other months of the year.

(iv)    Transition from spring to summer and from summer to autumn: the mean number of sea
breeze spells for the period of 1999-2003 is between 3.0 and 4.0; with 3.4 in September,
3.6 in October and 3.8 in May. The main characteristic of this final stage is the decrease
in the mean number of sea breeze spells from spring to summer; this is due to the greater
protagonism of the stable synoptic pattern (Azores anticyclone) and the upward tendency
that occurs from the minimum of summer to autumn. This tendency is caused by an
increase in the frequency of the unstable atmospheric circulation patterns over Europe
and the Iberian Peninsula (westerly components).

There is an inverse correlation between the mean number of spells and the mean number of
days with a sea breeze (Fig. 2a): the lower the mean number of spells, the greater the mean number
of days with a sea breeze, and vice versa. This inverse correlation is because very few sea breeze
spells contain a high number of sea breeze days under stable synoptic conditions (summertime).
However, the number of spells is greater when the synoptic patterns are unstable and the sea
breeze is not persistent (wintertime).

The values related to the percentage distribution of the sea breeze spells in seasons (Fig. 2b) are
more concurrent with the atmospheric reality using the calendar division, WASpSu regime (maximum
in winter and minimum in summer), than with the climatic division, SpWASu regime (maximum in
spring and minimum in summer). In general terms, the unstable winter and autumn weather types
distorts the sea breeze and triggers the number of spells, where the percentages stand as follows:
31.05% in winter (January, February and March), 29.68% in autumn (October, November and
December), 24.66% in spring (April, May and June) and 14.61% in summer (July, August and
September).
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Fig. 2a) Monthly frequency of the mean number of spells and days with a sea breeze in Alicante.

Fig. 2b) Percentage values of the seasonal total of sea breeze spells, comparing the differences between the
application of the climatic and calendar division. Climatic division: Winter (D-J-F), spring (M-A-M), summer
(J-J-A) and autumn (S-O-N). Calendar division: Winter (J-F-M), spring (A-M-J), summer (J-A-S) and autumn
(O-N-D). Period 1999-2003.
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3.1.2 Maximum, minimum and mean length of the sea breeze spells
By valueing the persistence of the sea breeze, interesting data are obtained through calculating the
length or maximum and minimum duration in days of the sea breeze spells for the whole period.
Figure 3 shows a significant contrast between the four-month period between May and August
(June, 52; August, 46; May, 36 and July 17), and the other months of the year (November, 7 days;
October, 9; January and March, 12, and February, 13). The large decrease of the maximum length
in July does not have a physical explanation: it is due to the application of the method b for grouping
days with a sea breeze into spells. The sea breeze has a high level of occurrence and persistence
in July (mean number of sea breeze days: 28.2). The estimation of sea breeze spells is a good
indicator of the persistence associated to atmospheric stability conditions. Moreover, the length of
minimum duration of the spells confirms the high level of inertia to persist of the sea breeze in
summer, since in May, July and August, the minimum stands at two, compared with the other
months of the year, which stand at one.

Table IV shows the mean monthly values of the duration of sea breeze spells, and also confirms
the permanent status of the sea breeze during the warmer months of the year (June, 8.93 days;
July, 10.85 and August, 12.25). This can be compared with the reduced repetitive behavior of this
atmospheric phenomenon in winter, especially during November (1.96 days), when there is a
dominance of advective situations (Esteban et al., 2006).

3.2 Analysis of the distribution of frequencies according to the length of the sea breeze spells
The distribution of absolute frequencies according to the length of the sea breeze spells in Alicante,
in days, for the five-year study period is shown in Figure 4. The main feature of the time structure
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The negative-shaped exponential distribution of the number of sea breeze spells by class intervals
can be verified by analyzing Figures 6 (a and b). These show a subdivision of the absolute frequency
distribution of the spells in two six-month periods (from November to April and May to October),
during which the regional atmospheric dynamics on Mediterranean latitudes show different behavior
(Olcina-Cantos and Azorín-Molina, 2004): November-April (dominance of north-westerly synoptic
winds) and May-October (dominance of sea-breeze winds).

Table IV. Mean monthly length (in days) of sea breeze spells in Alicante (1999-2003).

  J F M A MY J JL A S O N D

3.43 4.09 3.32 3.59 5.71 8.93 10.85 12.25 5.95 4.25 1.96 3.04

Fig. 4. Absolute frequency distribution of the sea breeze spells by class intervals of length in days
in Alicante (1999-2003). The solid line shows the fitted negative-shaped exponential.

The curve of the fit shows a marked negative exponential behavior for the six-month period
from November to April. The dominance of brief sea breeze spells is almost absolute in comparison
with the rest: the relative frequency of the sea breeze sequences for the class intervals of 1-2 to 5-

of the sea breeze spells is the marked tendency to reduce their number from the lower class
intervals to those of longer duration. Explained in other terms: we registered a greater absolute
number of short sea breeze sequences (1-2: 93 cases, 3-4: 45 cases and 5-6: 29 cases) in comparison
with the longer class intervals (15-16: 4 cases, 17-18: 4 cases and 19 and > 20: 10 cases).
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b)a)

d)c)

Fig. 5. Daily synoptic patterns associated with sea breeze/no sea breeze occurrence for the two six-month
period. a) Sea breeze day in May-Oct (Iberian thermal low, 22.06.2001 12Z), b) No sea breeze day in May-Oct
(Northerly flow, 27-07.2003 12Z), c) Sea breeze day in Nov-Apr (Anticyclone, 08.01.2000 12Z) and d) No sea
breeze day in Nov-Apr (North-westerly flow, 27.03.1999 12Z). Data source: NCEP/NCAR reanalysis.
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6 stands at 87.05% (121 cases). The other classes, with longer spells, are much less significant (7-
8: 5.04%; 9-10: 2.16%; 11-12: 2.88%; 13-14: 1.44% and 17-18: 1.44%), and are attributed to situations
of anticyclone blocking in the general circulation from the west (Fig. 5c). The frequency distribution
for the warm six-month period of the year between May and October does not follow a particularly
negative-shaped exponential, as the sea breeze spells last longer. However, the class intervals
between 1-2 and 5-6 cover 57.50% of sequences, which correspond to brief spells during May,
September and October. The atmospheric stability during June, July and August reduces the negative
exponential statistical behavior, as the number of spells is of relative importance in the class intervals
of 7-8: 8.75%; 9-10: 8.75%; 11-12: 3.75%; 15-16: 5% and 19 and > 20: 12.50%.

Table V offers absolute frequency distribution (ni) and accumulated frequency distribution (Σni)
of the number of sea breeze spells, in 2-day classes, as well as the distribution of absolute frequencies
(Pi) and accumulated frequencies (ΣPi) of the days with a sea breeze in Alicante for the five-year

Table V. Distribution of absolute frequencies (ni ) and accumulated frequencies (Σni ) for the number of sea
breeze spells, together with the approximate estimation of the number of absolute days with a sea breeze (Pi)
and accumulated days (ΣPi ), where both cases are grouped together in class intervals of two days. The last
two columns show details of the accumulated relative frequencies for Σni and ΣPi , 1999-2003.

Class Midpoint ni Σni Pi ΣPi Σni (%) = X ΣPi (%) = Y
1  -  2 1.5 93 93 139.5 139.5 42.47 11.34
3  -  4 3.5 45 138 157.5 297.0 63.01 24.14
5  -  6 5.5 29 167 159.5 456.5 76.26 37.10
7  -  8 7.5 14 181 105.0 561.5 82.65 45.63
9 - 10 9.5 10 191 95.0 656.5 87.21 53.35

11 - 12 11.5 7 198 80.5 737.0 90.41 59.89
13 - 14 13.5 3 201 40.5 777.5 91.78 63.19
15 - 16 15.5 4 205 62.0 839.5 93.61 68.22
17 - 18 17.5 4 209 70.0 909.5 95.43 73.91
19 - 20 19.5 2 211 39.0 948.5 96.35 77.08
21 - 22 21.5 1 212 21.5 970.0 96.80 78.83
23 - 34 23.5 1 213 23.5 993.5 97.26 80.74
25 - 26 25.5 0 213 0.0 993.5 97.26 80.74
27 - 28 27.5 0 213 0.0 993.5 97.26 80.74
29 - 30 29.5 0 213 0.0 993.5 97.26 80.74
31 - 32 31.5 1 214 31.5 1025.0 97.72 83.30
33 - 34 33.5 1 215 33.5 1058.5 98.17 86.02
35 - 36 35.5 1 216 35.5 1094.0 98.63 88.91
37 - 38 37.5 0 216 0.0 1094.0 98.63 88.91
39 - 40 39.5 1 217 39.5 1133.5 99.09 92.12
41 - 42 41.5 0 217 0.0 1133.5 99.09 92.12
43 - 44 43.5 0 217 0.0 1133.5 99.09 92.12
45 - 46 45.5 1 218 45.5 1179.0 99.54 95.81
47 - 48 47.5 0 218 0.0 1179.0 99.54 95.81
49 - 50 49.5 0 218 0.0 1179.0 99.54 95.81
51 - 52 51.5 1 219 51.5 1230.5 100.00 100.00
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period 1999-2003. The total number of sea breeze spells (Σni) is of 219 sequences and corresponds
to the value of the last class interval (51-52), whereas the result obtained for the same class in ΣPi,
of 1230.5, is a very close approximation to the total number of sea breeze days for the study period
considered: 1227 days with a sea breeze.

The most interesting interpretation of this table is achieved by calculating the accumulated
relative frequencies for the number of sea breeze spells for each class interval, Σni (%), and those
corresponding to the number of sea breeze days, as indicated in the last column: ΣPi (%). Therefore,
it is understood that for class 1-2, 42.47% of the spells contain 11.34% of the total number of days
with a sea breeze in Alicante. This interpretation is identical for the other classes. Furthermore, the
distribution of accumulated relative frequencies for both cases gives the graphic representation of
its values, using the percentages corresponding to Σni (%) for the abscissa, or X, and those of ΣPi

(%) for the ordinate, or Y, which gives the concentration, or Lorenz, curve (Shaw and Wheeler,
1994). This method has been used in other studies to find the daily precipitation concentration
(Martín-Vide, 2004).

Figure 7 shows the resulting polygonal curve for the whole year, as a marked positive-shaped
exponential. As the whole year graph shows, only 15% of the sea breeze spells between the
percentages of 85 and 100% contain just 50% of the days with a sea breeze. Class intervals of 1-
2 and 3-4, which represent 63.01% of the spells, contain only 24.14% of the days with a sea breeze
(Table V). Figure 8 also compares the polygonal curves of November-April and May-October. The
greatest distance of the second polygonal curve from the straight line of equal distribution and from
the first, indicates the concentration of the days with a sea breeze in spells during the warm six-
month period of the year, compared with the cold period. This concentration, in which only a few
spells contain a high number of days with a sea breeze, is shown by calculating the resulting area
between the polygonal curve for each six-month period and the straight equal distribution line: the
greater the area, the greater the concentration of the days with a sea breeze in spells. The area for
May-October, of 52.52%, is greater than that calculated for November-April, which has 40.20%.

3.3 Probabilistic estimation of the degree of persistence of the sea breeze
The degree of persistence of the sea-breeze in Alicante was empirically valued by applying conditional
probabilities as coefficients of persistence. The percentage of the days with a sea breeze, or empirical
probability (P1), for the five-year periods 1999-2003 stands at 67.20%, i.e. 2.3 of the total number
of days in the year the sea breeze blows over the coastal plain of Alicante. This information explains
the high occurrence of this weather condition in the atmospheric dynamics of this region. The
yearly breakdown shows variations in the percentage value or probability of days with a sea breeze,
although they generally fluctuate approximately between 60 and 70%. The probability of days
without a sea breeze in Alicante is therefore 32.80%, 1.3 of the days in the year.

Processing conditional probabilities adds precision to the estimation of the degree of persistence
of the sea breeze. Consequently, the probability of a day with a sea breeze after a day with a sea
breeze (P11) is 82.15% for the entire study period, and 17.85% the probability of days without a sea
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Fig. 6. Absolute frequency dis-
tribution of sea breeze spells by
class intervals of length in days
during the six-months spells
November-April (Fig. 6a) and May-
October (Fig. 6b), 1999-2003. (The
solid line shows the fitted negative-
shaped exponential).

a

b

breeze after a day with a sea breeze. The former value, when compared with the percentage of
days with a sea breeze, is used statistically to estimate the persistence of this wind circulation. For
the five-year period as a whole, as for each year in consideration, the value of P11 > P1, should be
interpreted as the statistical verification of the persistence of the days with a sea breeze on the
coastline of Alicante (Table VI).

3.4 Markovian analysis of the spells of days with a sea breeze
The calculated probabilities of the sequences of days with a sea breeze provided by the stochastic
model of the Markov chains are very satisfactory when compared with the observed or empirical
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Fig. 8. Concentration, or Lorenz, curve of
the number of accumulated sea breeze
spells (Σni (%)=X) in comparison with the
number of accumulated days with a sea
breeze (ΣPi (%)=Y) for the six-month
periods of November-April (square-maker)
and May-October (circle-marker) (the
bisector of the quadrant corresponding to
the straight line of equal distribution
represents the perfect regularity in the
distribution of days with a sea breeze).

Fig. 7. Concentration, or Lorenz, curve of
the number of accumulated sea breeze
spells (Σni (%) = X) in comparison with the
number of accumulated days with a sea
breeze (ΣPi (%) = Y) (the bisector of the
quadrant corresponding to the straight line
of equal distribution represents the perfect
regularity in the distribution of days with
a sea breeze).

values for Alicante. The test performed confirms the hypothesis presented in studies that have
applied this model to the variable of precipitation: the greater the persistence and duration of the
studied variable (Table VI), the worse the results obtained by the one-order Markov chain (cM1)
(Gómez, 1996; Martín-Vide and Gómez, 1999). The repetitive characteristic of consecutive days
with a sea breeze does not depend exclusively on the previous day, but also on what has happened
on previous days. This can be improved with the second-order Markov model (cM2).
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Despite the great persistence of the sea breeze in Alicante (P11 > P1) and, in general, on the
whole eastern coast of Spain (owing to the synoptic subtropical pattern during summer), the fit
through cM1 is acceptable for significance α = 0.05 (Table VIIa) for the whole study period (1999-
2003) (χ2 = 19.78 < χ2

(0.05, 12) = 21.03). However, the experiment with the superior higher order
(cM2) improves the quality of the results at the same level of significance (χ2 = 17.14 < χ2

 (0.05, 12)

= 21.03) (Table VIIb).

Table VII. Probability of sea breeze spells of the length n observed (Fn ) and calculated (Pn ) by applying the
stochastic models of (a) first-order Markov chain (cM1) and (b) second-order Markov chain (cM2) in Alicante
(ni and Pi are the empirical and calculated absolute numbers of sea breeze spells) (1999-2003).

n ni Fn Pn Pi χ2

1 52 0.24 0.18 39 4.27
2 41 0.19 0.15 32 2.46
3 22 0.10 0.12 26 0.73
4 23 0.11 0.10 22 0.08
5 11 0.05 0.08 18 2.60
6 18 0.08 0.07 15 0.78
7 9 0.04 0.05 12 0.76
8 5 0.02 0.05 10 2.40
9 5 0.02 0.04 8 1.19
10 5 0.02 0.03 7 0.41
11 - 12 7 0.03 0.05 10 0.88
13 - 15 6 0.03 0.04 9 1.12
16 - 18 5 0.02 0.02 5 0.00
19 - 52 10 0.05 0.03 6 2.09
                 219             219       19.78

(a)     (b)
n ni Fn Pn Pi χ 2

1 52 0.24 0.24 52 0.00
2 41 0.19 0.13 28 6.42
3 22 0.10 0.11 23 0.05
4 23 0.11 0.09 19 0.73
5 11 0.05 0.07 16 1.60
6 18 0.08 0.06 13 1.57
7 9 0.04 0.05 11 0.43
8 5 0.02 0.04 9 2.01
9 5 0.02 0.04 8 1.00
10 5 0.02 0.03 6 0.34
11 - 12 7 0.03 0.05 10 0.88
13 - 15 6 0.03 0.04 10 1.40
16 - 18 5 0.02 0.03 6 0.05
19 - 52 10 0.05 0.04 8 0.66

219 219 17.14

1999 64.38 35.62 81.70 18.30 17.32
2000 72.95 27.05 85.77 14.23 12.82
2001 69.32 30.68 81.82 18.18 12.50
2002 70.96 29.04 83.78 16.22 12.82
2003 58.36 41.64 76.53 23.47 18.17
1999- 67.20 32.80 82.15 17.85 14.96
2003

Table VI. Probabilistic values of the sea breeze
in Alicante (1999-2003). Symbols as in Table III.

 P1 P0           P11              P10     P11 - P1
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The most interesting Markovian analysis studies the adjustments of cM1 and cM2 in the two
semesters, with different degrees of persistence in the sea breeze. Theoretically, the greater synoptic
variability on a daily temporary scale (López-Bustins and Azorín-Molina, 2005), and the lesser
persistence of the sea breeze during the November-April semester should give satisfactory results.
On the other hand, the presence of a weak surface pressure gradient in the May-October semester,
and the greater persistence of the sea breeze should correspond with a worse fit. These results
partially confirm this hypothesis. Using cM1, the fit to a confidence level of 95% is acceptable for
the May to October semester (χ2 = 12.86 < χ2

(0.05, 8) = 15.51), but give much better results for
November-April (χ2  = 3.89 < χ2

 (0.05, 6) = 12.59) (Figs. 9a and 9b). cM2 provides a good fit for both
semesters, improving the results in the May-October semester (χ2  = 11.71 < χ2

 (0.05, 8) = 15.51) in
reference to cM1. To summarize, the application of the orders under the Markov chain generally
result in alignment, despite the seasonal factors, and are satisfactory for calculating probabilities of
the duration of the sea breeze spells, in the Mediterranean coast of the Iberian peninsula.

Fig. 9. Graphic correspondence of
the length of the sea breeze spells
in Alicante (1999-2003), empirical
and calculated, using the first-order
Markov chain. Fig. 9a, cM1 May-
October. Fig. 9b, cM1 November-
April.
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4. Conclusions
Several statistical tests were used to estimate the degree of persistence of the sea breeze in Alicante,
during the five-year study period 1999-2003. The results show the important status of the persistence
of the sea breeze in summer, in favor of synoptic regional conditions of atmospheric stability, which
prolong the sequences of the sea breeze to an absolute maximum of 52 consecutive days. However,
the weight of the advective situations in certain months, such as March and November, significantly
increases the absolute number of spells and reduces persistence.

The Lorenz curves confirm the indicated hypothesis (only a few spells contain a high number of
days with a sea breeze), and the concentration that is linked to this phenomenon, as a very reduced
number of spells in the year; more specifically, 15% contain 50% of the total number of sea breeze days.

The comparison between the probability of a day with a sea breeze, 67.20% (2.3 of the days in
the year), and the probability of a day with a breeze after a day with a breeze, 82.15%, represents
the statistical verification of the persistence of this atmospheric phenomenon, since the latter value
is greater than the former for the entire five-year period and for each of the years.

The analysis between the probabilities observed and those calculated using the lower Markovian
chain models (cM1 and cM2) is satisfactory to estimate the persistence of the sea breeze, with
greatest precision in winter, although functional throughout the whole year.

Statistical characterization of atmospheric movements in the lower troposphere −sea breeze
and local winds− could be used to assess intra-annual variability in pollution levels. The sea breeze
has a decisive role in the transport and dispersion of pollutants released to the atmosphere (Millán,
2002). The statistical methods that have been applied may be used in future studies that attempt to
explain the temporal dynamics of pollutants. The high persistence of local winds is the main factor
responsible for the problems of air quality in Mediterranean cities, which are subjected to strong
pressure from industry and the automobile. The cell formed by the sea breeze and the land breeze
leads to dynamic confinement of the air masses in one single place, and to the formation of strata of
polluted air (Simpson, 1994).
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