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RESUMEN

Se han determinado los tipos de clima segtn el procedimiento de Jenkinson y Collison de los 22 646 dias
del periodo 1948-2009 para la cuenca del Mediterraneo occidental, a partir de los valores de presion en
superficie del reanalisis NCEP/NCAR, para una reticula de nueve puntos con vértices extremos en 45°
N, 5° Wy 35°N, 15°E, lo que permite disponer de un amplio catalogo sindptico para la citada region. Se
han analizado las tendencias de los tipos y sus diferentes agrupaciones durante el mismo periodo. El tipo
mas frecuente es el U (indeterminado), con un promedio anual cercano al centenar de dias (99.4, 27.2%);
le siguen el tipo A (anticiclon), con 75.5 dias/afio (20.7%), y el C (depresion), con 67.8 dias/afio (18.6%).
La elevada frecuencia del tipo U se debe a la presencia habitual de campos baricos con escaso gradiente
(“pantanos barométricos”) sobre las aguas mediterraneas en la mitad calida del afio. Por rumbos, los tipos
procedentes del oeste son los mas frecuentes y los del sur, los menos. El régimen mensual de los tipos y
agrupaciones mas frecuentes es bastante regular; el tipo C y las agrupaciones advectivas y de tipos ciclénicos
presentan minimos estivales y maximos en la mitad fria del afio, mientras que ocurre lo contrario con los
tipos U y A. Las principales tendencias anuales estadisticamente significativas del periodo 1948-2009 son la
disminucioén del tipo A (—4.19 dias/década, es decir, —29.0%) y el aumento del tipo U, los tipos ciclonicos y
los de componente este. Al comparar los subperiodos de 31 afnos 1948-1978 y 1979-2009, se confirman las
tendencias de Ay U, y se aprecian en general aumentos de los tipos con componente este y disminucion de
los que tienen componente oeste. La variacion del tipo A fue de 2490 dias en el primer subperiodo a 2192 en
el segundo (p = 0.000), concentrada sobre todo en verano y otofio. Esta clara reduccion del tipo A coincide
paraddjicamente con un aumento de la variable presion (+0.31 hPa/década) a lo largo de los 62 afios de
analisis. La tendencia negativa encontrada en el tipo A difiere de los resultados hallados en algunos estudios.
Los diferentes periodos de analisis, las distintas escalas o areas de estudio y la variedad de métodos usados
para la determinacion de los tipos de tiempo pueden explicar la falta de concordancia en los resultados.
Ademas, el calentamiento en las ultimas décadas de las aguas de la cuenca del Mediterraneo occidental,
amén del caracter marcadamente ciclogenético de los golfos de Ledn y Génova, podria estar detras de la
disminucioén del tipo A y el aumento de los tipos con curvatura ciclonica.
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ABSTRACT

We determined the weather type, according to the Jenkinson and Collison procedure, of the 22 646 days in
the 1948-2009 period for the western Mediterranean basin. The analysis is based upon the surface pressure
values of the NCEP/NCAR reanalysis, for a grid of nine points with extreme vertices at 45° N, 5° W and
35°N, 15° E, which provides a broad synoptic catalogue for this region. We analyzed the trends of the types
and their different groupings during the same period. The most frequent type is U (undetermined), with an
annual average of approximately 100 days (99.4, 27.2%), followed by type A (anticyclone), with 75.5 days/
year (20.7%), and C (depression), with 67.8 days/year (18.6%). The high frequency of type U is due to the
habitual pressure of baric fields with a low gradient over Mediterranean waters in the warm half of the year.
According to their directions, the types from the west are the most frequent and those from the south, the
least. The monthly regime of the most frequent types and groupings is quite regular; type C groups, as well
as advective and cyclonic curvature groups, present summertime minima and maxima in the cold half of the
year, whereas the opposite occurs with types U and A. The main statistically significant annual trends in
the 1948-2009 period involve a decrease in type A (—4.19 days/decade, that is, —29.0%) and an increase
in type U, the cyclonic types and those presenting an easterly component. On comparing the 31-yr sub-pe-
riods 1948-1978 and 1979-2009, the tendencies of A and U were confirmed, and increases can generally
be seen in the types presenting an easterly component and a decrease in those with a westerly component.
The variation in type A ranged from 2490 days in the first sub-period to 2192 in the second one (p = 0.000),
mainly concentrated in summer and autumn. This evident reduction of type A coincides, paradoxically, with
an increase in the sea surface pressure variable (+0.31 hPa/decade) throughout the 62 years of analysis. The
negative trend found in type A differs from the results of some studies. The different analysis periods, the
different scales or areas of study and the variety of methods used to determine the weather types can account
for the fact that these results are discordant. Moreover, warming over the last few decades in the waters of the
western Mediterranean basin, as well as the clearly cyclogenetic character of the gulfs of Lion and Genoa,
might account for the decrease in type A and the increase in the cyclonic curvature types.

Keywords: Jenkinson and Collison, trends, weather types, western Mediterranean.

1. Introduction

Substantial advances have been made in recent years with regard to the objectification of
synoptic classifications, circulation patterns or weather types, due to the proposal of objective
or automatic methods. Traditional subjective or manual classifications of weather types, based
on subjective criteria drawing upon the researcher’s experience, have been gradually replaced
by objective or semi-objective automatic classifications, based on quantitative criteria and
supported by the calculation capacity of computers. Although the experience of the researcher
or the synoptic analyst is to be respected, subjective criteria prevents obtaining identical results
in successive applications of the same subjective classification in a determined area and period,
and therefore these results cannot be transferred or transported. On the contrary, automatic
classifications can be used by any investigator by merely following the previously established
objective criteria and the corresponding calculation algorithm, with identical final results. It
is true, however, that the use of an automatic classification can be blind, only following the
calculation algorithm, and there is therefore a need for expert (and subjective) analysis of the
established criteria and the geographic and climatic coherence of the obtained results. To put
it another way, the results provided by objective classification should be reviewed by an expert
to check their suitability for the analyzed area, as well as their coherence and usefulness. One
of the greatest efforts in the objectification of synoptic classifications was developed within
the framework of the COST7333 Action (Harmonization and Applications of Weather Type
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Classifications for European Regions, www.cost733.org), which involved researchers from 23
countries in the quest for the most suitable automatic classifications for the European continent
(Philipp et al., 2010; Huth, 2010).

Multivariate analysis, in particular principal component analysis associated with clustering
processes, is now widely used to classify weather types. It enables us to determine the main synoptic
and surface circulation patterns, as well as at different tropospheric levels, based on extensive sea
surface pressure and geopotential at 500 hPa and other levels databases, very often reanalysis, which
cannot be processed manually (Huth ez al., 2008; Esteban et al., 2006). However, multivariate analysis
is not a totally objective process, but rather semi-objective, given that thresholds need to be established
and that there is a need to choose from different options at different stages of application, such as
establishment of the level of variance explained by the components, the number of synoptic types,
the use of T or S modes, rotating or not the components obtained (with the choice in this case of the
rotation method), using a hierarchical classification or not, etc.

The most objective existing classification procedure is not part of the group of classifications
based on multivariate analysis; rather, it involves the Jenkinson and Collison method (Jenkinson and
Collison, 1977) (hereinafter JC). Used successfully in the British Isles, it was created precisely to
fulfill the task of objectivizing the so-called Lamb’s (subjective) classification, and provided results
that were very similar to those of the latter classification (Jones et al., 1993). Lamb’s daily types for
the British Isles (since 1861) and the corresponding JC types (since 1880) can be found at http://
www.cru.uea.ac.uk/cru/data/lwt/. Uses and applications of JC in European regions, especially the
north of the continent, can be found in Buishand and Brandsma (1997), Trigo and DaCamara (2000),
Linderson (2001), Post et al. (2002), Fowler and Kilsby (2002), Buchanan et al. (2002), Antonsson et
al. (2008), Demuzere et al. (2008), Post and Kérner (2008), etc. In other regions of the planet, the JC
method has as yet been little used, although one of the first pilot applications was in a scope outside
of the mid-latitudes, specifically in Egypt (Dessouky and Jenkinson, 1977). In southern Europe and
in particular in the Mediterranean basin, the JC classification has not been widely used, partly due
to the fact that it only contemplates the surface level, while mechanisms in mid-troposphere (500
hPa) initially have a noteworthy effect upon weather conditions. In the case of the Iberian Peninsula,
the first application of the JC method over the whole territory was performed by Spellman (2000)
and subsequently debated by Martin-Vide (2001). Other research on the Iberian Peninsula and the
surrounding area involves works by Martin-Vide (2002) on the synoptical classification of days of
torrential rainfall in the Valencia region; Rasilla et al. (2002), on wind storms in northern Spain;
Vicente-Serrano and Lopez-Moreno (2006), on wintertime droughts in NE Spain; Azorin et al. (2009),
who use JC to classify days with breezes on the Mediterranean coast of the Iberian Peninsula, and
Ramos et al. (2010), on compatibility between low-frequency variability patterns and circulation types.

The western Mediterranean basin (Fig.1) constitutes a complex planetary region with regard to
atmospheric mechanisms. Although weather types are usually associated with thermodynamic stability,
with calm surface meteorological conditions, very intense storms and showers are occasionally
recorded, which synoptic cause in some spaces can be very varied (Martin-Vide et al., 2008). In
certain cases, it is said that their genesis is located in the medium and high layers of the troposphere,
with mechanisms such as cut-off lows and troughs. Moreover, the Mediterranean basin is considered
to be one of the critical regions in relation to the future effects of global warming. This justifies the
need for a long-term study of synoptic types based on objective classification, which in this research
is specifically seen in the JC method for the 1948-2009 period. As in the study area there are weather
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types of thermal nature, a notorious percentage of sea surface, summer lows associated with warming
and winter highs produced by cooling decrease, it can therefore be easier to verify the coherence
of the method. Following the basic statistical analysis (frequency) of the types found annually, we
performed a temporal analysis of their frequency during the study period, comparing the 1948-1978
and 1979-2009 sub-periods, annually and seasonally. The contents are structured in the following
manner: presentation of the JC method, the grid used and the database in section 2; results (annual
frequencies, monthly and seasonal frequencies, tendencies, and comparison of sub-periods) in section
3; discussion of results in section 4; and conclusions in section 5.
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2. The Jenkinson and Collison method: Application to the western Mediterranean basin
data

The Jenkinson and Collison classification is based on eight variables deduced exclusively from
surface atmospheric pressure. These variables are:

P:  Average surface pressure (hPa).

W:  Zonal component of geostrophic (surface) wind, calculated as the pressure gradient between
35%and 45° N.

S:  Meridian component of geostrophic (surface) wind, calculated as the pressure gradient between
15°W and 5° E.

D:  Wind direction (azimuth degree).
F:  Wind speed (m/s).

ZW:
ZS: Meridian vorticity component.
Z: Total vorticity.

Zonal vorticity component.
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A grid (Fig. 2) was considered for the western Mediterranean basin. It defines nine points: the
intersections of parallels 35°, 40° and 45° N with meridians 5° W, 10° E and 15° E. If the surface
atmospheric pressure is established at the nine points, the values of the eight variables are found.
Table I shows the expressions used to calculate them.
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Fig. 2. Grid.

Table I. Analytic expressions for the Iberian Peninsula of the applied variables of the Jenkinson and Collison
method.

P=0.0625[(P1 +P3 +P7 + P9) + 2(P2 + P4 + P6 + P8) + 4P5]

W= 0.25[(P7 +2P8 + P9) — (P1 + 2P2 + P3)]

S=0.653[0.25(P3 + 2P6 + P9) — 0.25(P1 + 2P4 + P7)]

D= arctg (W/S)

F= (W2+S2)1/2

ZW = 1.056[(P7 + 2P8 + P9) — (P4 + 2P5 + P6)] — 0.951[(P4 + 2P5 + P6) — (P1 + 2P2 + P3)]

7S = 1.305[0,25(P3 + 2P6 + P9) — 0.25(P2 + 2P5 + P8) — 0.25(P2 + 2P5 + P8) + 0.25(P1 + 2P4 + P7)]
Z= ZIW+ZS

Based on the values of these eight variables, the following five universal laws of the JC method
are applied:

1. The flow direction is indicated by D (a wind rose of eight directions is used, and the W and S
signs are considered).

2. If |Z] <F, an advective or pure directional type exists, defined according to rule 1 (N, NE, E,
SE, S, SW, W and NW).
3. If |Z| > 2F, a cyclonic type exists (C), if Z > 0, or anti-cyclonic (A), if Z <0.
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4. If F <|Z] < 2F, an hybrid type exists, according to the Z sign (rule 3) and the flow direction
(rule 1) (CN, CNE, CE, CSE, CS, CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, AW and
ANW).

5. If F <6 and |Z| < 6, an undetermined type exists (U).

(Hereinafter, type C, or cyclonic, will be called depression, and type A, or anti-cyclonic, anti-
cyclone.)

The database contains the sea level pressure for 12 h UTC of each day in the period 1948-2009
of the NCEP/NCAR reanalysis. In total, the database analyzed involved 203 814 values for surface
pressure (22 646 days per nine daily data).

3. Results
3.1. Annual frequency of the types

Once the 22 646 days of the study period had been classified according to the types of the JC
classification, the values of the basic statistical parameters were recorded in Table II. The most
frequent type is U (undetermined), with an annual average of around one hundred days (99.4, which
represents 27.2% of the whole period). It is followed by type A (anticyclone), with 75.5 days per
year (20.7%), and C (depression), with 67.8 days per year (18.6%). Together, types U, A and C
group two thirds (66.5%) of the total. None of the remaining types exceeds 13 days a year, i.e. they
do not reach 3.5%; therefore, they fall far from the three above mentioned ones. The types that
follow the three most common ones have frequency percentages of between 2.5 and 3.5%, and all
of them are purely advective: W (3.4%), NW (3.3%), NE (3.1%) and N (2.5%).

The three most frequent types present the following annual maxima: U, 122 days in 1994;
A, 127 days in 1948; and C, 104 days in 2009. The remaining ones have never exceeded 25
days in one year. At the other extreme, more than half of the types (16, which include E, SE,
S, CE, CSE, CS, CSW, CW, AN, ANE, AE, ASE, AS, ASW, AW and ANW) did not appear
in any year. Furthermore, it is interesting to note that the types with a higher coefficient of
variation (over 80%) present a southerly component.

On grouping the purely advective types (N, NE, E, SE, S, SW, W and NW, hereinafter ADV),
the cyclonic advective types (CN, CNE, CE, CSE, CS, CSW, CW and CNW, hereinafter ADVC)
and the anti-cyclonic advective types (AN, ANE, AE, ASE, AS, ASW, AW and ANW, hereinafter
ADVA) the mean number of days per year is 64.5, 31.5 and 26.5, respectively, whose percentages
are 17.7, 8.6 and 7.3% (Table III).

Adding the number of type C days and the number of days with cyclonic advective type (ADVC)
6155 days with cyclonic character or curvature, or positive vorticity (hereinafter CYC) are obtained,
which represent 27.2% of the total. These values are very similar to those corresponding to the
sum of type A and anti-cyclonic advective (ADVA) days: 6327 days with anti-cyclonic character
or curvature, or negative vorticity (hereinafter ANT), which represent 28.0% of the total.

We also calculated the absolute and percentage frequencies of the groupings of types with northerly
direction: N, CN and AN (hereinafter [N]); easterly direction: E, CE and AE (hereinafter [E]); southerly
direction: S, CS and AS (hereinafter [S]); and westerly direction: W, CW and AW (hereinafter [W]).
We calculated the same facts for the groupings of types with a northerly component: N, CN, AN,
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Table II. Total number of days, annual mean and percentage, annual
maximum and minimum, standard deviation (SD) and coefficient
of variation (CV) of the JC classification types in the western
Mediterranean basin (1948-2009).

JC type Days Mean % Max. Min. SD CV

N 565 9.1 2.5 20 2 4.1 45
NE 701 11 3.1 23 3 42 37
E 505 8.1 2.2 19 0 3.8 46
SE 182 2.9 0.8 8 0 2 70
S 131 2.1 0.6 14 0 24 112
SW 386 6.2 1.7 21 1 34 55
w 777 13 34 25 3 51 41
NwW 752 12 33 21 3 44 36
C 4205 68 19 104 33 14 20
A 4682 76 21 127 38 17 22
CN 336 54 1.5 11 1 22 40
CNE 534 8.6 24 18 2 4 47
CE 209 34 0.9 9 0 2 59
CSE 120 1.9 0.5 6 0 1.6 84
CS 80 1.3 0.4 5 0 1.2 89
CSW 144 23 0.6 7 0 1.6 70
CW 219 3.5 1 10 0 2.1 58
CNW 308 5 1.4 12 1 24 48
AN 177 2.9 0.8 11 0 22 78
ANE 280 4.5 1.2 11 0 25 54
AE 349 5.6 1.5 13 0 26 47
ASE 162 2.6 0.7 6 0 1.6 61
AS 76 1.2 0.3 4 0 1.1 88
ASW 146 2.4 0.6 9 0 1.8 76
AW 205 33 0.9 12 0 26 78
ANW 250 4 1.1 10 0 23 56
U 6165 99 27 122 65 10 10

Total 22646 365 100

NE, CNE, ANE, NW, CNW and ANW, hereinafter <N>; with an easterly component (E, CE, AE,
NE, CNE, ANE, SE, CSE, ASE, hereinafter <E>); with a southerly component (S, CS, AS, SE, CSE,
ASE, SW, CSW, ASW, hereinafter <S>); and with a westerly component (W, CW, AW, NW, ANW,
CNW, SW, CSW, ASW, hereinafter <W>). The results are shown in Table I'V.

3.2. Monthly and seasonal frequencies of the types
Monthly frequencies of types U, A, C, and of groupings ADV, ADVC and ADVA are shown in Fig. 3.

The monthly regime of ADV presents a minimum in July-August and a maximum in December,
with a clearly concave regular curve. The ADVC regime exhibits a minimum in July and a maximum
in December-January. The ADVA regime shows a minimum in August and equinoctial maxima in
March and October. Type C presents a maximum in December and a minimum in June, with a
slight secondary maximum in July-August. Type A presents a regime relatively opposed to that of
type C, with a maximum in May-June and a minimum in December, although with a secondary
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Table III: Total number of days, annual mean and percentage, annual maximum and
minimum, standard deviation (SD) and coefficient of variation (CV) of types C, A, U of the
JC classification and of groupings ADV, ADVC and ADVA in the western Mediterranean
basin (1948-2009).

C A U ADV ADVC ADVA Total
Days 4205 4682 6165 3999 1950 1645 22 646
Mean 67.8 75.5 99.4 64.5 31.5 26.5 365.26
% 18.6 20.7 27.2 17.7 8.6 7.3 100.0
Max. 104 127 122 89 46 43
Min. 33 38 65 42 19 14
SD 13.5 16.6 10.4 8.6 59 6.3
Ccv 20 22 10 13 19 24

Table I'V: Total number of days, annual mean and percentage of the groupings of advective types of the JC
classification in the western Mediterranean basin (1948-2009).

Northerly Easterly Southerly Westerly Northerly — Easterly  Southerly — Westerly
direction direction direction direction component component component component

[N] [E] [S] [W] <N> <E> <S> <W>
Total 1078 1063 287 1201 3903 3042 1427 3187
Mean 17.4 17.1 4.6 19.4 63.0 49.1 23.0 51.4
% 4.8 4.7 1.3 5.3 17.2 13.4 6.3 14.1

Groupings [S], with only 1.3%, and <S>, with 6.3%, are the least frequent in each class. Groupings [W],
with 5.3%, and <N>, with 17.2%, are the most frequent.

minimum in July-August. Lastly, the undetermined type presents the most contrasted regime, with
a clear maximum in July-August, whose absolute monthly values practically multiply by five those
of December-January-February, when the minimum occurs. The bell shape of type U stands out
over the others. There is a marked predominance of type U in July and August, with half its days
falling under this type.

1200
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/_\ —e—ADV
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Fig. 3. Monthly regimes of types U, C and A and groupings ADV, ADVC
and ADCA (1948-2009).
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The annual regimes of groupings CYC and ANT, similar to those described for types C and A,
are shown in Fig. 4. The most relevant events are the winter maximum and the summer minimum in
the types presenting a cyclonic character, as well as the equinoctial maxima and winter minimum,
with a secondary minimum in July and August, in the types of anti-cyclonic character.
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Fig. 4. Monthly regimes of the CYC and ANT groupings (1948-2009).

3.3. Annual temporal analysis of types

We analyzed the tendencies of the different JC types and of the most significant groupings. To
establish significant trends we used the Student’s #-parametric test (the normality of the series
was previously verified). The tendencies supported by the test were admitted as significant, with
a =0.05. In a case in which the normality of the series cannot be admitted, we used, by way of a
complement, the Mann Kendall non-parametric test. Table V shows the types or groupings with
significant tendencies. Of all the types and groupings, significant tendencies can only be accepted
inten: A, ANT, CYC,ADVC, U, CNE, CSW, ASE, ASW and <E>. Given the low number of days

Table V. Significant linear tendencies (a = 0.05) in types and groupings of JC types in the
western Mediterranean basin (1948-2009). Statistical significance by means of the Student’s
t-test (¢) and, complementarily, the Mann Kendall test (MK).

Type/ Test Gauss Trend/decade Linear regression
group (%) (62-yr)

A t N —4.19 (-29.0%) y=-0.42x + 88.72
ANT t \ —4.61 (-24.2%) y=-0.46x + 116.56
CYC t \ +2.68 (+18.1%) y=40.27x + 90.85

ADVC t \ +1.01 (+21.5%) y=+0.10x +28.26

U t \ +2.20 (+14.5%) y=+0.22x +92.50
CNE t \ +0.80 (+79.1%) y=+0.08x + 6.09
CSW 1, MK ~0.32 (~55.5%) y=-0.03x +3.33
ASE t \ +0.23 (+63.9%) y=40.02+ 1.89
ASW t \ —0.26 (-58.1%) y=-0.03x +3.18
<E> t \ +2.02 (+28.4%) y=+0.20x +42.70
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per year of types CNE, CSW, ASE and ASW, their tendencies were considered to be irrelevant,
regardless of the statistical verification. Thus, the truly important ones in the study area are the
negative tendencies of types A and ANT (Fig. 5), as well as the positive tendencies of the opposite
type, CYC (Fig. 6), and of the ADVC type, U (Fig. 7) and <E> (Fig. 8). As a whole, the anti-
cyclonic types show a decrease and the cyclonic ones an increase, in the generic sense. Types A
and ANT reductions are notable, with a decrease of 29.0 and 24.2% per decade, respectively, over
a period of 62 years, which fully compensate the increases in CYC and ADVC, of 18.1 and 21.5%
per decade. Given its quantitative significance, the type-U positive tendency (14.5%/decade) is
also notable. Finally, there has been a noteworthy increase in <E> (28.4%/decade).
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Fig. 5. Temporal evolution of ANT (1948-2009).
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Fig. 6. Temporal evolution of CYC (1948-2009).

3.4. Differences in frequency of types between sub-periods 1948-1978 and 1979-2009

We divided the 62-yr analysis period (1948-2009) into two 31-yr sub-periods: 1948-1978 and
1979-2009, and compared the values of the different types and groupings of the two sub-periods by
means of the Z-test for comparison of proportions. Table VI shows significant annual differences.

We confirmed the decrease in type A as the most significant, with practically 300 days less
in the second sub-period than in the first one. We also detected an increase in E situations,
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Fig. 7. Temporal evolution of U (1948-2009).
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Fig. 8. Temporal evolution of <E> (1948-2009).

both in direction and in component. This increase is not compensated by the decrease in W
situations. The increase in type U is significant at 95%, but not at 99%.

We also compared the proportions of the different types and groupings of the two sub-periods
according to seasons. Table VII shows the significant differences.

The results indicate that type-A decrease was concentrated in summer and autumn, and was not
compensated by a certain increase (at the 99% significance threshold) in winter. There was an
evident increase in the undetermined type in spring. Lastly, the increases in groupings [E] and
<E> and the corresponding decreases in <W> were concentrated in the extreme seasons, i.e.
winter and summer.

4. Discussion

The determination of the synoptic type, according to JC, of the 22 646 days in the 1948-2009
period constitutes in itself an interesting database for future research on the western Mediterranean
basin. Researchers requiring an objective classification of synoptic situations at a daily resolution
for the aforementioned area and its surroundings over a prolonged and recent period will find the



86 M. Grimalt et al.

Table VI. Total number of days and percentage of the types and groupings of types of the JC
classification with significant variation between the 1948-1978 and 1979-2009 sub-periods in the
western Mediterranean basin.

Type or group  Number of days (%)  Number of days (%) Increase/decrease P-value

(1948-1978) (1979-2009)
A 2490 (11.0) 2192 (9.7) Decrease 0.000
U 3002 (13.3) 3163 (14.0) Increase 0.016
[E] 478 (2.1) 584 (2.6) Increase 0.001
[W] 649 (2.9) 552 (2.4) Decrease 0.005
<E> 1402 (6.2) 1639 (7.2) Increase 0.000
<W> 1677 (7.4) 1510 (6.7) Decrease 0.002

Table VII. Seasonal number of days of the types and groupings of types of the JC classification
with a significant variation between the 1948-1978 and 1979-2009 sub-periods in the western
Mediterranean basin.

Type or group Number of days Number of days Increase/decrease P-value
(1948-1978) (1979-2009)
A summer 779 548 Decrease 0.000
A autumn 648 540 Decrease 0.001
A winter 406 483 Increase 0.009
U spring 619 720 Increase 0.005
[E] summer 73 116 Increase 0.002
<E> summer 228 308 Increase 0.001
<E> winter 398 505 Increase 0.000
<W> summer 73 40 Decrease 0.003
<W> winter 773 649 Decrease 0.001

results provided herein considerably useful. They will also enable objective comparison of synoptic
types, according to dates, and of their evolution over a long period, for the western Mediterranean
basin, with those obtained for other European scopes, such as the British Isles (Jones et al., 1993).

With regard to the frequencies of the 27 JC synoptic types, it is curious to note a high percentage
(27.2%) of type U (undetermined). For a grid centered over the Iberian Peninsula, limited by
the same parallels, but 10° further west, Spellman (2000) also obtained a high percentage of
type U days, albeit lower (18.4%). Indeed, any classification that finds such notable percentages
for undetermined cases or days can be suspected of employing criteria that do not discriminate
sufficiently all the study cases, do not cover a sufficiently broad scope, or are not applicable to
the region analyzed. In this respect, however, it should be noted that JC type U is attributable in
a high percentage of the days to surface baric fields with very weak gradients, and lax or almost
non-existent isobars, in the window of analysis. This situation is very frequent in summer in the
Mediterranean basin, and is graphically termed “pantano barométrico” (“barometric swamp”) in
Spanish (Capel Molina, 2000; Martin Vide and Olcina, 2001), or “marais barométrique” in French
(Pédélaborde, 1970). The sea surface mean pressure maps present, during all the months of the
year, a weak gradient in southern Europe in comparison with the north of the continent (Baum
and Smith, 1952; Trenberth and Paolino, 1980, 1981; Kalnay ef al., 1996; Ansell et al., 2006;
ERA-40 Atlas), but in July and August the gradient is particularly weak in the Mediterranean
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basin, exhibiting pressure values close to normal on many days, a reflection of the poor meridian
thermal contrast and the homogeneity of the sea surface. In summer the western Mediterranean
basin becomes isolated from the travelling lows and their frontal systems (Jiménez et al., 2007).

The second most frequent type found is A (20.7%) and the third one C (18.6%), whereas the
rest (33.6%) correspond to pure and hybrid advective situations (ADV + ADVA + ADVC). The
percentage corresponding to type C, relatively high in the latitudinal zone in which the western
Mediterranean basin is situated, reflects the cyclogenetic character of the area, in particular the
gulfs of Lion and Genoa, resulting from cyclogenesis processes leeward of the Alps (Jansa, 1997),
among others. For the Iberian Peninsula, Spellman (2000) obtained a higher frequency of type C,
in accordance with the presence of thermal lows or thermal talwegs from the Sahara in summer,
resulting from surface warming of the inland Iberian Peninsula and of the Sahara. There is a highly
characteristic association between a thermal low inland of the Iberian Peninsula and in North Africa
during the summer. These areas are considered by some authors as cyclogenetic in this season
(Lionello et al., 2006), and a “barometric swamp” over the somewhat cooler Mediterranean waters
(Capel Molina, 2000; Martin-Vide, 2001).

Although type W is the fourth most frequent in the western Mediterranean, its frequency is low
(3.4%), contrasting very much with its presence in the British Isles (Lamb, 1972; Dore ef al., 2006).
This result is consistent with the marginality of the Mediterranean basin in relation to the westerlies.

The low frequency of the grouping of southerly direction [S] and of the southerly component
<S>, among the possible directions, is logical on considering that the basin is dominated throughout
much of the year by masses of tropical (mT and cT) or Mediterranean air, and well-established
southerly component flows are infrequent. The baric gradient between the Mediterranean basin
and North Africa is, on average, weak.

The CYC and ANT groupings present similar frequencies, which are seen in a very similar
percentage of surface pressure fields with positive and negative vorticity. This agrees with the
results obtained by Laita and Grimalt (1997). The annual regimes of types U, A and C, and of
the ADV grouping are consistent with the regional circulation in the Mediterranean basin. On
one hand, the advective and A and C types, which usually imply well-defined surface pressure
fields, present regimes opposite to that of type U, associated with very weak baric gradients. In
winter, the synoptic patterns are better defined, due to the hemispheric meridian baric contrasts,
whereas in summer the Mediterranean basin is not affected by the dominant circulation from
the west and by other baric advections and synoptic configurations. In July and August, half the
days are classified as type U, which tallies with meteorological conditions in the Mediterranean
basin that present persistently calm weather, with abundant sunshine and the predominance of
local winds (sea breezes). This is what makes this area one of the most attractive in the context
of international tourism. The atmosphere ensures pleasant weather for tourism during many
consecutive days, which is in accordance with the persistence of type U in the summer months.
On the other hand, there is a problem related to accumulation of ozone and aerosols due to the
low degree of atmospheric dynamism (Millan, 1997; Jiménez et al., 2007). Furthermore, there
is a noteworthy graphic regularity in the convexity of the U regime and in the concavity of the
ADV grouping throughout the year (Fig. 3), resulting from the Mediterranean annual pattern.

The practically opposite regimes of ANT and CYC, and of A and C, are consistent with the
vorticities of an opposite sign that they entail.
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In relation to the annual trends observed in the types and groupings, different studies have
established an increase in surface atmospheric pressure in the Mediterranean basin. Thus, at global
scale, Gillett and Stott (2009) found an increase in atmospheric pressure in southern Europe and
North Africa for the period 1850-2004. At regional scale, Colacino and Conte (1993), studying the
period 1865-1990, found a general increase in sea level pressure (SLP) in the central basin visible
as from the 1940s, as did Maugeri et al. (2004) in winter since the 1970s in northern Italy. In our
case, the P variable of JC (i.e., SLP) also shows a positive trend throughout the 62 years of the
study (+0.31 hPa/decade), although type A exhibits a clearly negative trend (Fig. 5), which was
confirmed on comparing the two 31-year periods annually, and in summer and autumn. This result,
indicating an increase in atmospheric pressure and a simultaneous decrease in type A (anticyclone)
only appears to be contradictory, and it should be pointed out that anticyclones/depressions are
also defined in the JC method by the rotary direction of the winds and the increase/decrease in
pressure to their centers, and not by the value of the SLP. Nonetheless, Wanner et al. (1997), using
a regional scale in the North Atlantic, showed that there has been a zonal increase in circulation in
Europe during the winter season since 1965, which caused intense north-south pressure gradients
and an increase in the frequency of A weather types over south-western Europe. However, this
scale of analysis is much greater than the one employed herein.

Furthermore, some authors have shown a decrease in depressions or in cyclonic types in Mediterranean
areas, e.g. Trigo et al. (2008) for a shorter period (1960-2000) and the western Mediterranean in the
broad sense. Trigo and DaCamara (2000) showed a decrease in the frequency of cyclonic weather types
in Portugal, and Piervitali et al. (1997) and Brunetti et al. (2000) did the same for Italy. Corte-Real et al.
(1998) indicated that the general decrease in precipitation identified in the Iberian Peninsula from 1960
to 1995 (Hisdal ef al., 2001) coincides with the decrease in the frequency of weather types shown to
generate precipitation (cyclonic, westerly and south-westerly) and also with an increase in anti-cyclonic
weather types. Vicente-Serrano and Lopez-Moreno (2006) found trends of types A and C opposite to
the ones found herein, but for a grid centered over the Iberian Peninsula and for the 1952-1999 period,
and a previous reclassification of type U days. On the contrary, there is a certain concordance of results
with regard to the increase in E and SE and the decrease in SW.

It should be pointed out that in all the studies cited, the cyclonic types are either not defined
according to JC or do not analyze the same study area or time period. In our case, the JC type C
showed no significant tendencies throughout the study period, or between the two 31-year periods
compared. On the other hand, a significant positive trend was found in the CYC grouping, which
encompasses type C and the cyclonic hybrid advectives.

In other studies, the trends are not so clear, as a decrease in cyclonic types in some seasons of
the year can be appreciated along with an increase in others. Thus, the results of Bartholy et al.
(2008) “suggest that cyclone frequency in the western Mediterranean region showed an increase in
summer and autumn, and a decrease in winter and spring” for the 1957-2002 period. The fourth [IPCC
cautiously states that there was likely an increase and a poleward shift in NH winter storm-track
activity during the second half of the 20th century, but there are still significant uncertainties in
the magnitude of the increase, due to time-dependent biases in the reanalysis (IPCC, 2007).

Moreover, different analysis of the whole of the Mediterranean basin associated the fluctuations
and pressure trends with variability patterns such as the NAO and even the QBO (Ribera et al.,
2000). On the other hand, Pirazzoli and Tomasin (2003) found a general decrease in wind activity
from 1951 to around 1975, followed by a predominant increase up to the end of the 20th century
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in the central Mediterranean and Adriatic areas and little connection with the NAO. In conclusion,
wind activity in the central Mediterranean area decreased from at least 1951 to the mid-1970s,
showing an increase until the end of the 20th century. Such trends are similar to those observed
in surface temperature changes, but do not correlate with variability in the NAO index (Pirazzoli
and Tomasin, 2003).

As has been mentioned, on comparing the two 31-year sub-periods (1948-1978 and 1979-2009),
no significant change is appreciated in type C or in CYC, but the decrease in type A, on the other
hand, remains clear. Likewise, the increase in type U, concentrated in spring, is confirmed. These
two results are consistent with the warming of the waters in the western Mediterranean basin since
the 1970s (Vargas-Yaiiez et al., 2008, 2010), given that warming of the substrate could weaken
the anticyclones, or their ridges, over Mediterranean waters, turning them into type U in a large
number of cases. The advance of summer appears to account for the fact that the increase in type U
occurs mainly in spring. Likewise, and by way of an hypothesis, the increase in the CYC grouping
throughout the period 1948-2009 could be due to the same cause.

In the context of climate change, global warming gives rise to a reduction of the equator-poles
thermal gradient with which the movement towards the north of the subtropical anticyclones
(including the Azores one) could be associated (Colacino and Conte, 1993), a result contrary to
that of Wanner et al. (1997). These authors, using three long series, demonstrate an increasing
pressure trend in the central-western basin of the Mediterranean, with which the reduction of intense
cyclogenetic events and increased blocking situations are connected. The variations recorded to
date, even if consistent with the forecasts of climatic scenarios, can still fall within the normal
variability of the phenomena (Colacino and Conte, 1993). The displacement northwards of the
westerly flows and the strengthening thereof by the positive phase of the NAO since the 1970s
could account for the reduction of type W in the study area, whereas type A, which consequently
must show an increase in south-western Europe, would not do so over waters of the western
Mediterranean, because the column of air looses stability due to surface warming.

The increase in [E] and <E> on moving from the first to the second sub-period is consistent
with the results of Makrogiannis and Sahsamanoglou (1990), who noted a tendency for the winds
to become less zonal (i.e., more easterly) after 1976 over the western basin of the Mediterranean.
This is also in agreement with the decrease in the western Mediterranean oscillation index (WeMOi)
observed, which implies more frequent easterly flows (Martin-Vide and Lopez-Bustins, 2006). The
increase in [E] and <E> is also consistent with the westward extension of the area with autumn
maximum precipitation regime, linked to Mediterranean flows, from the eastern fringe of the Iberian
Peninsula in the last decades (de Luis ef al., 2010).

In summary, the sea surface under warming and the cyclogenetic character of the gulfs of Lion
and Genoa (Alpert et al., 1990; Jansa et al., 2001) could account for the temporal behavior of type
A and of CYC, opposite to those found by other authors at larger scales or in other parts of the
Mediterranean basin, for periods somewhat different to those analyzed herein.

5. Conclusions

We determined the synoptic type, according to the Jenkinson and Collison procedure, of the
22646 days in the 1948-2009 period for the western Mediterranean basin, based upon a grid of
nine points with extreme vertices at 45° N, 5° W and 35° N, 15° E. The most frequent type is U
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(undetermined), with an annual average of around 100 days (99.4, which is 27.2% of the days
of the period). It is followed by type A (anti-cyclone), with 75.5 days per year (20.7%), and C
(depression), with 67.8 days per year (18.6%). As a whole, types U, A and C comprise two thirds
of the total (66.5%). The high frequency of type U is due to the presence of baric fields with
a low gradient (“barometric swamp”) over Mediterranean waters in the warm half of the year.
The high frequency of type C is necessarily influenced by the markedly cyclogenetic character
of the gulfs of Lion and Genoa.

After grouping types, the number of days presenting types with cyclonic curvature or positive
vorticity (type C plus cyclonic hybrid advectives) represents 27.2% of the period, a value similar
to the sum of type A and the anticyclonic hybrid advectives (28.0%), which are the days with
anti-cyclonic curvature or negative vorticity. According to directions, the types from the west
(W + CW + AW) are the most frequent and those from the south (S + CS + AS), the least.

The monthly regime of the most frequent types and groupings is quite regular, given the large
sample analyzed. Type C, the advective groupings and the CYC present summer minima and
maxima in the cold half of the year, when the atmosphere has greater dynamism and meridian
contrast, whereas the opposite occurs with type U and, to a lesser extent, with type A. Type U
occurs in half the days of July and August.

The main statistically significant annual trends for the 1948-2009 period, in the JC types
and in the groupings, involve a decrease in type A (—4.19 days/decade, i.e. —29.0%) and an
increase in U, CYC and <E>. On comparing the 31-year periods 1948-1978 and 1979-2009,
we confirmed the trends of A, U and <E>, and one can generally appreciate increases in the
easterly directions and components and a decrease in the westerly directions and components.
Type A ranged from 2490 days in the first sub-period to 2192 in the second (p = 0.000), mainly
concentrated in summer and autumn. This clear reduction of type A combines with an increase
in the JC pressure variable (+0.31 hPa/decade) throughout the 62 years of the analysis. The
trend found in type A differs from the results of other studies, in which the frequency of anti-
cyclonic types was reinforced over the Mediterranean basin. The different analysis periods and
scales or study areas, as well as the variety of methods employed to determine the synoptic types
could explain why the results do not tally. In any case, the warming in the last few decades of
the waters of the western Mediterranean, as well as the markedly cyclogenetic nature of the
gulfs of Lion and Genoa, might account for the decrease in type A and the increase in the types
presenting cyclonic curvature.
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