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3 Data and exploratory analysis

3.1 Introduction

This Chapter partially addresses both the @aternO(spatial and temporal) and
@auseOthemes of this thesis. To test the hypotheses presented at the end of Chapter 2,
the majority of climate phenomena presented in Sections 2.2, 2.3, and 2.4 mud be
quantified or represented. In this chgpter the relevant data are introduced and tested for
statistically significant relationships alongwith tempora and spaial trends prior to the
moddling process (Chapter 4). Moddling is utilised as the main tool of this thesis, for
the study of potentially causative behaviour and spatial differencesin relationdhips The
exploratory andysis presented in this chgpter is an important step in undestanding the
paterns of extreme climate and thar physical causes, and therefore for ensuring tha
modd predictors are selected based upon tha understanding, rather than a purely
statistical methodobgy.

Section 3.2 describes the climate daa utilised throughout Chapters 3 and 4-
daly data derived from weather stations across the Mediterranean region (3.2.1), and
gridded pressure and specific humidity data-series (reandysed) by NCEP/NCAR
(Kalnay et al., 1996 (3.2.2). Mathematical methods applied to climate data are detailed
in Section 3.3. Section 3.4 then describes the procedures by which climate station daa
are processed to acquire indices representative of specific climate behaviour as
identified in Chapter 2, followed by a description of ther spatia distribution (3.4.2),
inter-correlation (3.4.3), and trend (3.4.4) behaviour, summarised in Section 3.4.5. The
factors that may influence indices of extreme behaviour are then discussed in Section
3.5. Section 3.5.1 describes propeties desirable in predictors. Sections3.5.2, 3.5.3, and
3.5.4 then quantifies the circulatory oscillationsand indices discussed in Chapter 2.2.3,
and andyses them for inter-correlation and trend behaviour. Sections 3.5.5, 3.5.6 and
3.5.7 describe the same procedure concerning the variance of localised climatology (sea
level pressure, geopotential heght, and specific humidity) discussed in Chapter 2.3.1.
These two forms of predictor variable are then andysed for inter-correlation (3.5.8) and
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tested agang the predictands formed earlier in the Chapter (3.6). Section 3.7 collects
findingsnovd to this chgpter in preparationfor Chapter 4.

3.2 Climate data sets

3.2.1 Mediterranean station data

This study focuses on extremes of climate tha can be defined in terms of
temperature or precipitation (flood, drought heatwaves, cold sngs), and therefore
requires daly daa for maximum temperature (Tmax), minimum temperature (Tmin),
mean temperature (Tmean), and total precipitation (Prec) over a given time period.
When attempting to capture extremes of climate, certain condraints are placed uponthe
type of daa tha can be used (Karl et al., 1999; Nicholls and Murray, 1999) Extreme
events cannot be adequaely characterised by gridded climate daa as the spatial
averaging process effectively reduaes the magnitude of events (Frich et al., 2002)
Similarly so for temporaly averaged data: it is therefore necessary to utilise daly daa
from point sources (Pi—ol et al., 1998; Jones et al., 1999a Brundti et al., 2001b;Frich
et al., 2002; Yan et al., 2009. Furthermore, to accurately define meaningful extreme
events, climate data mug be available for a period on the scale of decades (Karl et al.,
1999; Nicholls and Murray, 1999; Frich et al., 2002) It is aso important that each
series unde consderation possesses a complete or near complete set of high qudity
recordsove the period (Manton et al., 2001) This causes problems when attempting to
obtain daa from the Balkans region of the Mediterranean, much of which has suffered
civil unrest during recent years, or from Northern Africa. However, high qudity data
ensures tha any appaent statistical relationghip or trend is appropriate for the majority
of the study period, and that the possibility of missing a paticular extreme event is
reduced (Manton et al., 2001)

In this study, datafrom over 120 stationsacross the Mediterranean (35j-45iN, B
10j-30jE) were acquired for the 19582000 period (as in Haylock and Goodess, 2004)
which indudes the 19611990 standad reference peiod (Manton et al., 200]). The

majority of these station records were compiled by the Spanish Fundai—npaa la
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Investigaci—ndd Clima (FIC), as pat of the Statistical and Regiond dynamical
Downscaling of EXtremes for European regions (STARDEX) project, and largdy
supplied to the FIC by the Royd Netherlands Meteorological Inditute (KNMI) (Klein-
Tank et al., 2002) Othe bodies induding the World Meteorological Office (WMO)
and naiond meteorological services from Bosnia and Slovenia have also donaed
weather station daa for this study. However, when conduding andysis of climate time
series, data honogeneaity mug be consdered (Alexandasson and Mobeag, 1997; Jones
et al.,, 19993 Karl et al., 1999; Nichols and Murray, 1999; Manton et al., 2001), and
some stations have been rejected due to inhonogendaties. For more detail concerning
climate data homogendty and thetests performed in this study, see Section 3.3.1.

3.2.2 NCEP/NCAR reanalysis data

The term @eandysisOrefers to a methodobgy that assimilates data from a large
number of sources (e.g. land, ship, rawinonde aircraft, and satellite observationg into
a single consstent modd throughtime (even thoughdaa availability may changewith
time). At NCEP/NCAR incoming data undegoes four distinct stages to test for
reliability (Kalnay et al., 1996) Preprocessing compaes input with pre-existing
climatologies via tendency checks, homogendty testing, box averages, and variance
andysis. Parallel processing tests the assimilation of a new daa source by processing a
single year of data with and without the daa source. The third stage is internd
validaion and is the mog complex pat of the validaion process. Tests vary with daa
type but are often interpolative in naure. Througha combination of horizontal, vertical,
hydrodatic and increment interpolation checks, a baseline elevation check and a
tempora interpolation check, forecast and mean variables (such as sea level pressure,
wind speed, and temperature), and errors in station locations along with possible
changes of location, may be obtained. This kind of qudity control is known as 'optimal
interpolation” (Woolen, 1991; Reid er al, 2001). Findly the reandysis system
undegoes rigorous (but largdy automated) monitoring. In its entirety, the process is
computationdly intengve, and takes time for input data to be gathered and collated.
Output is thusretrogective. The end result of the reandysis process is consstent and
gridded data (NCEP/NCAR is currently at 2.5 by 2.5 degree resolution) for over 50
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years, at multiple heights, for avery large number of variables (Kalhay et al., 1996.

The NCEP/NCAR data were chosen ove alternaives because at the beginning
of this study they were uniquein terms of coverage, both spdially and temporally. The
closest comparable data set, the European Centre for Medium-range Weather Forecasts
(ECMWF) Re-andysis Data Archive (ERA), has only recently progressed from 15
years of data (ERA-15) to 40 (ERA-40). By comparison, the NCEP/NCAR re-andyses
covered a period from 19472001 at the beginning of this study (mid-2003, and as of
late 2005 induded daily daa within weeks of its acquisition. A number of fairly
subgantial errors in the daaset have been highlighted by Kistler et al. (2001) but
pressure and humidity daa remain some of the mog robug daa, rating an A (strongly
influenced by observed daa, e.g. uppe air temperature, and wind) or a B (strongly
influenced by obsrved daa and the reandysis modd, e.g. humidity, and surface
temperature) rather than the C (derived entirely from modd fields e.g. clouds and
precipitation) rating applied to the majority of surface fluxes, not used in this study
(Kanay et al., 1996) Reid et al. (2007 foundthat values for mean sealevel pressure, a
variable tha is used in this study, are reliable on the interannud time scale, although
more so for periodsafter 1967 and for low lying regions Differences between UKMO
recorded SLP and NCEP reandyzed SLP are genealy small (less than 2hPa) and the
least reliable (differences up to 8 hPa) areas (over Greenland and the Barents Seq) are
outside thedomein of this study.

Over Europe the reandysis ddaa set is of 'research qudity' in terms of bath
interannud and (less so) decadd variability, and is suitable for the purposes of this
study, as for others (e.g. Quadrelli et al., 2001; Bordi and Sutera, 2002; Goodess and
Jones, 2002) In this study, the NCEP/NCAR reandysis daa set (Kanay et al., 1999 is
utilised to condruc synopic-scale circulation indices from daly grids SLP and Z500
(geopotential height at the 500hR level, Section 2.3.1). Condructed indices (section
2.2.3) indudetho= for the Mediterranean Oscillation (Piervitalli et al., 1999; Palutikof
et al., 2003) the North Atlantic Oscillation (Jones et al. 1997) and the EI Nino
Southern Oscillation (Ropdewski and Halpert, 1987). Althoughthese latter phenomena
already have reliable and well used indices, new interpolated indices were generated in
order to ensure a consistent methodobgy and to allow for the potential generation of

indices for future periods This alows future work to congruct projections of climate
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behaviour from globd climate modds (Chapter 8). Reandysis daa were aso used in
this study to condruct areal average indices (Section 3.5.2) and measures of spdid
variance for sea level pressure, z500 haghts, and specific humidity, as described in
Section 3.3.7.

3.3 Analysis methodology

In this study a number of different statistical techniques are applied to the daa
detailed abovefor the purposes of daa pre-processing (e.g. interpolation) and andysis
(e.g. correlation and trend andysis). All climate sations undego homogendty testing,
NCEP/NCAR daa is subject to both interpolation (for the condruction of circulation
indices) and prindpd component andysis (for study and the condruction of PCA
indices), and indices of extremes, circulation, and field variance (see bdow) are tested
for correlation and trend behaviour. The methods and equaions assodated with the

relevant techniques are detailed be ow.

3.3.1 Homogeneity testing

Homogendty refers to the congstency of a data set and the extent to which a
data set varies only by that which it is suppo®d to represent, in this case, weather and
climate (Conrad and Pollak, 1950. As weathe stations are patialy dependent upon
thar human opeators, many different events may occur to rende them temporally
incongstent (Manton et al.,, 2001) Thee may be changes in procedure or
ingrumentation, or stations may move from one postion to another (Manton et al.,
2001;Wijngaard et al., 2003) Information regarding these changes should be appaent
within station metadaa (additiond information that describes the climate daa) butit is
sometimes difficult to interpret or even acquire good metadata (Peterson et al., 1998)
Where metadaais lacking, techniques have been devel opal to detect and adjud for daa
homogendty. Sudden jumps in monthly or seasondly calculated mean values, or the
presence of significant nunbers of statistically unlikely outliers may cause a station to
become sugpect (Peterson et al., 1998) Data can then be adjuded to realign mean
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values, or to remove given outiers. Mog of the homogenisation literature only deails
adjugments to monthly or seasond daa, as correctionsrequired for daly daa are much
more complex (Jones et al., 1999a Wjingaard et al., 2003)

Gonzlez-Rou et al. (2001)describe qudity control for monthly precipitation
data in the south west of Europe but do not consder extreme values. Ther method of
homogenisation involves the removd of values above a given threshold (defined by
interquatile rangeand the value of the third quatile) and their subsequent replacement
with indicative dummy figures, to be Qater restored for specific studies conaerning
extreme valuesO In other studies, extremes may be rejected and replaced by missing
value codes (Gonzalez Roua et al., 2001; Mitchdl and Jones, 2005) The corrections
tha are rendeed by areplacement approach are of little use in studies such asthisthesis
unless looking at frequendes of occurrence alone When studying extremes of climate,
value adjugment is not a particularly valid option as outliers may be of particular
relevance (Gonzaez-Roua et al., 2001) Issues aso arise from the possibility that true
extremes may be regjected, or tha outliers may be erroneoudy consdeed as true
extremes (Manton et al., 2001) The maority of techniques for homogenisation have
not been condructed for use with daly daa or studies in extreme behaviour (Peterson,
1998) and correction methodobgies tha are in current use may notwork well in either
case (Guttman, 1998). Thus only detection techniques are used in this study, and
stationssugpected of heterogenety are rejected outright withoutattempts at correction.

The mgority of stations used here have been supplied by a body which has
condudced its own honogeneity testing, KNMI. The KNMI methodobgy is described
by Wijngaard et al. (2003) and a large propottion of the inconsstendes identified are
explainable by metadata. KNMI have utilised not one but four individud tests and
assessed homogendty of daly daa based upon the collected results. Each of these
methodsare detailed further in Section 3.3.1. For the purposes of this study, any station
classified by KNMI as GuspectO(three or four out of the four tests reject homogeneity)
or @oubfulO(two tests reject homogendty) was rejected, leaving only QisefulOdata
(oneor notests rgect homogendaty). Thusthis study follows the advice of Wijngaard et
al. (2003, enauring tha data can beutilised for bath variability and trend anadysis.
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Data not tested by KNMI were tested using their daa as a reference series for
spaia or tempora inconsstency usng inter-correlation and andysis for deecting
suspect spatialy discontinuous trends(Manton ef al., 2001) Step detection tests such as
tha used by Vincent er al. (2002) have been effective with daly extreme daa
temperature (for Canada), but therr method utilises monthly averages to isolate large-
scale and systematic heterogendty and may be adversely affected by highly variable
topogiaphy (as seen in the Mediterranean basin) due to multi-station averages. As with
Wijingaard (2003) relative testing was not used in its standad form (i.e. comparing
many stationsto one reference station) due to changes in topogephy and the sparse
spaia dendty of the station network. Ingead comparisonsfor one station were made
with numerous nearby stations From these tests a further four stations were rejected
(Rhodos Bedonia, Albacete, and Calzada). Having pared the data set down to remove
incomplete stations (Haylock and Goodess, 2004; Klein-Tank and KSnnen 2003) and
thoe tha are inhonogenous the total numbe of sations available for andysis
becomes 84 (Table 3.1).

As discussed above the daa used for this study have undegone rigorous
homogendty testing. Togdher the 4 statistical tests utilized offer a comprehensve
approach to detection, and are the standad nomal heterogenety test (Alexandeson,
1986) the Buishand rangetest (Buishand, 1982) the Pettitt test (Pettitt, 1979, and the
Von Neumannratio test (Von Neumann, 1941)

The Standad Normal Heterogendty Test (SNHT) was introducd by
Alexandason (1986) and assumes tha for a test station (Y) the test values (Y; o Yy)
and a reference regiond average series (YY) are propottiond to each other, as does the
Buishand Range Test (see bdow). A test statistic (as used by Wijngaard et al., 2003
can be formulated that assesses the likelihood of breaks in the mean between & years at

thebeginning of therecord, and - k years at theend.
T(k)=kzi +(n—k)zz k=1,..,n (3.1

Where:
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n

Y (Yi-Y)/s (3-2)
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sisthestandad deviation,and T ( k) maximises near theyear k= K if abreak occurs
a year k. Thetest statistic is then shown as:
T, =maxT(k) 3.3)
1<k<n
The Buishand Range Test (Buishand, 1982)gives avalue S, tha is sendtive to
Qystematic deviationg(Wijngaard et al., 2003)of Y, with respect to the regiond mean,

and tha therefore fluctuates around zero if a series is honmogenous, and deviates from

zeroif it is heterogenous
k
S;=0 and Sp=> (Yi-Y) and k=1,..,n (3.4)
=1
S, maximises near the year k = K if the series exhibits a negative break at year K, and
minimisesif a postive shift is present. R, the @escaled adjusted ranged) allows for a test
of shift significance, andis given by:

R=(jmax S;— min Si)/s 3.5)

Critical valuesfor B2/vV7 are given in Buishand (1982)and Wijngaerd et al. (2003)

If year K shows a break in the time series being studied, the Pettitt test (a non
paametric rank test) supplies a value tha maximises or minimises near k = K,
utilisngtheranks r,, E r, of Y,, E Y, (Pettitt, 1979). Unlike the previoustest, it does
notrequire areference series. Where X represents a break in year E:

X, =max

1<k<n

X (3.6)

Thesignificance level of Xc is given by Pettitt (1979), and X,:
k
X:ZZri—k(nle) k=1,..,n (3.7)

=1
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The Von Neumann ratio test statistic (which cannot give information regarding
where in the series a shift occurs) provides a ratio between the mean square successive
difference from year to year and thevariance of atime series (Von Neumann, 1941}

n—1 n

N=> (Yi-Yi1)?/ ) (Vi - Y)? (3.8)

1=1 =1

Homogenoustime series give values of N closeto 2, N may belower if thereis a break
in themean or highe if variationsin the mean flucuae rapidly.

3.3.2 Interpolation

When condructing indices from gridded daa, as required here for circulation
indices (Section 3.5.2), there is sometimes need for a method tha can generate
representative daa at a specified point. Sixteen point Bessel interpolation (Chakravarti
et al.,1967; Kotz and John®n, 1982; Palutikof et al., 1997) can be used to obtain
information about a point from a grid of data by means of multi-directiond
geometricaly weighted averaging (Chakravarti et al.,1967; Kotz and John®n, 1982)
For a given fundion f(-), tabulated # points apart, there is avalue f(z) within the interval
toto to+h. It f()=vewym, (t-tg)/h=x , andv=x-1/2, then:

Yo = P2n+1($)

lll "1
Yoo,y e e )
=TT vy + 5 ey

2 1y _2
Vo)V ) Ny sy, (3.9)
41 2

+
1 9
I O Y

HEn+ D! v(v 4)(v 4),,,

X[v:—Q2n—1)7/4]4""y_,
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Where A istherth-order forward difference. For interpolating a value at the midpdnt

. 1
between successive tabulate values where |v| < 7

3.3.3 The Kendall’s Tau method

Changes in Mediterranean climate are important to this study. To appropriately
estimate changes over time in representative indices of Mediterranean extreme climate
(Section 3.4.1), a method of assessing trend behaviour is required. Kenddl® Tau (Sen,
1968; Kotz and John®n, 1983;Kunkd et al., 19993 Linsand Slack, 1999)is a test for
both linear and nonlinear trends tha makes no strong assumption (i.e. it is non
parametric) about the data concerned. These are useful propaties when dealing with
potentially nonlinear extremes of climate. Kenddl® Tau relies on the connestion of all
data pars (e.g. yl andy2, y2 and y3, y1 and y3E) and aratio between the number of
resulting slopes which possess upward or downward gradient. If the majority have a
downward (upward) gradient, the daa is congdered to possess a negative (positive)
trend. If Kenddl®@ Tau reaches zero, there is no trend evident in the daa. Vaues
nearing 1 and BL imply a vertical distribution (x is condant, y varies) to the daa

Kenddl® Tau (7) is given by thefollowing equation:

_ numbero fpositiveslopes — numbero fnegativeslopes
B totalnumbero f segments

-

(3.10)

A Z-test can then be conduded usng an approximation to the nomal distributon and
Tau as atest-gtatistic. Assuming a nomal distribution of Tau causes the mean of Tau to

become zero, and thestandard deviation of Tau to become:

2(2n + 5)

3.11
In(n —1) 1D

SDofr =
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Z isthen:

T—T

“= SDofr

3.12)

3.3.4 Spearman rank correlation

Correlation is a method of deermining the magnitude of shared variance
between variables. This method cannot (statistically) prove a causal mechanism, but can
imply a causal link (Wilks, 1995; Von Storch and Zwiers, 1999) agan pat of an
important theme for this study. To tha end all indices are tested for correlation with all
other indices. The sample correlation of a set of bivariate obervations is generaly
calculated as the ratio (r,,) between the covaiance of the given x and y sample
(cov(x,y)), and the produd of the standad deviations of x and y (s;s), as given by
equdion 3.13 (Wilks, 1995:

!rxy -_—— (3- 13)

In order to alow for efficient calculation of r, this equaion can be broken down into
two components, where the numerator can be expandel to equaion 3.14, and each pat
of thedenominator as shown in 3.15:

n n n

cov(z,y) = Z(xz'yi) - %[Z(%)][Z(y@)] (3.14)
5, = [Z(xf) - m_32]1/2 (3.15)
n—1

Where 3.15 can also beapplied for s,.

81



Chapter 3: Data and exploratory analysis

The equdion given above (3.13) provides a value bounde& beween 1 and B1
that represents the linear assodation between x andy, with values of 1 and BXL implying
(efectO postive or negdive covaiance. Further, the square of r (r?) gives the

propottion of variance that islinearly explained in onevariable by the other.

However, this method (the Pearson produd-moment correlation) has some
distinct limitations Thefirst is tha it is sengtive to outliers, and one or two extreme
values can greatly increase or decrease the apparent correlation. The second issue
inhaent in the use of the Pearson correlation method is tha it is not robug for non
linear relationships One way of avoiding both of these issues is throughthe use of the
Spearman Rank Correlation (Wilks, 1995) similar to the method given above except
that it is peformed upontheranksof the daa rather than thevalues. A given series (e.g.
143, 4.24, 3.56, 5.84, 5.81, 2.45, 6.23) is subdgituted for the sequential rank of
magnitudefor each value (e.g.1, 4, 3,6, 5, 2, 7). Thisallows equaion 3.13to begreatly
smplified, yet still provide the same result:

n 2
621;11)%' (3.16)

Trank = 1-— n(n2 — 1)

Where D represents the difference in ranks between each (i) par of daa values.
This formulation of r represents not the strength of linear relationships but of
monobnic (congstently increasing or decreasing) relationships and it is the formulation
for correlation coefficients used in this study. In addition, in all cases where correlations
are quoted they have been calculated with autocorrelation taken into accountto ensure
that correlationsare not dueto mutud trend behaviour aone

3.3.5 Significance and stability testing

To deermine whethe trends or correlations discovered by the two previous
methodsare likely to reflect real behaviour, al trendsand correlationsconsdered in this

study are tested for GignificanceO Significance testing relies on the use of a null
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distribution, the distribution of samples given tha the null hypotesisis true where in
this case the null hypohesisis tha a particular trend or correlation has occurred purely
by random chance. Here the test statistics are Z (Equéaion 3.12) and r (Equéion 3.16)
and null distributions are approximated by the normal (Kotz and John®n, 1983) and
Student@-t distributions respectively (Wilks, 19%). Results mug then be sufficiently
improbable within the null distribution (i.e. sufficiently close to the tail) to be
congdered significant. In this study atrendis consdered significant if it satisfiestesting
at the 0.05 level or bdow (i.e. it has only a 5% probability of occurring by chance)
(Kotz and Johnn, 1983) and correlation (r) values are qudified as representing
modeaate (significant at the 0.10 level), goodhighly significant (the 0.01 level), or very
goodkery highly significant (the 0.001 level) correlations with the probability of
occurring by random chance decreasing by an order of magnitude between each level
(Table 3.2).

Correlation and trend values have also been tested for stability. Any correlation
induddl in this study is not only significant for thewhole of thetest period, butalso for
sub periodsfrom 1960-1980,and 1983-2000.

3.3.6 Principal component analysis (PCA)

Prindpd component andysis is a methodobgy in wide usage by the
climatologica community tha alows for the spaial and temporal andysis of the
variability of phydcal fields (Preisendorfer, 1988; Esteban-Parra et al., 1998;
Rodriguez-Puebla et al., 1998; Maheas et al., 19995 Serrano et al., 1999; Quadrelli et
al., 2001; Bordi and Sutera, 200]). Researchers have utilised PCA (aso termed
Empirical Orthogon& Andysis, or EOF) to investigate centres of variance in a nunmber
of daa (Maheras et al., 19993 Serrano et al., 1999; Quadrelli et al., 2001; Bordi and
Sutera, 2002) but its main fundion is to reduce dimengondity of a daa set
(Preisendorfer, 1988; Jolliffe, 1990) In this study, the NCEP daa (Section 3.2.2) for
SLP, Z500and SHM fields (Section 2.3.1) are subjected to PCA and both applications
are useful. The PCA method can be used to study the climatology of the Mediterranean

region (through centres of variance) in terms of circulation regimes (Section 2.3.3 and
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355), and in an attempt to indude othewise unwieldy multi-dimensond daa
(Sections 2.3.1 and 3.2.2) as modd predictors representing those regimes (Section
3.5.4). Wilks (1995) Jolliffe (1990) and Priesendorfer (1988) offer gooddescriptions

of PCA, and the methodis summarised from those works bd ow.

If a daa set contains points tha are substantialy inter-correlated then it also
contains redundant information. PCA seeks to remove this redundancy by drawing
fundions from a daa set that togehe describe the maority of variance information
without repetition. The factors of these fundionsare the @rindpa componentsOof the
data, and a large nunmber of fundionscan geneally be sacrificed at the expense of very
little in theway of explained variance. This leaves the researcher with a greatly reduced
data set that still account for the maority of variance. Atmospheic fields tend to
display alarge amountof redundancy as conaurrent points are often interdependent and

they are therefore well suited to thisform of treatment.

Prindpd components are given by eigenvectors of the daasets variance-
covariance matrix multiplied by the daa set anomdlies (i.e., the data set with the mean
subtracted from the origind). The variance-covariance matrix is the anomaly data (Eqn.
3.18), multiplied by its own trangpose and divided by n-1 (Eqn 3.19), where n is the

number of observations or row-length in the case of 2-D matrices.

C oy F
i) D)
T3 T3
r=z—-z= . - . (3.18)
| Tn | i T, 1
(5] = 221 (3.19)
— n—1 :

Theresult isasquae matrix [§ whose diagond represents the sample variances
of the anomaly daa set@ rows (or a paticular set of observations for greater
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dimendondity), and whos other elements express inter-row covaiance. Eigenvectors
(e) are those vectors tha can be multiplied by either the originaing matrix or a scalar
value (an eigenvdue 1) to give the same result (Eqn. 3.20).

[Sle = Xe (3.20)

In mog cases there will be as many eigenvectors as there are rows and columns
in the origind matrix, and in the case of symmetric matrices (such as the covariance-
variance matrix) each eigenvector of the matrix is orthogond to every other
eigenvector. This is the propety tha ensures successive prindpd components explain
exclusve propottionsof variance. Theequaion for each (mth) prindpd component (u,,)
isthen:

N
Uy = el x = Z enmTy, m=1,..,N (3.21)
n=1

After a geophyscal field tha varies with time (a 3 dimensond matrix) is
subjected to PCA, two useful produds are available. Thefirst of these are a number of
princpd component score time series (PCs) equd in quantity to the number of matrix
elementsin thefield (withouttime) that are orthogond to each other. The second useful
produd is a set of weightings (or @oading<) for each PC that numerically describethe
way a given modeof variance affects each field element, and can then be plotted in map
format to display centres of variance. These loadingsare simply the elements of each

eigenvector resulting from the variance-covariance matrix detailed above

The loading plots can be interpreted directly as modes of variance in the field,
but care mug be taken to remember that each mode is orthogoné to every othe mode
(as they are eigenvectors). Discrete and large loading anomalies can be taken to
represent areas where the relevant PC is strong and thus where orthogond modes of
variance are the most appaent in thefield® benaviour. Where these structures resemble

known phenomenon (such as the centres of action described in Section 2.2.2) variance
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can sometimes be attributed to those processes. If a persistent loading anomaly for a
pressure PC is appaent ove the Azores for example, then tha indicates high levels of
relative variability in tha region. If the shgpe of the anomaly is consstent with the
southward centre of the North Atlantic Oscillation then the PC unde congderation can
be assumed to represent some measure of the NAO phenomenon. If aloading anomaly
patern displays no appaent relationship to known phenomenon, and displays unlikely
characteristics (such as opposng poles of variance in each of the corners of theregion),
it may be rglected as an artefact of orthogondity (Priesendorfer 1988; Wilks, 1995.
Such artefacts are generally more common for low variance components than high
variance components (Wilks, 1995)

Thefall-off of variance explained with each successive PC tendsto be roughly
exponential, and PCs can also be regjected when they fall bdow a certain propottion of
variance or lie beow alevel given by the Gcree testO The Scree test smply plots the
amount of variance explained for each component in succession and gives the level
where the curve starts to flatten as a cut-off pant. In this study components are rejected
if they fall bdow the Scree test cut-off point or if the amount of variance explained is
less than 0.04 (Briffa et al., 1983) (see Table 3.3 for a summary of retained
components). The use of both methods ensures a high tota explained variance (the
variance explained by al retained components taken togeher), while ensuring tha the
number of retained components is low (Fig. 3.1). It is the process of reecting
components tha reduces the dimendonality of agiven atmosheic field, and alows the
large amounts of daa assodated with atmospheic fields (tha vary with time) to be
induded as modd predictors (Section 3.5.4) in this study.
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Figure 3.1: Fall off in variance for principal components. Values are average
variance for first 25 PCA components (ordered by amount of variance explained)
of seasonal fields (SLP, Z500,and SHM).

3.4 Climate predictand variables

3.4.1 Defining extremes

The indices of extremes used in this study (Chapter 1.3) take the form of the
STARDEX top ten, a subset of the indices recommended by the Research Programme
on Climate Variability and Predictability (CLIVAR) (Peterson et al., 2001)and thejoint
working group on climate changedetection of the World Meteorological Organization®
Commisson for Climatology (WMO-CCL). The selected indices encompass
complimentary measures of threshold excedance (frequency), duration (persistence) and
magnitudethat are not highly correlated, are robug, and are comparable across regions
(Frich et al., 2002) with a minimum of physcal overlap, and a likely relevance for
impacts purposes (Goodess et al., 2009. For this study, each of the ten indces of
extremes were calculated seasondly from daly station daa usng the STARDEX
Ondices of ExtremesO program (available at http://www.cru.uea.ac.uk/cru/projects
/stardex/), with equaions tha can be found in Haylock (2004) detailed bdow. A
summary of the predictandsused in this study can befoundin Table 3.4
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For complex conditions such as drought smple indices defined only from
precipitation have been found to be as useful (McKee et al., 1995, 1993; Guttman,
1997; Lloyd-Hughes and Saunde's, 2002) as more complex indices tha may possess
hidden weaknesses (Alley, 1984;Heddinghaus and Sabol, 1991; Guttman et al., 1992.
In addition, a growing number of studies (Jones et al., 1999a IPCC, 2001;Frich et al.,
2002;Klein-Tank and KSnnen, 2003;Haylock and Goodess, 2004)are conduding work
with indices similar to those used here, making for abody of easily comparable research
(Klein-Tank et al., 2003. However, care should be taken when referring to indces
across studies as similar terms may have different definitions For ingance, TX90 and
TN10 (shown bdow), both measured in °C, differ from the TX90p and TN10p indices
usd by Klein Tank and KSnnen (2003.

Warm Days (TX90)

This index is a measure of the temperature at which a day becomes unusidly
warm relative to the period of study. @Varm daysQere those whose temperature exceeds
a threshold defined by the 90" percentile of the daily maximum temperature (Tmax)
distribution. Above the 90" percentile of a distribution, events are generally of a low
enough frequency and a high enough magnitude tha society may find conditions
difficult to respondto, generaly requiring coping strategy in place (Jessamy, 2003)to
avoid adverse affects such as those experienced during the summer of 2003 (Beniston,
2004) TX90is the caenda day 90" percentile of daly (i) maximum temperatures (7x)

for a season (j),

TX90 = T$gj 90 (3.22)

Heatwave Duration (HWDI)

This index measures the duration of temperature behaviour consstent with the
term (eatwaveQ i.e. pasistently anomalous high temperatures. These events are rare,
but often highly debilitating. During summer and in combinaion with a high Warm
Days index, high values of this index may directly represent heatwave behaviour
consstent with the European summer of 2003 (Beniston, 2004). The duration of
(Alpine) winter warm spdl conditions when departures from mean temperature may

exceed those for summer (15°C from the mean) can aso be represented by this index
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(Beniston, 2005) Winter warm spdls, athoughnot generally perceived as extreme
events, can create alarge nunmber of significant impacts (Beniston, 2005) HWDI is the
largest number of consecutive days in a given season (j) for which daly (7)) maximum

temperature (7x):

Tx, >TX90,,,, +5 (3.23)

Where TX90 is the calendar day 90" percentile of temperature calculated for a 5 day
window centred on each day of theperiodin turn.

Cold Nights (TN10)

This index is the inverse of TX90. TN10 is the 10" percentile of the daily
minimum temperature (Tmin) distributon and it typifies the temperature at which a
night becomes unusudly cold. Much in the same way tha unusudly Warm Days may
debilitate people, cattle, and crops (in events such as the 2003 heatwave, see Chapter
24.2), paticularly Cold Nights may be the cause of eldely and infant mortality and
arable failure (cf. the Balkan cold snap event of 1987, Chapter 2.4.2). TN10 is thel0"
percentile of daly (i) minimum temperatures (7») for a season (j).

TN10 = Tn;;10 3.24)

Frost Days (TNFD)

Water freezes at or near to O(C, and when it does, frog occurs. The fros days
index measures air frogs (Frich et al., 2002)and is one of only two used in this study
with an absolute threshold, representing the number of days in a season during which
frod may form. If daly minimum temperature dropsbdow O(C, tha day isaFrog Day.
Thereason for such a well-defined statistical threshold is purely physcal, as fros may
damage crops paticularly in the Mediterranean (Xoplaki et al., 2007). TNFD is the
number of daysin a season (j) for which daly (i) minimum temperature (7x).

Tni; < 0°C (3.25)
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Very Wet Days (PQ90)

The Very Wet Days index is the 90" percentile of daly total rainfall calculated
seasondly: it is the precipitation andogue of the Warm Days index and represents
heavy rainfall. Changes to measures of heavy rainfall may aso represent changesin the
frequency of flood events (Suppiah and Hennesy, 1998) PQ90 is the 90" percentile of
daly (i) rainfal (R) for a season (j).

PQ90 = R;;90 (3.26)

Five-Day Maximum Rainfall (PX5D)

Althoughlarge volumes of rain can cause floodson a single day basis (flash
floodg, more common are thos tha are the result of persistent rainfall over a short
period (e.g. 3-5 days, see Chegpter 2.4.2). High values of this index, (and tha for
Rainfal Intendty, or Wet Days) may be linked to flooding in larger catchments
(Goodess er al. 2009. Ry, is the precipitation amount for a period (k) of N daysin a
season (j) for which daly (i) precipitation exceeds wd ..z Set to 1mm, and N=35:

PX5D =max(Ry;) 3.27)

Consecutive Dry Days (PCDD)

This is the second index tha utilises an ablute threshold, and it does so
because the rainfall distribution is fixed at its lower bound (i.e. Omm). Frich et al.
(2002) state tha PCDD can potentially become a useful droughtindicator, but when
usng it as such care should be taken to set an appropriate @ry dayOthreshold. In this
study a relatively low threshold of 1 mm is used (rather than the 20mm threshold used
by Frich et al., 2002) In the Mediterranean persistent periodstha display lessthan 5 or
10mm a day are not as uncommon as for the rest of Europe (Mart’'n-Vide and Gomez,
1999) PCDD is the largest number of consecutive days in a season (j) for which daly

(7) precipitation does not exceed wd s Set to Lmm:

Ri; < wdcutoff (3.28)
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Rainfall Intensity (PINT)

Dueto the zero lower bound averages of rainfall may not be as useful as other
measures. Rainfall Intengty represents the amount of rain per rainy day, avoiding the
lower boundproblem. A combinaion of this index, the Consecutive Dry Days index
and PF90 (bdow) may show whether or not Mediterranean rainfall is becoming less
frequent but more intense, as suggested by Chapter 2.4.4 (a tendency tha would
exacerbate both flooding and drough), or otherwise. The mean precipitation (P/N7;) on
ran days (WR>wdeuop)) With wd.op Set to 1mm, for a period (j) with daly
precipitation (R,;) can beshown as:

\W
PINT, =1 Ry /W 3.29)

w=1

Number Of Days Classed As Very Wet (PN90)

The Number Of Days Classed As Very Wet index is self-descriptive. It is the
percentage of daysin a given period that have more rainfall than the value given by the
Very Wet Days index. In combinaionwith PF90 it allows for a measure of theintengty
of extreme events by comparing therelative amount and relative frequency of rain from
such events. For agiven period (j) PN90is the nunmber of wet days where theamount of
rainfall (R,,) is greater than thelongterm 90" percentile.

Fraction Of Rainfall Due To Very Wet Days (PF90)

This index represents the amountof extreme rain, pe amountof rain, from very
rainy days, another way of typifying a precipitation distribution withou beng hampered
by the zero lower bound.On rain days (W(R>wWd o)) With wd ..o Set to 1mm, for a
period (/) with daly precipitation (R,) and the 90" percentile of the wet day
precipitation for tha period (R,,90), the fraction of rainfall from events tha yield more
rainfall than thelongterm 90" percentile PF90 is:
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W
PF90=) R /R, wheeR, >R, 90 (3.31)

wj
w=l

In addition to the aboveindices, all of the analyses shown later in this chapter
(Section 3.4) were conduded with seasondly averaged daly mean temperature
(TAVG), maximum temperature (TMAX), minimum temperature (TMIN) and mean
precipitation (PREC).

3.4.2 Seasonal and spatial variation of climate indices

Having detailed theindices of extreme behaviour tha are used in this study, and
how they are satistically related to each other, further andysis benefits from a
description of the variation of these indices from season to season and across the
Mediterranean basin. Geographical factors may have a congstent effect upon both
temperature and precipitation, but values of theind ces described in the previoussection
change with the season and varying circulation. Figures 3.2-3.9 show values for the
indices of extreme climate averaged over the period 19582000 divided by season,
temperature, and precipitation. All figures given below are averages over the 19582000

period.

Winter

Winter Mediterranean temperatures average 6.5°C, but as described in Chepter 2
an important globd control on temperature is latitude (Fig. 3.2). In genead
temperatures increase and the occurrence of frog decreases with decreasing latitude
Winter low temperatures occur along the northern edge of the basin (Clermont Ferrand
and Lyon in France, Pagandla in Italy, Zagreb in Crodia, Caaras in Romania), and
highs toward the southern edge (Dar El Beida in Algeria, lerapera in Greece). The
latitude effect, in part, creates an average winter temperature (TAVG) range (between
stationsof smilar atitude Dar El Beidaand Lazzaro in Italy) of around10°C (between
12°C and 2°C, respectively). The difference between southern TX90 values and
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northern TN10 values (agan beween Dar El Beida and Lazzaro) is much grester, at
28°C (21°C and -7°C).

Throughoutthe central highland region of Iberia, the northern and southern
pesks of Italy (the Alps Prizzi, Monte Scuro, and Trevico), and the highest regions of
Greece (Tripoli, loannina and Kozani), temperatures are consstently lower than
neighbourng lowland regions (Fig 3.2). All tempeature indices display values
decreasing with haght (Chapter 2.2.2), an effect much more noticeable for indices of
warmth (TMAX and TX90) than cold (TMIN and TN10). The nunmber of fros days
increases with heght, however, as suggested by Beniston (2005) for the Alps, winter
warm spdl (i.e. heatwave) persistence across pats of Span, Itay (induding the Alps)
and Greece aso increases with haght Between Prat de Llobrega (6m atitude and
Montseny Turo (1706maltitude in eastern Span (65km apart) for example, average
winter TAVG, TMAX, TN10 and TX90 values decrease by around 8°C (TN10
decreases from 1.6°C to -6.2°C), an additiond 58 days experience frod (from 4 daysto
62), and heatwaves lengthen by 0.8 of a day (from 2.8 days to 3.6). The lowest
Mediterranean winter temperatures in terms of both high and low extremes (TMIN,
TN10, TMAX, TX90), and the numbe of days with frod, al occur over 900m in
atitude for:

o Montseny Turo (Span),
o Penhas Douradas (Portugd),
o Pagandla, Ligondio, and Monte Scuro (Italy),

o loanning and Kozani (Greece).

Peaks with similar atitudes (Montseny Turo and Monte Scuro, around1700m),
show margindly lower temperatures (-0.2°C) and a greater incddence of frog (+1 day)
with greater latitude Pagandla (at both 2125min haght and toward the northern edge
of Italy) congstently displays the lowest of Mediterranean winter temperatures (TN10
of -11°C, TX90 of 4°C, TNFD of 82days).

Winter warm spdl behaviour at heghtis less degpendent on latitude and more
sendtive to atitude However, closer to sealevel, winter warm spdls arerelatively long
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(over 4 days) across thewest of Iberia and to the east of the Balkan mountins and low
(lessthan 3 days) throughoutthe majority of the central and theremainde of the eastern
basins Thiswinter patern reflects regionsparticularly susceptible to persistent westerly
and south westerly warming flow from the Atlantic (Barry and Chorley, 1998; Maheras
et al., 19999, a shdtered area (to the east of the Balkan mountin chan) assodated
with winter pressure systems tha may remain stationary for up to two weeks (Kallos et
al., 1993) and southerly or south westerly flow from Africa(Maheras et al., 19993.

Other winter effects not directly dependent upon either latitude or altitude alter
temperatures indices (TAVG, TMIN, TMAX, TN10, TX90, TNFD) in Vaendaandthe
north west of the Balkans. In Valenda, low temperature extremes (TMIN and TN10)
are not as low (by 2.5°C) as thos for nearby stations (TN10 of 8.7°C for Valenda,
6.2°C for Alcantarilla). Due to pressure systems located to the north east of Valenda
theregion may experience periodsof easterly flow (Sumner et al., 1993. During winter
such flow is likely to provide warmer air than winds sourced from within the peninsula
dueto the relative heating effect of the Mediterranean Sea (Chapter 2.2.2), which also
enaures tha in general coastal stations are warmer than those in land. Frog days in
paticular are much less common (values less than 5 days) for coastal stations In the
latter (eastern basin) case winter circulation occasiondly draws air down from the north
alongthe western coast of the Balkans and toward Thessaloniki (forming the Bora and
Varadarac winds Table 2.3). The area associated with these winds shows lower winter
temperature indices (by about 3°C) and a subdantially greater inddence of fros spdls
(by 30 days) than neighbourngregionsor thos at similar latitudes and altitudes.

Althoughrainfall generally displays a postive correlation with latitude such a
relationdhip is not evident for the Mediterranean winter (Chegpter 2.2.1), ndther istheae
acongstent response to altitude Ingead, indices of extreme precipitation (Fig 3.3) vary
from region to region in a manna more congstent with flow direction and the pahs of
cyclones (Table 2.2).

Thelargest volumes of winter rainfall occur uponthe northwest Atlantic coast of

Span (i.e. La Corung and across northern Portugal. These regionsare the parts of the

target area mog susceptible to cyclones entering the basin from the Atlantic (Barry and
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Chorley, 1998) Average PREC values are high (around 8mm), as are PQ90 values
(around 37mm), and measures of both rainfall intensty (PINT) and the prevalence of
heavy rain events (PN90) show much highea values in the north west Iberian region
than for the mgjority of the basin (around 17mm/day, and 3.9 days, respectively). As
might be expected from these values, persistent rain events provide very large volumes
of precipitation (167nmm), and periods without rainfal are short (14 days). Because
rainfall is genegally heavy in the north west Iberian region (Mart'n-Vide 2004) the
percentage of rainfall provided by very heavy (rare) events is not particularly high
(27%). South western France and northern Span show similar behaviour, athough
rainfall is generdly notas heavy (PREC of 4mm), a greater propottion of rainfall comes
from heavy events (30%).

During winter, the driest areain the Mediterranean basin is the Murcia region of
south east Span (Mart'n-Vide and Gomez, 1999, where periods without rainfall are
among the longest in the basin (PCDD of 33 days). Atlantic influences are less
significant for this region than the rest of Span (Romero et al., 19983, and rainfall
amounts are more dependent upon easterly/south easterly flow (Goodess, 2000) For
Murcia average winter rainfal islow (0.75mm), and the number of heavy rain eventsis
low (1 day), butasrainfall is so rare the propottion of rain to come from such eventsis
relatively high (35%) (Mart'n-Vide 2004.

To the north east, north, and noth west of the Gulf of Genoa rainfal is
paticularly intense (between 13nm/day, Nice and 19nm/day, Bosco). Averagerainfall
is not high (around4mm), dry periodscan belong (around 17 days) and there are not
very many heavy rainfall events (2 days), butthe propottion of rain to come from those
events is high (34%), and extreme rain events can produe the largest volumes of
precipitation to occur from single (PQ90 of 44.7mm at Bosco) or prolonged (PX5D of
180mm at the same site) events within the basin. The Gulf of Genoais one of the
princpd areas of Mediterranean cyclogenesis, and the figures above may reflect the
amountof moisture locally advected from the Mediterranean sea (Trigo. 1999)

Aress also experiendng large volumes of winter rainfall indudethe west coasts
of Sardinia, southern Italy, Greece and Turkey. These regions are subject to cyclones
tha have travelled across the Mediterranean (induding those tha have been regenerated
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from Genoan cyclones, Table 2.2) and where such depressions track across western
coasts high levels of precipitation may occur (Chapter 2.2). The eastern basin (Greece,
and Greek stationsnear the coast of Turkey) is generally not as wet (PREC of around
4.2mm) as the north west Iberian peninaula, and periodswithout rain are not as short
(19 days). However, vaues for PQ90 (27.5mm), PF90 (31%), PN9O (3 days), and
PX5D (101mm) generally exceed those for the south of France and northern Span.
Rainfall intengty is aso high, and can (in places) equd or exceed values for the Gulf of
Genoa (around 14mm/day). With the exception of the anomaloudy high rainfall that
occurs to the north west of the Iberian peninsula, eastern basin winter rainfal is
genegdly highe than tha for the west. For the southern parts of the central basin
(Sardinia and southern Italy), and in terms of the ratio between heavy and light events
(i.e. PN90 and PF90) the western coasts of the region display similar behaviour to tha

evident for thewestern coasts of theeastern basin.
Spring

During the spring, Mediterranean average temperatures (Fig 3.4) inaease by
5.7°C (to 122°C). However, athough features similar to thos for winter can be
obsrved in the spring spaial distributon of extreme temperature indices, the
differences between north and south, and between stationsat high and low altitude are
smaller for all but the highest stations (Pagandla, Monte Scuro, Penhas Dourados and
Montseny Turo). Between Dar El Beida in Algeria and Lazzaro in Italy there is an
average temperature difference of 3°C (beween 15°C and 12°C TAVG, respectively),
and there is only a 0.5°C difference between northern and southern TX90 values (10°C
difference in winter). The range in extreme temperatures between these stations
(between southern TX90 and northern TN10) also decreases (from a winter range of
28°C) to 26°C (26°C TX90and 0°C TN10).

Between northern, high atitude TN10 vaues (-7.7°C for Pagandla) and
southern low altitude TX90 values (26°C for Dar El Beida there is, however, an
increase in range (from 29°C in winter to over 35°C in spring). In spring there are
greater differences in temperature and heatwave duration between very high stations
and ther low-lying neghbous than for winter. Between Montseny Turo and Prat de
Llobregat the differences between TAVG, TMAX, TMIN, TN10 and TX90 increase to
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10°C. Spring hestwaves last a day longe at high altitudethan at stationsnear sealevel.
This tendency is dueto a greater seasond warming and lengthening (from winter to
spring) of low-lying temperatures and HWDI values than for those at heght, which
remain low in the former case and high in the latter. For stations of dightly lower
atitude (such as Soria, central Span, 1082n) this relationdhip no longe holds and the
shift toward a more homogenousspring distribution is more appaent, paticularly for
extreme high temperatures (0.3°C TX90 difference beween Soria and Vaenda,
stations of similar latitude and differing altitude. In spring the number of days with
frod decreases at both haght and nearer sea level, such tha fros occurrence bdow
350mis rare and high values of TNFD (up to 60 days) occur only at very high (above
1700n) stationsand alongthe northern bounday of thetarget region.

During spring a contrast developsbetween east and west coast HWDI values for
Iberia and the Balkans. From winter to spring, west coast heatwave periods lengthen,
and east coast values decrease. Althoughthe longest periods are at height, as detailed
above (Pagandla, 5.5 days), western Iberian and Balkan heatwaves are typically 1-1.5
dayslonge than thar east coast counterparts (e.g. 4 days for Alvega, Portugd, 2.5 days
for Vaenda, eastern Span). As deailed in Chapter 2.4.2 short Mediterranean
heatwaves may result from a high pressure ridge drawing air from the south on thar
western flank, and down from the north on ther eastern side (Colacino and Conte,
1995) heating and cooling respectively. A possible respon® to south-westerly flow is
also evident in the distribution of spring TX90 values, which are highe by around2°C
in the south west of Iberia, Italy and the Balkan peninaulathan in the south east.

In spring a latitudind relationghip within the distributon of extreme rainfall
indices (Fig. 3.5) becomes appaent (Chapter 2.2.1). Quantities of rainfall and heavy
rainfall are genedly highe in the north (for PREC, PF90, PN90, and PX5D) and lower
in the south (by around1.5mm for PREC between southern Greece and northern Italy).
This patern is reversed for the dry days index (PCDD) (Lanaet al., 2009. Although
there are some areas tha show an increase in rainfall, and some a decrease in rainfall
relative to winter quantities, the range of values across the basin decreases dightly for
all rainfall indices (by 2.7mm for PREC, 16mm for PQ90).
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The wettest region within the basin remains the north west of the Iberian
peninaula, with northern Spanish and southern French stations only dightly less wet,
influenced by spring thundestorms (Barry and Chorley, 1998. Similarly the Murcian
region of Spain remainsthedriest region. In thelatter case, average volumes of rainfall
(PREC) incarease by only margind amounts (less than 0.1mm, to around 0.76mm). By
compaison Corunaand northern Portugd show a significant declinein average rainfall
(-2.5mm) from winter levels (around 8mm). For Corunaand Murcia the relationdhips
between indices remain fairly unchanged from winter for all indices except PF90. The
propottion of rainfall to come from heavy events increases in Coruna(+4% to 33%) and
declines in Murcia (-3% to 30%). In the north west of Iberia the volume of rain
producd from heavy rain events declines less (from winter to spring) than the volume
of rain produced by Momal Gevents, in the south east there is indead a spring shift in
bdance toward nomal events.

Alpineltaly showslittlein theway of a seasond changein behaviour. Thereisa
decrease in the number of consecutive dry days (by around 5 days), and volumes of
rainfal and heavy rainfal incease dighty (PREC +0.3mm, PQ90 +1mm), but these
changes are not as great as for other nearby stations which generally display declining
rainfall (PREC -2.5mm) from winter to spring. This lack of significant change means
that Alpine spring precipitation values are relatively very high, despite a dight decrease
inintengty (-1mm/day PINT).

By comparison the stations of Zamora and Salamanca in central Span show a
subdantial decrease fromwinter levelsin al indices of extreme rainfall. Althoughthese
stations are not quite as dry (PREC of 1.25mm) as those in Murcia they are less
susceptible to precipitation extremes. The Zamora/Salamanca region possesses the
lowest spring PQ90 (9.5mm) and PINT (4.9mm/day) spring values for the
Mediterranean, and PF90 (30%) and PX5D (31L5mm) vaues lower than those for
Murcia, which remainsthedriest region largdy due to lower averagerainfall (0.85nm),
longe dry periods (18 days PCDD for Zamora, 28 days for Murcia) and a lower
frequency of extreme events (PN9O of 2 days for Zamora, 1 for Murcia).

In spring, Iberian and Greek stationsdevelop a north west / south east (wet / dry)
precipitation contrast evident in plots of PREC, PCDD, and PN90. For the remaining
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indices the west coast / east coast contrast evident in winter persists. This seasond
decline in frequency of east coest rainfal is likely to be due to southern or eastern
influence in the Balkans as spring rainfall in the eastern Aegean has been linked to
cyclones centred to the south and south west of theregion (Maheras et al., 2004)

Summer

In summer (average temperature of 21°C) the temperature contrast between the
northern and southern pats of the basin is reduced further, and differences are more
evident between the cool north west and the warm south east (Fig. 3.6). TAVG, TMIN
and TMAX values differ by around 1.5°C beween Dar El Beida (TAVG 23.8°C) and
Lazzaro (TAVG 22.2°C), but by 7°C between Santiago (in the north west of Span) and
the majority of south and south eastern stations(TAVG around24°C for Dar El Beida
San Javier in Span, Algheao in Sardinia, and Naxos in Greece). For more extreme
temperatures (TX90) the contrast is less evident, values in the north west are similar to
those in the south east (Santiago, 29°C, and San Javier, 30.5°C, TX90 values).

Very high atitude stations do not behave as described above and as for other
Seasons possess consistently lower temperatures than nearby stations However, from
spring into summer high altitude TN10 values increase by more than low lying TX90
values, a reversal of the situdion from winter into spring. The range in temperatures
between Pagandla and Dar El Beidais reduaed from 35°C in spring to 32°C in summer.
Between Montseny Turo and Prat de Llobregat the difference in TAVG, TMAX,
TMIN, TX90, and TN10 temperatures are similar to those for winter (8°C), but values
for heatwave duration are the same for both high and low stations (3.2 days). Fros days
are rare during the Mediterranean summer, and only ever occur at height

Although temperatures are highe during summer than for any other season,
heatwave durationsare not as congstent. Across |beria summer HWDI values (average
of 3.6 days) are shorter than thoe for spring by (on average) 1/2 aday. Vaues for the
south of France (on average 3.5 days) and Italy (3.3 days) increase by the same figure.
Thelengthsof Greek heatwaves (3.2 days) inarease by only amargind amount (0.1 of a
day). However, the east coast (short heatwave) / west coast (long heatwave) HWDI
contrast tha appeared during spring persists in summer for Iberia (1.3 difference
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between Alvegaand Vaenda), and strengthensfor Italy (0.9 difference beween Rome
and Pescara) and Greece (0.9 between Agrinio and Skyros).

The south west / south east contrast between TX90 values evident in spring also
strengthens into summer, and is evident for the western, central and eastern basins.
Across Iberia there is a 4°C difference beween very high south west TX90 values
(Pegoes, 35°C) and high south east values (Vaenda, 31°C), between the Greek stations

of loannina(34°C) and Naxos (29.5°C) thedifference is even greater.

The north / south contrast evident in spring precipitation indices develops
further for summer (Fig. 3.7), providing a latitudind dependence (Chepter 2.2.1) strong
enoughto remove the mgjority of regiond differencesin rainfall described for winter or
spring. This contrast is more evident for PREC, PINT, PF90, and PX5D than othe
indices. Alpinesummer rainfall produces fewer heavy events (1.6 days for PN90), but is
genedly more intense (PINT of 11.2 mm/day) than stationsat similar latitudes (around
2.2 days and 7.5mm/day respectively). Otherwise there is little difference between
northern Italian precipitation and rainfal in the south of France (PREC of around2mm).
North west Iberian stations behave much like those to the east (1.2mm PREC and 1.2
days PN9O0), althoughthey possess dightly highe levels of rainfall (1.6mm PREC), and
a greater nunber of heavy events (1.5 days PN90). Murcian stations are very dry
(0.3mm), but not as dry as Seville (0.2mm) or Jerez de la Frontera (to the south west),
or the south of Greece (0-0.1mm). The decrease in rainfall between spring and summer
for Portugd, however, is dramatic (-1.5mm) asit dropsto levels consstent with Murcia.
In summer, central Portugd displays the longest dry periods (around 57 days) and
lowest number of heavy events (0.52 days PN9O) for the basin.

PCDD values are distributed in an inverse fashion (decreasing with latitude
upward of the southern coast of Iberia, Algeria, and the southern Balkans. For the mog
southern regions of the Mediterranean, dry days do not persist for nearly as long as
those to theimmediate north (17 days, as oppogd to 36) athoughrainfall averages are
lower (PREC near Omm). For the same regions precipitation intendties (0.22mm/day)
and persistent rainfall totals (7mm) are much lower than for central latitudes (around

8mm/day and 27nm). PQ90 values are anomaloudy high (71mm) for this southern
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Iberian and Balkan region, and the difference from modeate to very high valuesis less
agradient (as for PREC, PF90 and PX5D indices), and more the bounday between two
distinct areas. PINT values show similar, althoughless dramatic behaviour, with anorth
/ south gradient and a distinat southern region of anomaloudy low values (0.2mm/day).
For mog of the southern area these values may be reflectionsof a largdy arid summer
regime unde the influence of the sub-tropical jet and the African air mass (Barry and
Chorley, 1998) This regime generally experiences very low levels of precipitation
(unde 1mm/day) and only very occasiondly experiences very high levels of rainfall
due to intense summer storms tha may produe rain to the east of mgjor mountin
chans(Milln et al., 2005.

Autumn

Autumn Mediterranean temperatures (Fig 3.8) are much lower than summer
values, but are highe than tho for spring (average temperature of 14.5°C). Although
from spring to summer TX90 and TN10 temperatures increase by roughly the same
value (8°C on average), from summer into autumn extreme high temperatures (TX90)
show a much smaller decrease (average of 5°C) than extreme low temperatures (TN10
average decrease of 8°C). The range between northern and southern stationsis larger
than the range for either summer or spring (6.3°C for TAVG beween Dar El Beida
19.3°C, and Lazzaro, 13°C), paticularly between high and low extremes (30°C between
a southern TX90 of 30.6°C and a northern TN10 of 0.6°C). There is, however, a high
level of smilarity between the spatia distribution of temperature indices (TAVG,
TMAX, TMIN, TN10, TX90) for both seasons Generally the paterns described above
for spring temperatures also hold for autumn.

Therangebeween southern, low atitude high TX90 values and northern, high
atitude low TN10 vaues is compaable to that for spring (36°C). However, a 9°C
difference exists between Montseny Turo and Prat de Llobregat indices of temperature.
The change from a smaller summer range is largdy due to a decrease in low
temperatures at high atitude Low temperatures at height drop faster from summer into
autumn than they rise from spring into summer, while low-lying high temperatures
remain relatively high. In autumn frog days reappear over 300m but remain relatively
scarce nearer sea level except on the northern bounday of the target region. Across
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Iberia more stations experience frods in autumn than in spring, but genealy those
stationsexperience a lower number of frog days over the season. For the eastern basin
frod days are less common and last for shorter periodsthan those in spring.

Autumn HWDI values show differing behaviour for the eastern and western
basins Across Iberiathe summer east coast low / west coast high contrast becomes less
evident, showing a simple trandtion into the homogenous winter Iberian patern,
relatively low values (around2.8 days) persist only for the extreme east and to the north
of the peninaula. For the Balkans the summer contrast between east and west coasts
increases, west coast values remain similar to those for summer (3.7 days), but east
coast values are more congstent with winter warm spdl lengths (3 days). Thisisaso a
form of trandtory behaviour. For Italy, and the south east of France, athough
temperatures may not be as high, heatwaves last longe than in other seasons (a list of
long and short lasting September central Mediterranean heatwaves is supplied by
Colacino and Conte, 1995) AlthoughTAVG, TMAX, TMIN, TN10, TX90, and to a
lesser extent, TNFD indices show similar pdaterns in both autumn and spring, the
distributon of HWDI values for autumn is unlike tha for any other season. Despite
these differences, much like the paterns evident for other indices in bath autumn and
spring, the autumn HWDI distribution largdy demondrates the seasond changefrom a
more zond summer regime to a winter meridiond circulation, as described in Chapter
2.

The changein circulation behaviour is aso evident in precipitation indices (Fig.
3.9), as they largdy return to a distribution similar to tha described (above for spring
or (less so) winter, dependent on region. There is less of a latitudind relationship for
rainfall than summer or spring, and rainfall values are closer to winter levels than spring
levels.

Rainfal is paticularly high (5.9mm), intense (15nm/day), and persistent (PX5D
of 151nm) for La Corunaand the north of Portugal, northern Span and the south west
of France (5.1mm, 12.6mm/day and 120nmm for Biarritz), and to the south of the Alps
(paticularly Bosco, at 7.5mm, 21 9mm/day and 214nm), but there is little congstency
with other stationsof similar latitudes. Rainfall is low (PREC 1.5mm) and dry periods
are long (PCDD 28 days) for Murcia, but extreme events are powerful (PQ90 31nm
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and PINT 122mm/wd), if rare (PN90 1.1 days). There are few similarities between
Murciaand central Portugd during autumn. Greek stationsreturn to the spring wet west
coast / dry east coast distribution for the mgjority of indices, and the north west / south
east Aegean split for the remainde (3.3mm PREC. 228 days PCDD, 2 days PN90 for
Agrinionin thewest, Imm, 425 days, and 0.85 days for Naxosin the south east).

In a manna more closely related to the winter distribution of indices than that
for spring, extreme rainfall events occurring alongthe coasts of the Gulfs of Genoaand
Lyons(induding northern Italy, south eastern France, Catalonian Span and the north of
Corsica) are heavier (PQ90 around 34mm), more intense (PINT of 15mm/wd), longe
lasting (PX5D around120nmm), and contribute more to the seasond rainfall total (36%
PF90) than events further in land. These values are generaly only dightly highe than
those for the west coast of Greece (by around 5mm, 0.5mm/wd, 25mm, and 4%
respectively) and it seems likely tha they are due in pat to autumn cyclogenesis
(Chapter 2.3.2).

Summary and Conclusions

Themagjority of interannud and spatia variation evident within the behaviour of
extreme indices defined in the previoussection is seasond in nature, althoughmore or
less consstent variationsexist between stationsof varying altitudeand latitude During
winter a distribution exists that suggests meridiond (west to east) circulation. This
shifts throughspring into a zond summer system (as detailed in Chapter 2.2). In many
ways the autumn distribution of indices is very similar to tha for spring, although
temperature indices are closer to summer values and precipitation indices are dightly
closer to winter values (Barry and Chorley, 1998)

However, dthough temperature indices display a strong seasond cycle
consstent between indices and largdy congstent between regions precipitation indices
do not Precipitation is generally low in summer, high in winter (as above, but winter
rainfall values may be exceeded in ethe spring (northern stations eg. Turin,
Pagandla, Lyon, Clemont Ferrand) or autumn (e.g. Catalonia, the majority of southern
Span and Italy). Rainfal intengty (PINT) is one of only two indices that are at thar
highest everywhere simultaneoudy (during autumn), and at its lowest during summer
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(with the exception of high values within the Gulf of Lyonsand Genoaregion). The
other index is PN9O, which is strongest during winter, and again experiences an aimos
basin-wide low during summer (excluding the northern stations of Turin, Pagandla,
Lyon, and Clemont Ferrand). Heavy rainfal (PQ90) may be heaviest in winter (north
west Span), summer (southern Spain and southern Greece) or autumn (everywhere
else). Rainfal is mog persistent (PX5D) during winter for eastern Greece and Portugd,
butisotherwise at its height for autumn. Dry days persist for longest during summer for
themajority of thebasin, butlast longe for southern Span and southern Greece during
autumn. PFO0 is generdly highea in autumn, then spring, but althoughthe lowest values
can be foundsouth of 42iN during summer, stationsto the north are as high or highe
during summer months than in other seasons It can be seen tha there is little
consgstency in seasond behaviour between indices of extreme rainfall, and tha they are
likely to bemore dependent on circulatory factors, as detailed bd ow.

Beyond precipitation seasondity, variationstha have been expanded from detail
in Chapter 2 to indudeindices of extremesin this section, are as follows:

o Inwinter themagjority of temperature indices (althoughnot HWDI) are
related to latitude while precipitation indices show a more distinct
latitudind relation during summer (less so for PN9O).

o Temperatureisalso related to altitude and extreme indices vary more
with height than average values (particularly extremes of high
temperature).

o Stationsnear to coastlines are generally much warmer than thoe further
in land duning winter and mildly cooler in summer. This effect is
paticularly stronguponwinter high temperatures (TX90) and frods
(TNFD).

o Altitudehas anegaive effect uponprecipitation (Agnewn and Palutikof,
2000) butthelocation of stationswith regard to mountin chansand
coastlinesis more important, and has an effect dependent uponthe
prevailing direction of circulation. Thelocation of stationsis paticularly
important near the coasts and mountins of Greece and for the south east

and north west of |beria.
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o Theeisamild west / east winter polarity evident for precipitation
(PREC) tha isalso visible for theother indices of extreme rainfall.
Geneally the eastern basin receives more winter rainfall, shorter dry
periods and heavier extreme events than thewestern basin.

o Withouttheinfluence of very short periodsof intense rainfall much of
the southern part of the Mediterranean region (particularly South western
Span) would be completely arid (unde southern influences) for the

majority of the summer season.

More detailed condusons drawn directly from the daa, are that:

o Stationsat significant height (over 900m) exhibit less of a seasond
changein temperature ind ces than low-lying stations(particularly for
TNFD).

o Beniston (2005)showed tha unusudly hightemperaturesin the Alpscan
pesist for longperiodsin winter, and occasiondly longe than they doin
summer. This effect (illugrated by HWDI) also occurs across central and
north eastern Span, and for the Balkan mountain chain.

o For Ibeian and Balkan summer, spring, and autumn, values, south
western high temperatures (and ther persistence), exceed those for the
south east. This may belinked to south westerly flow produced by
omegawave circulation, as detailed by Colacino and Conte (1995)

o North western Span exhibits the greatest volume of rainfall, and some of
the heaviest extreme events for the mgjority of thebasin, acrossthe
greater propottion of indices. This behaviour peaks in winter and occurs
for al seasonsbut summer, when Atlantic sourced flow is weaker than in
other seasons

o Other important regionsfor thegeneration of extreme rainfall indudethe
western coast of Greece and the areas immediately surrounding the Gulfs
of Genoaand Lyons These areas coinddewith thegeneration,
regeneration, or tracks of Mediterranean cyclones (Table 2.2) and
display longmean dry spdl lengths but high precipitation intengties and
PF90 values, suggesting infrequent but heavy cyclonegenerated rainfall.

10t



Chapter 3: Data and exploratory analysis

o By comparisonthe south east of the Aegean is generally dry during
spring, summer, and autumn, and less proneto heavy rainfall. The
behaviour of daly (non-extreme) precipitationin this region has been
related to thefrequency of cyclonestha generate southerly or easterly
flow (Maheras, 2006) In this sectionit can be seen that indices of
extreme rainfall (PQ90, PINT, PCDD, PX5D) and averagerainfall
(PREC), possess similar distributionsfor the south eastern Aegean

region.

3.4.3 Predictand inter-correlation

To demondrate the relationships beween the indices deailed above all
available values (all years, al stationg for each index have undegone(zero lag) testing
for correlation (Section 3.3.4) with the values for al other indices, by season.
Relationships tha are both datistically significant and stable over the test period
(Section 3.3.5) are detailed in Tables 3.5-3.8 as averages over the study region.

As al the predictands detailed above are derivatives of two different climate
variables (temperature and precipitation) the mod datistically significant inter-
correlation exists within the group of temperature indices, and within the group of
precipitation indices, rather than between them. Temperature (precipitation) indices
genedly correlate very well (significant at the 0.001 level) with TAVG (PREC) values,
butlesswell with PREC (TAVG) vaues.

From season to season theinter-correlation between TAVG, TMAX, and TMIN
is high and largdy invaiable (between 0.85 and 0.92), and athough less high,
correlations between these indices and HWDI (around 0.61) are jud as consgstent.
Correlation results with average temperature (TAVG) are genegaly highea than those
for TMAX or TMIN, which are greater than thos for TX90 or TN10, which are
generdly highea than correlations with indices of persistence (HWDI and TNFD).
However, relationships with TNFD are highly seasondly variable, and seem related to
the number of frogs occurring. TNFD correlation values reach -0.86 with TMIN during
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winter, and are mogly statistically insignificant during summer. Measures of extreme
warmth (cold) display high levels of inter-correlation, and lower correlation values with
measures of extreme cold (warmth). Further, during winter significant correlationsexist
at the 0.01 level between TX90 and TN10 (of 0.54), and between TNFD and HWDI (-
0.61), butduring other seasonscorrel ationsbetween extreme high and low temperatures
are low or nonsignificant. During winter the majority of variance within the full
temperature distribution is shared, which suggests that the same factors may influence
high and low extremes, during summer this remainsthe case for the more central range
of temperatures (TAVG, TMAX, TMIN), but is not the case for more extreme values
(TX90,HWDI, TN10, and TNFD).

Values of correlation between PREC, PINT, PF90 and PN9O0 are aso relatively
invariant from season to season (beween 0.74, and 0.80 respectively). Correlation
values beween PREC and the remaining rainfall indices (PQ90, PCDD, and PX5D) are
congstently high (around0.69, -0.58 and 0.77) for al seasonsbut summer (0.40, 0.29,
and 0.83). Correlations between PX5D and PREC, and between PX5D and PCDD are
theonly statistical rainfall relationshipstha are greater in summer than in other seasons
and they display the largest precipitation correlation values for any season (0.83 and
0.81, respectively). The Mediterranean summer rainfall regime may be aresult of long
dry periods(on the orde of weeks) broken by semi-persistent spdls of heavy rainfall
(several days in length). With the exception of summer dry days, precipitation
correlation results with measures of amounts of rainfall (PX5D, PN90O, PINT, and
PQ90) are generally highe than for measures of rainfall frequency (PF90 and PCDD).

Thecorrelation values for relationships between rainfall indices and temperature
indices are highly dependent upon season. During winter, precipitation (PREC) has a
negative relationship with both very warm (TX90,-0.63) and persistently cold (TNFD, -
0.56) wesather, as do extreme rainfall events (particularly PX5D and PN90). However,
average temperatures (TAVG) and low temperatures (TMIN, TN10) are postively
correlated with precipitation indices, and generally extremes of rainfall (PQ90, PX5D,
PINT and PN90) display a congstent correlation (around 0.47) with temperature
(TAVG). Modeaate winter temperatures are the mos condugve to large volumes of
rainfall.
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For spring/ autumn the negative precipitation correlation with high temperatures
(TMAX, TX90,and HWDI) is adso evident, dighty lower for TX90 (-0.50) and higher
for TMAX (-0.52/ -0.55), and the postive (PREC) relationship with low temperatures
(TMIN and TN10) persists (0.44 and 0.65 / 0.55). Average temperatures (TAVG),
however, display a negative correlation with rainfal indices, rather than the postive
relationship for winter. Spring / autumn precipitation is linked to relatively (but not
extremely) low temperatures. Relationships between temperature indices and extreme
rainfall follow thos for average rainfall with exceptions beween autumn HWDI and
PQ90 (0.58), and spring TX90 and PF90 (0.45). During autumn and spring there are
aspects of extreme rainfall tha are postively linked to high temperatures.

For summer, correlation values between temperature and rainfall are entirely
statistically inggnificant or negative (and around-0.53), with the exception of heatwave
duration (HWDI) and the number of extreme rainfall events (PN90, 047). The
strongest correlations exist beween TMAX and PREC (-0.56), and TX90 and PCDD
(0.57),

After averaging only stable and statistically significant correlation values across
the basin a few relationdhips show values less than that required for Statistical
significance. These correlationsmug vary strongly from onepart of the Mediterranean

to another, and indude

o Winter correlation beween TMAX and PX5D (-0.09), and TNFD and
PINT (-0.10).

o Spring TNFD and PREC (0.08).

o Summer correlationsbetween PCDD and TMAX (0.18).

o Autumn correlation between TNFD and PREC (-0.10).

These relationships are shown in Figure 3.10 and it can be seen tha the relevant

values in Tables 3.5-3.8 are the result of relatively few stable and statistically

significant correlations
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3.4.4 Trends in climate extreme indices.

In order to assess whether or not Mediterranean climate extremes are changing,
al climate indices have been assessed for trends usng the Kendall@ Tau method
(Section 3.3.3). Only dtatigtically significant trends (at the 0.05 level) resulting from the
Kenddl® Tau test are considered in this section. All values quoted bdow are changes

per year.
Winter

Winter temperature trends (Fig 3.11) range between +0.05°C yr' and -0.07°C
yr’ TAVG, with postive changes occurring throughout the western Mediterranean
basin, and negdive changes occurring across the eastern basin. Average (significant)
temperature trendsfor the west and east are +0.04°C yr* and -0.05°C yr™* respectively,
and +0.1 day yr* and -0.1 day yr™ for heatwave days. For the mgjority of the central
basin, from 12°E- 20°E, trendsare indggnificant. The polarised east / west temperature
trend patern is appaent for al indices of extreme tempeature, although some
variationsuponthe patern exist, largdy between indices of extreme warmth and cold,
and beween TNFD and al other indices. Although within significant regions TMIN,
TMAX, TN10, and TX90 differences from TAVG trend values are small in mos cases,
postive western trendsfor TMAX and TX90 and negdive eastern trendsfor TMIN and
TN10 are dightly greater (margindly, andby +0.01°C yr*, -0.02°C yr'* and -0.03°C yr’
! respectively) than those for TAVG. Postive trendsfor TMAX, TX90 and HWDI are
statistically significant for the mgjority of Iberia, the south of France, northern Italy, and
Monte Scuro (southern Italy). Negaive trends appaent in indices of extreme warmth
are datistically significant for the south west of Greece. By comparison TMIN and
TN10 only show statisticaly significant postive trendsfor Alcuescar (centra Span),
northern Span, southern France, and north west Italy, and negaive trendsfor Algheao
(in Sardinia), Agrinio, Kalamata, and Samos (al in Greece). Frog day (TNFD) trends
largdy reflect those for TMIN, athoughsome podtive (but small) trendsexist within
the Iberian peninsula. Values for TNFD rangebetween -0.5 days yr™* and +0.3 days yr™
for thewestern and eastern basins



Chapter 3: Data and exploratory analysis

Rainfal trendsfor thebasin are largdy statistically inggnificant for all seasons
induding winter (Fig. 3.12). Where they are datistically significant mog winter
precipitation trends are negative. During winter pogtive trends can only be foundfor
PF90 (+0.09%yr ™) and PINT (+0.05mm/wd yr™) in Alcantarilla (south east Span), and
for PINT (+0.1mm/wd yr') in Prizzi (south west Italy). Negative trendsoccur:

o Across Portugd for PREC (-0.17mm yrh), PINT (-0.14mm/wd yrY),
PN9O
(-0.08days yr'), and PX5D (-2.1mm yr?, the largest decrease for the
basin),

o For Sardinian PREC (-0.04mm yr'%), PQ90 (-0.20mm yr'"), PN90 (-0.08
daysyr™), and PX5D (-0.70mm yr™),

o Northern Italian PX5D (-0.51mm yr'),

o AndGreek PREC (-0.05mm yr™), PINT (-0.08mm/wd yr™), and PN90
(-0.05daysyr?).

In addition Skiros (Greece) shows major negaive trendsfor al rainfall indices
(e.g. -0.05mm yr' PREC, -0.24mm yr' PQ90, -1.13mm yr'* PX5D) except PCDD,
which is postive (+0.43days yr), as are the mgority of PCDD trends for the
Mediterranean (around+0.45days yr'). The Sardinian trend for PCDD is unusud as it
is negaive despite negaive trendsfor all other precipitation indices at that location.

Spring

Spring temperature trends (Fig 3.13) are largdy similar in patern to those for
winter. A polarity contnues to exist beween the warming western Mediterranean
(+0.04°C yr'!), and the cooling eastern Mediterranean (-0.04°C yr). For TMIN and
TN10, trend pdterns are amog identical to those for winter, although both indices
show a greater (more statistically significant) warming of low temperatures for the
southern Iberian peninsula ( eg. +0.03°C yr* for Seville) and cooling of low
temperatures in Greece (-0.09°C yr'). Extreme high temperatures (TMAX and TX90)
show dightly greater magnitude trends (generally +0.01°C yr* - +0.03°C yr* over
TAVG trendg but less statisticaly significant warming in the south of Iberia (e.g.
+0.04°C yr'* TMAX for Seville), more in the north of the western basin, and some
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warming in the eastern Mediterranean (e.g. +0.04°C yr™* for Samos), even where low
temperatures show statistically significant cooling. In Greece spring TMAX cooling
trends are negligible for all stations except Kythira and lerapetra TMAX values (-
0.03°C yr'h). This decrease in the eastern negative temperature trend is aso appaent in
average temperatures (TAVG). Heatwave trends are as those for winter athoughwith
fewer statistically significant stations A major difference between spring and winter
HWDI trendsis in Alicante, where HWDI and TX90 values are declining (-0.09 days
yrtand -0.04°C yr!). The fros day patern aso follows tha for winter, thoughwith
fewer statistically significant stations and a decrease in range of trend values (around

+0.2 daysyr'to-0.4 daysyr™).

Spring precipitation trends (Fig. 3.14) show even fewer statistically significant
stationsthan for winter. Rainfall trendsare negdive for multiple indces only for:

o Penhas Dourados and Santarem (Portugd) PREC (-0.06mm yr, -
0.02mm yr'Y), PINT (-0.09mm/wd yr?, -0.01mm/wd yrt), PN90 (-0.07
daysyr?, -0.04day yr's) and PX5D (-1.1mmyr™, -0.02mm yr™),

o Vigo Peinador (north western Span) PQ90 (-0.41mm yr™), PF90 (-0.6%
yr'Y), PN90 (-0.08 days yr™), and PX5D (-2mm yr™),

o And Kozani (Greece) PREC (-0.06mm yr?), PQ90 (-0.19mm yr™),
PN90 (-0.05 days yr'™), and PX5D (-0.64nm yr'™Y).

However, postive trends exist for south of France PQ90 (+0.19mm yr'Y), and
PF90 (+0.2% yr™"), and aso PQ90 (+0.16mm yr?), PINT (+0.06mm/wd yr?), PF90
(+0.7% yr'), and PN90 (+0.05 days yr') for ltay. Particularly consstent and
significant pogstive trendsexist for Rome.

Summer

Temperature trends for summer (Fig. 3.15) show warming across amos the
entirety of the basin. Only the western coast of Greece maintains a regiond cooling
trend, which is evident for TAVG (-0.02°C yr'"), TMIN (-0.03°C yr), TN10 (-0.03°C
yr'h), and TX90 (-0.03°C yr'), Elsewhere in the basin, single stations show some

element of isolated cooling:
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o Ligondio (notthern Italy), -0.04°C yr* TMIN, TAVG, TX90, and
TN10, -0.0C yr' TMAX

o Alicante (south eastern Span), -0.05°C yr* TMAX, and £0.06°C yr™*
TX90

o Algheo (Sardinia), -0.03°C yr* TN10

Othewise the polarity between east and west is evident only as a differing
degree of statistically significant warming trends which are greatest towards the south
of France (+0.04°C yr' TMAX, 0.05°C yr* TAVG, 0.07°C yr* TMIN, TN10 and
TX90) and north western Italy (+0.03°C yr* TAVG, +0.07°C yr* TMAX and TX90),
and weakest toward eastern Greece (around+0.01°C yr™* for al indices). TNFD trends
are largdy statistically insignificant for summer, althoughnegative TNFD trendsoccur
for Pagandla (-0.09 days yr™), Villameca (-0.01 days yr'') and Sabinanigo (-0.01 days
yr'h), bath stationsover 750min height HWDI values show a mild lengthening (+0.1
daysyr!) across themajority of north eastern Span, southern France, Corsica, Sardinia,
and north western Italy.

Precipitation trendsfor summer (Fig. 3.16) are entirely statistically indgnificant
except for:

o Burgos(in notthern Spain), -0.21mm yr*PQ90,-0.6% yr *PF90

o Logrono(aso in northern Span), +0.05mm/wd yr*PINT

o Southern Spain £0.37 daysyr* PCDD and +0.14mm yr*PX5D

o Northen Italy +0.04nm yr'PREC, +0.46mm yr'PQ90, +0.23mm/wd
yr*PINT, +1.0% PF90, +0.07 days yr'*PN90, and +1.35mm yr*PX5D

o Greece +0.41mm yr*PQ90 (for Naxos), +1.7% yrPQ90 (for Kalamata),
and-0.02 days yr*PN9O0 (for Skyros)

Autumn

During autumn (Fig. 3.17) the eastern cooling trend reassertsitself for al indices
except TMAX and TX90. For southern Greece TX90 warming is greater than for any

other season (e.g. +0.06°C yr* for Naxos), however, there are also more statistically
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significant cooling Greek TN10 trend values than for other seasons(e.g. -0.07°C yr™ for
Milog. TMIN and TN10 cooling are also evident for Algheo (Sardinia, -0.04°C yr*
and -0.09°C yr!), Monteombraro (Italy, -0.02°C yr'*, TN10 not statistically significant)
and Pescara (Italy, -0.02°C yr* and -0.03°C yr'h). Indices of extreme warmth show
cooling for Rome (ltaly, -0.03°C yr* TMAX, -0.08 days yr' HWDI), Kalamata
(Greece, -0.05°C yr'* TMAX) and Alicante (Span, -0.02°C yr* TX90). Elsewhere all
statistically significant values for indices show a warming trend. Mog of the

statistically significant warming trendsoccur:

o Tothenorth west (+0.02°C yr'! TAVG, +0.03°C yr* TMIN, +0.04°C yr’
1 TN10), north (+0.04°C yr'* TMAX, +0.05°C yr* TAVG, +0.09°C yr*
TMIN), and east (+0.03°C yr* TMIN and TAVG, +0.04°C yr* TMAX,
+0.04°C yr'* TX90) of Spain,

o In the south of France (+0.02°C yr* TMAX and TX90, +0.03°C yr™*
TAVG and TN10, +0.04 yr* TMIN),

o Andthenorth east of Italy (+0.02°C yr'* TAVG, +0.03°C yr'* TMAX).

Rainfal trends (Fig 3.18) are statistically inggnificant throughoutthe western
basin except for negdive trends throughoutthe central basin except for postive trends
and are mixed for the eastern basin. Iberian trendsare statistically significant for:

o Penhas Dourados (Portugd, -0.6% yr* PF90, -1.6mm yr™* PX5D),

o Huesca (northern Spain, -0.05days yr'* PN90)

o Montseny Turo (north eastern Spain, -0.17mm/wd yr'* PINT, -2.4mm
yr't PX5D),

o And south eastern Spain (-0.48mm yr'! PQ90)

Statistically significant trendsfor Italy are largdy postive and the same in both
the north and the south (+0.02mm yr* PREC, +0.38mm yr™* PQ90, +0.15mm/wd yr*
PINT. +0.4% yr* PF90, +0.06 day yr' PN90, +1.4mm yr' PX5D). Statistically
significant Greek rainfall trends are negdive for the north (e.g. Kozani, -0.02mm yr*
PREC, -0.19mm yr* PQ90, -0.7% yr* PF90, -0.06 days yr* PN90), and postive for the
south (e.g. Milos+0.60mm yr™* PX5D).
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Summary

The mog distind result from testing for trendswithin the indices of extremesis
that a contrast exists between a warming western basin, and a cooling eastern basin.
This contrast in temperature behaviour has been previoudy shown for mean
temperatures (Maheas et al., 19993, the range of daly temperatures (Brazdil et al.
1996) and in terms of cold-spdl days (Klein-Tank e al. 2002) A summary of trends
averaged for the eastern and western basinsg for all indices of extreme temperature
behaviour detailed above is available in Table 3.9. The east /west temperature polarity
is at its greatest during winter, paticularly for indces of extreme warmth (TMAX and
TX90), and weakest during summer, when largeregionsof the Balkan peninsula display
amild warming trend ingead of a cooling trend. Summer indices display thelargest and
mog significant postive trends in temperature, at ther greatest in the north and north
western basin, up to +0.14°C yr™* for TAVG in Pagandla. Eastern winter values display
the greatest cooling for the basin, with values of -0.07°C yr' TAVG in Kaamata.
Genedly, indices of extreme high temperature show a greater trend than average
temperatures (but with the same sign) by +/-0.01°C yr* to 0.02°C yr'. Low
temperature (TMIN and TN10) trends generally display lower than TAVG cooling or
warming trends during winter (-0.01°C yr* to -0.02°C yr'"), creating an increased
temperature range (Brundti et al.,, 20003, but higha than average or maximum
warming trends during autumn (by +0.01°C yr* to 0.04°C yr) and summer (for
southern France), resulting in a shrinking temperature range (Beniston et al., 1994;
Heinoet al., 1999) Trendsfor TNFD are small, but tend to follow TMIN trendsduring
winter, when they are at their greatest. HWDI trendsare also small, and tend to follow
those for TX90 but show far fewer statistically significant values.

Precipitation trends are largdy statistically inggnificant for the mgority of the
basin (Klein-Tank and KSnnen, 2003) Thelack of statistically significant trendsmakes
it difficult to assess changes in trend behaviour from season to season or from index to
index. However, afew condusonscan still bedrawn:

o Themaority of statistically significant trendsin the western and eastern
basin show a decline in rainfall on the order of -0.01mm yr'* during

summer and -0.03mm yr* during winter for most indices.
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o Italian rainfal displays an opposng trend (+0.01nm yr* to +0.02nmm yr’
1 (Klein-Tank and K&nnen, 2003) largdy as a result of increasing
extremes of rainfall (Brundti et al., 2000b,20018) and paticularly for
thenorthern region during spring and autumn.

o However, for some indices, in small regionsof Span, (winter PF90 and
PINT, summer PINT and PX5D), southen France (spring PQ90 and
PF90), and Greece (summer PQ90) intense rainfall also shows a positive
trend (see above.

3.4.5 Summary

In this section a set of climate indicators have been introducd to represent
extreme behaviour in Mediterranean climatology (Section 3.4.1). These indices have
then been tested for seasona and spdial variation (Section 3.4.2), inter-correlation
(Section 3.4.3), and trends(Section 3.4.4) to address the basic issues of paternsevident
in thedaa, co-variance, and changes over time.

To return to the null-hypoheses stated at the end of Chapter 2 (2.5) it can now
be seen tha extreme events do not vary uniformly across theregion (hypothesis 3), and
tha extremes of climate have changal ove the last hdf-century (hypothess 4).
Furthermore, it can be seen tha there is a strong seasond component of change likely
driven by a shift from a zond to a meridiond gened circulation (Chapter 2.1) as
reflected in the spaial distribution of index values for each season. Summer and winter
distributonsshow varying degrees of covariance between temperature indices such that
during winter all indices respond with a high degree of shared variance, but during
summer high (TMAX, TX90) and low (TMIN, TN10) indices share little variance.
Differences between the covariance of precipitation indices from winter to summer are
even greater, as results reflect the existence of two entirely separate regimes (Chapter
2.1), one of largdy shared variance across al rainfall indices, and the other with
variance shared only between extreme indices of persistence (PX5D and PCDD) and
rainfall (PREC). Trends appaent in daa also change from season to season such tha
during summer there are few statistically significant precipitation trendsat all, whereas
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there are more (mogly negaive) trendsduring winter. Where temperatures are warming
they show greater trends during summer, and where they are cooling thos trendsare
greatest during winter for al indices except TN10 (greatest cooling in autumn). Where
cooling is prevalent it is greatest for indices of extreme cold, and where warming is
evident it is greatest for indices of extreme warmth (Table 3.9). This shows tha
extremes of temperature are varyingin a different fashion to mean daa.

Also evident are subdantial regiond differences. These variations are mos
evident beween the north and south and east and west, but also occur for smaller
regions Latitudeis important for both rainfall and temperature indices, but the degree
of effect that latitude produces is dependent on season. Rainfall indices show a greater
relationsip with latitude during summer, and temperature indices dunng winter
(Section 3.4.2). Further, temperature trendsto the south of the region are mildly less
statistically significant during summer than in winter. A similar relationship cannot be
drawn for precipitation dueto thelack of summer significance. Differences between the
western, central, and eastern basins are also more evident for temperature than
precipitation. The western basin is warming, whereas the eastern basin is largdy
cooling (except for during summer). Theeastern basin is, however, on average (over the
test period) warmer than the western basin for mog indices of extreme temperature. For
precipitation values, the eastern basin is also generaly wetter than the western basin
during winter. Trendsin precipitation show tha both the western and eastern basins are
becoming drier, while the central basin largdy shows a postive precipitation trend. In
addition to the differences between east and west there can be subgantial differences
between indices of extremes for high and low altitudes, east and west coasts, and
between northern and southern portions of the same coastline In the latter two cases
results generaly occur in paterns tha might be assodated with a strong seasond
prevaence of cyclonic or anticyclonic flow (Section 3.4.2 and Chapter 2.3.2), and the
greatest variationscan be seen in fros day occurrence (TNFD), and for indices of heavy
rainfall (PF90, PN90, and PINT). Particular sub regions tha demondrate individud
seasond characteristics, generated by these variationsindude

o Thenorthern Meditteranean,
o Centra Portugd,
o Thenorth west (Galicia) region of Spain,
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o Thenotrth east (Catalonia) region of Span,

o Thesouth east (Murcia) region of Span,

o Thenorth of Span, south of France, and north west of Italy,
o Thecoastlines surroundng the gufs of Lyonsand Genog
o Southern Italy,

o Thewest of the Balkan peninaula,

o Thewest coasts of the eastern basin,

o Theeast coasts of the eastern basin,

o North western Greece,

o South eastern Greece.

It can be seen tha the chaacteristics of Mediterranean extreme climate are
highly regiond in naure, and changesubgantially from season to season.

3.5 Climate predictor variables

3.5.1 Desirable qualities in predictors

Table 3.10 lists the qudities tha climatological predictors should satisfy.
Having rejected components of variance (which form the prindpd component
predictors detailed in the next Section) tha contribute little in the way of variance or
appear to be artefacts of the PCA methodobgy (Section 3.3.6), all thefollowing indices
(described in Section 3.5.2 and Table 3.11) embody qudities tha are related directly to
mass movement within the aitmophee, and are therefore physcally meaningful. As al
predictor indices are defined within a window of latitude and longitude centred on the
target region, they are likely to affect the climate of the Mediterranean, and substantial
volumes of literature suggest tha climate indices such as those deailed here can be
directly statistically linked to extremes of climate within the region (Chapter 2.4.3).
Such predictor/predictand statistical relationships are further explored in Section 3.6,
and trend behaviour islooked at in Sections3.4.3 and 3.5.5. Tempora lagging has been
taken into accountwhere appropriate (i.e., for the SOI).
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As discussed in Section 3.2.3, all the predictor data utilised in this study are
congdered homogenous reliable (as determined by wide usage and review), are widdy
(freely) available, and persistent over a common study period (19582000) Although
there are long and detailed series for some of the circulation indices used in this study,
condructed from pressure data, and sometimes recongructed from proxy daafor longe
periods all of the indices used here have been interpolated or averaged from NCEP
pressure grids. This maintains consstency between indices of circulation. Furthermore,
the NCEP/NCAR Reandysis daa from which predictors are drawn exists on the same
(2.5x25) grid as output from recent Globd Circulation Modds (e.g. HADCM3), over
the same period, at scales of known high peformance (Reid ez al., 2001) a factor tha

may aid future work.

Independence of predictors is a subject that is explored by the use of cross-
correlation (Section 3.5.3 and 35.6). Stationarity of any given climatological
relationdip (rather than of any particular variable) is an issue currently unde
discussion within theinternaiond community (Schnader, 2000; Mann and Rutherford,
2002;Pauling et al., 2003;Rutherford et al., 2008; Hunt, 2004; Jones and Mann, 2004;
Fowler, 2009. For the purposes of this study it isimportant only tha relationships (i.e.
the degree of covariance) between major climatic variables remain stationay, and not
tha the climate itself remains stationay. Although, probably dueto externd forcing
(Hunt, 2004) the existence of globd warming would imply tha mean climate does not
In this study, as in the majority of climate moddling research conaerned with recent
centuries (Jones and Mann, 2004)rather than the distant past (Yin and Battisti, 2001) it
islargdy assumed tha relationships such astho utilised here are stationay.

Theonepotential climatological predictor discussed within Chapter 2 tha is not
represented in the remainde of this study is the All India Rainfall Index. The AIRI is
drawn from rainfal (a category C NCEP/NCAR reandyss variable) rather than
pressure (a category A NCEP/NCAR reandysis variable) data, and does not currently
exist on time scales comparable to the other indices used for this study (it is computed
ove a5 month monsoon season). Further, the AIRI is correlated with Mediterranean
sea level pressures (Section 2.2.3), avariable also consdered as a predictor. Dueto this

combindion of issues, the All India Rainfall Index was not used for quantative andysis.
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3.5.2 Defining circulation predictor indices

To explore the relationships between indices of extremes and larger scale
aimospheic circulation, the dynamics described in Chapter 2 also require indices. For a
number of well-de€fined and discrete oscillations or pressure centres these indices are
well doaumented, for others, less so. Mog of theindices of circulation are calculated by
characteristic pressure differences between points located indde @entres of action®
often areas of particularly persistent high or low pressure which drive circulation around
them (Barry and Chorley, 1992) These points generally lie in beeaween NCEP/NCAR
reandysis gridpoints, and the method used for congruction of required time seriesis 16
point Bessel interpolation (Section 3.3.2). The indices of circulation (Table 3.11) that
have been condructed by this method (e.g. the NAO, SOI, and MQI), or by ared
averaging of gridded pressure dda (e.g. the SHI, and NSCP), or other methodsreliant
on such data such asthe calculation of easterly or westerly flow (e.g. the ABI and EBI),
are:

The North Atlantic Oscillation Index (NAO)

The NAO has well doaumented teleconnections across Europe (see Chapter 2).
As a potential driver of mean climate in the western Mediterranean its induson here is
essential. Multiple formulationsof theindex exist usng various northern and southern
sites (Jones et al., 1997) Ponta Delgada (Walker and Bliss, 1932; Roge's, 1984, Jones
et al.,, 1997 is generaly favoured for the southern site, and averages of Icelandic
stationsfor the northern site (Jones et al., 1997) However, depending on application the
best postionsfor calculation of the NAO vary by season and region (Jones et al., 1997)
For correlationwith Iberian rainfall, dighty better results are achieved with Gibratar as
the southern site (Goodess and Jones, 2002) This study follows Goodess and Jones
(2002) and utilises the Gibraltar (36.1(N, 5.30W) / Reykjavik (650N, 2280W) NAO
index.

The Southern Oscillation Index (SOI)

As seen in Chapter 2, less work on Mediterranean teleconnections with the
Southern Oscillation Index have been conducted than for the NAO, but a few studies

point to a possible Mediterranean linkage, particularly in the eastern basin (Price et al.,



Chapter 3: Data and exploratory analysis

1998; Kadioglu et al., 1999; Rodo and Comin, 2000; Rodg 2001) The SOI is
calculated as the nomalised pressure difference between Darwin (123, 131{) and
Tahiti (1705, 149W) (Ropdewski and Jones, 1987)and is often congdered one of the
mog important drivers of globd climate. Asinformed by Van Oldenborgh et al., (2000
thisindex has been used lagged by a season.

The Mediterranean Oscillation Index (MOI)

Thereisnoindex for the Mediterranean Oscillation currently in wideuse. Thee
are, however, two versions put forward in pgpers as discussed in Chapter 2 (Conte et
al., 1989; Palutikof et al., 1996; Corte-Real et al., 1998Db; Piervitalli et al., 1999;
Palutikof et al., 2003) Both of these are considered in the andysis at the end of this
chapter, but only oneis used for moddling purposes as they correlate highly with each
other. The first index (MO1) is calculated by the nomalised pressure difference
between Algiers (36 4N, 3.1(E) and Cairo (30.1(N, 314(E) (Palutikof et al., 1996) the
second (MO2) is the same, but for Gibraltar@ North Front (36.10N, 5.30W) and Lod
Airportinlsragl (32.00N, 34 5(E) (Palutikof et al., 2003)

The North Sea Caspian Pattern Index (NSCP)

The North Sea Caspian Pattern is a more recent development than the MOI. The
condructed version used here is caculated from the nomalised 500hRa geopaential
height difference between averages of North Sea (O(E, 55N and 10(, 55(N) and North
Caspian (500, 45N and 600, 45IN) centres of action. This is the same formulation
used as Kutiel and Benaroch (2002) who selected these locations by use of linear
correlation between pressure grid points and a GI S approach.

The Siberian High Index (SHI)

Calculated by Panagiatopoubset al. (2005)as the area average of SLP over 40-
650N, 80-12QCE for winter months (selected after examination of monthly maps of SLP
back to 1871) thisindex describes the strength of the Siberian high pressure centre. As
the Siberian centre of action is only evident for winter months, the SHI used here has
been calculated for autumn, winter and spring, but not summer. Thisis an extensgon to
theorigind Panagiatopoubsindex, calculated only for winter.
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The Atlantic Blocking Index (ABI)

Providing for a measure of jet stream influence (i.e. zona vs. meridiond flow)
across the European region, the Atlantic Blocking Index (Pavan et al., 200Q Pavan and
Doblas-Reyes, 2000 is computed by summing the Tibadi-Molteni (Tibaldi and Molteni,
1990) blocking index over the longtudes 80-200W. The Tibadi-Molteni blocking index
is a measure of easterly frequency (days per morth) between 40-600N during periods of

westerly flow above 600N (more than 5ms*). Both easterly and westerly flow are then
estimated from daily Geopaentia heights (Z500). Shown to correlae with the NAO, this
isthe only index currently avalable which alows for the incluson (althoughin an inverse
fashion) of the influence of the jet stream in this study. The Tibadi Molteni blocking
index utilizes a southern (GHGS) and northern (GHGN) 500hPa geopdentid height
gradient:

[Z(%) —Z(¢s)]

GHGS = b —0
26,)- 26 (3:32)
GHGN =[=——2000)
¢n _¢0
Whee
!, =80°N+"1 =60°N+"
(3.33)
. =40°N +"," =#5°,0°,5°
If:
GHGS> 0 (3.34)

And:
GHGN <-10m/ degg latitude

For at least onevalueof ! , a agiven time, then that longitudeis said to be blocked.

The European Blocking Index (EBI)

Also formulated by Pavan et al. (2000) the EBI is computed in the same way as
the ABI but beween thelatitudes 10W and 50E. Togeher the EBI and the ABI indices
hdp to characterise the blocking behaviour across the northern bound of the target
region.
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Between them the indices detailed above (summarised in Table 3.11, and with
more detail in Chapter 2) characterise, or are affected by, the mgjority of coherent large-
scale atmospheric circulation in the European region. Remaining atmospheic factors
indudeMediterranean cyclogenesis, travelling high pressure ridges, the Iberian thermal
low, and local winds all of which are features of regiond-scale pressure distribution.
Prindple Component Andysis alows for the induson of these factors as spaia and
seasond changes in pressure and humidity, and the resulting PC predictors are detailed
in Section 3.5.4.

3.5.3 Circulation predictor inter-correlation

Predictor indices have undergone the same correlation andysis used for
predictands in Section 3.4.4. As deailed in Section 3.5.1 it is important tha the
majority of predictors do not possess significant and stable inter-correlations Where
correlations are statistically significant and stable, results between Circulation indices
(Tables 3.12-3.15) show that:

o Thetwo Mediterranean Oscillation variants show highly significant (at
the 0.001 level) inter-correlation for al seasons(0.79-0.92), strongest in
winter, when they are paticularly highly correlated with the NAO
(0.900.83). The NAO is also highly correlated with the MO for autumn
(0.60/0.58) and spring (0.58/0.65).

o Asddailed in Chapter 2.3.1, the NSCP and MO indices do not correlate
paticularly well (seasond average of -0.05), and do not share the same
correlation with the NAO. NSCP and NAO correlations are weak for
both autumn (0.10) and spring (0.07). They cannot therefore, be seen as
entirely anaogous(Kutiel and Benaroch 2002)

o The European Blodking Index correlates highly with the NAO (-0.81)
and with theMO (-0.73-0.65) during autumn.

o The Atlantic Blocking Index correlates well with the Mediterranean
Oscillation (-0.50/+0.60) during autumn and the North Sea Caspian
Pattern during summer (0.47).
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o The SOI (lagged by a season) has no significant or stable correlation
with any other predictor.

During winter and autumn it can then be seen that there are strong co-variance
relationships between the North Atlantic Oscillation, the strength of blocking conditions
ove Europe and a pressure o<tillation across the Mediterranean. For spring the
relationship between the Atlantic and Mediterranean o<tillationsis also in evidence, but
for summer the only circulation predictors to show strong and stable relationships are
between the North Sea Caspian Pattern and Atlantic Blocking. These results show tha
there are changes in regime from winter to summer for both predictandsand Circulation

predictors.

3.5.4 Trends in circulation predictor indices

As this study hypohesises a link between hemispheic scale circulation and
Mediterranean climatology, and it can be seen that Mediterranean climate is changing
(Section 3.4.4), it mug be consdered that circulation may aso be changing with time.
Table 3.16 shows Kendall@ Tau (Section 3.3.3) calculated annud trends for all
predictors (as nomalised time series averaged by season) used in this study, and those
that are statistically significant. Further, time series plots for each index are provided in
Fig. 3.19-27 with linear trendsfor the entire period. Trend behaviour is summarised
bdow:

o Of the circulation indices, the strongest statistically significant trend
(+0.04 yr'") can befoundfor the North Atlantic Oscillation during winter
(its strongest season), behaviour suppotted by Osborn (20049.

o The Mediterranean Oscillation is also strongest during winter (Chapter
2.2.3), when it displays a statistically significant pogtive trend (+0.02 yr
1). The previous Section details a positive relationship between the NAO
and MO indices. During the summer months both MO indices show a

significant negaive trend (-0.01 yr™).
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o TheSiberian Highindex (Panagiatopoubset al., 2005)is the only index
with statistically significant trendsfor both spring and autumn (+0.02 yr
Y,

o European Blocking shows the second strongest statistically significant
trend (-0.035 yr™), aso for winter, and of a similar magnitude to the
postive trend for the NAO (the two are highly correlated). European
blocking aso shows a postive trend for autumn (+0.01 yr™).

o Atlantic blocking shows no significant trend and nether do the SOI or
the NSCP indices.

During winter, the circulation influendng the western basin (Chapter 2.2.3)
shows an increase in values for NAO and the MO. Thetwo indices are strongly linked
for tha season (i.e. they correlate highly significantly, Section 3.5.3), so it is possible
that thetrend in oneis respongble for the trend in the other. During summer, when the
NAO possesses no significant trend, the MO is instead decreasing. The EBI aso
increases during a season when the NAO does not display a significant postive trend.
As trends and correlation values are complimentary (negdive correlation, similar
magnitude but opposte sign trendg it is also feasible tha an increase in NAO strength

during winter is linked to a decrease in European blocking activity.

3.5.5 Defining PC predictor indices

Whereas circulation predictor indices can be constructed to characterise large
scale atmosphaic movements by comparing distant values for large pressure fields
such an approach is not appropriate for smaller features (e.g. the Iberian thermal low),
or for those where no indices or well defined centres of action exist (e.g. the influence
of the subtropical jet on the southern Mediterranean during summer). For these factors
a method tha is capable of highlightng regiond centres of atmogpheric variance,
without large volumes of daa, is required. As previoudy described in Section 3.3.6
Prindpd Component Andysis produes such results when applied to regiond
amogpheic fields Here thefields andysed with PCA are thos for sea level pressure
(SLP), geopoentid heght at the 500hRa level (Z500), and specific humidity at the
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850hR level (SHM), as detailed in Section 2.3.1. Conduding prindpd component
andysis upon SLP and Z500 data for the Mediterranean domain is not new, butis an
essential step for the construction of predictors for this study. A relatively wide domain
(10-70%, -50-50k) has been selected to indude potential influences to the south or
east of the basin tha are not reflected in other predictors. After the rgection of
components (Section 3.3.6) the remaining PC predictors (Table 3.3) can be represented
by loadings plots (Fig. 3.27-3.38), checked agand previous studies (Table 2.4) and
compared to the average field for the approprate variable (Fig. 2.3-2.5) by season. A

summary of componentsisavailablein Table 3.3.

Winter

The first prindpd component (PC) of winter sea level pressure contributes
amog hdf (49%) of the variance of the seasond field (Table 3.3) and the appropriate
loadingsmap (Fig. 3.27) strongly resembles both thefirst modeof winter variance seen
in Maheras and Kutiel (1999) and the winter dry SLP anomaly shown in Corte-Real et
al. (19983. These paterns show a very deep European depression tha channds flow
toward the Iberian peninaula, and is assodated with dry conditionsin Portugd. By
contrast the second component (16% of total variance) resembles the rainy patern
shown in Corte-Real er al. (19983, a strong north Atlantic depression extending into
the north western Mediterranean tha produces an intengfied flow of moist air dong a
track assodated with the Atlantic cyclones detailed in Chapter 2.3.2. The third winter
SLP component (10% of variance) shows the Icelandic low shifted significantly
southward, a patern that creates moist south westerly flow toward the Iberian peninaula
and frequent, intense, episodes of rainfall over Portugd (Zhang et al, 1997) The
patern for component four (10% of variance) is aso similar to a patern in Zhang et al.
(1997) showing an extendal Icelandic low and a north European high assodated with
modeate rainfall conditionsin the eastern Iberian peninaula,

The patern shown for winter geopoential height PC1 (35% of total variance)
closly resembles the first component of European winter Z500 found by Thompson
and Wallace (1998) the mid-tropopheic signaure of ther Arctic Oscillation, and the
first SLP component. Component two (19%%) resembles the Eastern Atlantic patern, as
shown by Wallace and Gutzler (1981) Barngon and Livezey (1987) and Pavan et al.
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(2000) and the second SLP component. Thethird component (16%) for winter Z500is
similar to the Atlantic/European blocking regime that occurs across the north east of the
Mediterranean region (Pavan et al., 2000) and the third prindpa component of winter
Z500 shown by Wallace and Gutzler (1981) The fourth component (12%) shows
Siberian blocking tha varies in phase with central Atlantic variance (Corte Real et al.,
1995)and low pressures over the Mediterranean basin.

High variance components for specific humidity tend to reflect the flow
conditions evident in components for sea level pressure. The first winter SHM
component (33% of total variance) shows a strong tropical plume to the south east
(Chegpter 2.3.1) and a track of variance originaing to the south west of Iberia that
continues eastward through the basin, with highs to the south east of paticularly
mountinousregions Thistrack follows the southern edgeof the SLP variance structure
seen in SLP PC2. In asimilar fashionthe second SHM component (11% of variance) is
consgstent with structures evident in SLP PC3. Eastward Atlantic flow occurring in
conjundion with African west coast variability, as seen here, has previoudy been
observed by Jog et al. (2001) The third specific humidity component (9%) shows a
variance structure centred on the Iberian peninsula tha is consstent with alow pressure
zonedrawing moisture from the south west and north east (Chgpter 2.3.2) in anti-phase
with vaues for the eastern basin (Section 2.3.2). Component four (8%) shows a
Mediterranean patern amog inverted from SHM PC1, with a more developeal centre to
the east of the Atlas mountins and no shared variance with the tropics. The fifth, and
sixth winter components contribute relatively low levels of variance (6% and 5%).
Component five shows a patern congstent with SLP PC4, and the clockwise movement
of dry air from Turkey and the Middle East toward the eastern basin.

Spring

For spring, the first component of SLP variance (32% of total variance) is
simply a weakened version of the first component for winter (a European depression).
Similarly, component two (19%) reflects the second winter component (north Atlantic
depression, Atlantic cyclones), althoughin spring the east Atlantic high pressure zoneis
stronge than the Siberian zone Component three (16%) shows a strong resemblance to

the third winter component, and component four (9%) to the fouth. The third
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componet, however, does show an additiond, low pressure, feature over centra
Africa, extending toward the Middle East and Turkey. The fifth component of spring
SLP variance (5% of total variance) shows a pressure low congstent with easterly
conditions(mog prevalent in May) over the British Ides (Barry and Chorey, 1998)and
westerly conditionsover central Iberia

Geopoential heght components for spring show little similarity to those for
winter, except for the first component (20% of total variance). The loadings plot for
spring Z500PC1 issmilar to the East Atlantic patern evident in PC2 for winter, shifted
toward the north east, and also a situaion of strong Siberian blocking as shown by
Corte Red et al. (1995) Similarities between first components for SLP and Z500
persist in spring. Spring component two (19%) aso shows developad blocking, over
north eastern Europe (Corte Real et al., 1995) The third component of spring Z500
(16%) shows a North Atlantic Oscillation (Chapter 2.2.3) with shared variance between
the southern centre of action and a European deep depression (Maheras and Kutiel,
1999) Spring PC4 (10%) displays a pétern that enhances flow toward the eastern coast
of the Iberian peninaula, paticularly to the north east (Serra et al., 1999) Component
five (9%) shows arelatively weak East Atlantic / West Russia patern (Panagiatopolous
et al., 2005) As with winter SHM, components six and seven contribute little to the
sum of variance explained (6% and 5%), and show only weak features. Component six
shows an oscillation in variance beween the central Atlantic and the Mediterranean
Sea. Component seven displays a high pressure zoneover Iberiaand alarge Asiatic low
pressure zoneto the east, this combinaion draws cold, northerly air across the Pyrenees
and into the Mediterranean (Esteban et al., 2009.

As for SLP, specific humdity plots show distinctive similarities to SHM plots
for winter. Unlike SLP plots, each of the relevant loadings diagrams displays a strong
shift in location for all features. The first component of SHM variance (41% of the
total) shows a similar patern to winter PC1, athoughthe influences of central Africa
and the Middle East have developad and movead to the north east. Component two
(12%) displays a similar relationship to winter PC3, although the Iberian centre of
variance evident for winter is not appaent here. The third component (6%) resembles
the second winter comporent, but shifted toward the south west. Spring PC4 (5%)
shows behaviour more consstent with winter PC5, although eastern Mediterranean
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influence has moved south east and a centre of humidity variance has formed over north
western Africa

Summer

By comparison with winter and spring loadings summer sea level pressure
centres are weak. The first component of summer SLP (33% of variance explained) is
entirely based upon continental pressure systems for Africa, the Middle East, central
Europe northern Europe and Iceland, smilar to PC3 for spring but without a
discernible Atlantic system. Component two (16%) shows an expression of the NAO,
weak during summer (Chapter 2.2.3), with an extenson of the Azores high into
northern Europe similar to the East Atlantic patern. Thethird component (11%) shows
a pressure system assodated with westerly conditionsover northern Europe (Barry and
Chorley, 1998) Components four and five (9% and 6%) strongly resemble weaker
versions of the fourth and fifth components for spring. The fourth component is also
shown in Maheras and Kutiel (1999) and shows a shdlow depression to the west of
Britain and a weak blocking high to thenorth of Europe

For summer the first component of Z500 variance (24% of variance explained)
shows great similarity to the first summer component of SLP, creating a zond
circulation and westerly flow over the mgjority of the basin (Maheras et al., 2000) The
second comporent (16%) displays a weakened east Atlantic patern (see winter PC1)
shifted toward northern Europe with a developed centre of pressure variance over the
Mediterranean basin and a developed icelandic low. Maheras er al. (2000 show a
smilar patern and attribute the latter variance to a cut-off-low postioned over the
Balkans There are aso similarities between the third component (14%) and PC3 for
winter, athoughthey are less pronouned. Component four (11% shows the same
structure as winter PC1, athoughit is much weaker. Component five (8%) produces a
low pressure gradient over the Mediterranean basin (Maheras e al., 2000) as does
componet six. The latter two components contribute little in the way of variance (6%
and 5%), and show only minor influence over theMediterranean basin.

By contrast each of the four components of specific humidity for summer show

centres of action tha are located in, or extend into, the Mediterranean basin. Thefirst
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summer SHM component (contributing the majority of total variance at 47%) clearly
shows atropical band of variance reaching into the eastern basin with a tropica plume,
and into the western and central basins across the north western region of Africa. The
second summer component shows the opposte behaviour (7%), with a dighty
suppressed tropical band and dry air extended into the western basin from Africa, and
into the eastern basin from the Middle East and Turkey. Component three (5%) shows
theinfluence of the Asiatic system uponthe eastern basin, and shared variance with the
western basin. Thefourth component (also 5%) shows a small humidity gradient across
the maority of the basin, except for a Turkish centre of variance tha creates a large
gradient across eastern Greece.

Autumn

Thefirst component of SLP for autumn (33% of total variance) shows a pdtern
similar to spring PC1 for SLP, and tha given for autumn in Maheras et al. (1999) This
distribution of centres represents the indudion of cold contnental air over the west
central Mediterranean by a pressure high off the west coast of England. Autumn
component two (17%) is very similar to component two for spring, although the
northern pressure centre is shifted to the east and both the southern and eastern systems
are weak. Thethird SLP component for autumn (12%) resembles the fourth component
of winter SLP and PC 4 for spring, displaced northward by a centre of variance over
central Africa, an anomaly patern shown by Corte-Real et al. (19993 and described as
a Blodking-like anomaly. Autumn PC4 (10%) shows similarities to the third PC of
spring variance and PC1 for summer, although an Atlantic system is appaent tha acts
in oppostion to the European/African centres of variance. Component five (9%) is

similar to component 5 for both summer and spring and component 3 for winter.

Geopoential heght components, as for winter, show by far the greatest
contributionto total variance from thefirst component (30%). The patern evidentin the
loadings patern for Z500 PC1 strondy resembles both SLP PC1 and the patern given
by Kutiel and Benaroch (2001) for the North Sea Caspian Pattern. The second
component (17%) resembles tha for winter, as do components three (12%) and four

(9%). Components five (smilar to spring PC5) and six contribute a small propottion of
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total variance (6% and 5%) but both show a small gradient over the Mediterranean

basin with centres of variance over thewest and east respectively.

The autumn first and second component loadings for specific humdity are
similar to those for summer. Autumn PC1 loadings (36% of total variance) show a
developal tropical band and eastern Mediterranean plume, athough no African
extenson into the western Mediterranean and a developad central basin centre of
variance. Component two 12%) shows a more coherent north African / Middle Eastern
band than for summer. Thethird comporent of autumn specific humidity variance (8%)
shows behaviour similar to a hybrid of winter and spring PC2 loadings. Autumn PC4
shows little resemblance to any other patern, contributes little additiond variance (5%),

and produees only a small humidity gradient across thetarget region.

3.5.6 PC predictor inter-correlation

In this Section the PC predictors defined above are tested for inter-correlation,
as suggested in Section 3.5.1, and performed for Circulation predictors in Section 3.5.3.
Stable and statistically significant results (Tables 3.12-3.15) show that:

o Dueto theorthogondity ensured by PCA (Section 3.3.6) components of
agiven field do notinter-correl ate.

o However, due to shared forcing (Chegpter 2.3.1) SLP and Z500
components share similar loadings features (above and do inter-
correlate.

o SLP and Z500first components correlate significantly (0.001 level) for
all seasonsbut summer. The correlationis greatest in winter (0.97), then
autumn (0.88), and spring (0.64). Relevant loadings pdterns (above
show little similarity between seasons and when linked by correlation
represent shared variance between European depressionsand large-scale
high latitude circulation for winter (Arctic Oscillation) and spring (East
Atlantic Pattern), and southerly flow and the NSCP during autumn.

o Thefirst component of SLP also correlates with the second component
of Z500 for summer (0.31, significant a the 0.10 level), components

with loadingstha also demondrate shared variance between European
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depressions and the East Atlantic Pattern. This behaviour and set of
loadings patterns is further evident for second components of SLP and
Z500, which correlate significantly (0.001) for autumn (0.76) and winter
(0.93), and the second component of Z500 correlated (significantly, 0.01
level) with thethird component of SLP for summer (0.69).

The second component of SLP cormrelates significantly with the third
Z500 component for both summer (-0.57) and autumn (0.70), showing
shared variance between components with loading patterns displaying
blocking activity and European depressions

Third components of SLP and Z500 correlate significantly (0.001) only
for autumn (0.75 when both componeits possess loadings pdterns
displaying extended | celand low behaviour.

For winter (0.85 and summer (-0.56) the third Z500 component
correlates significantly (0.001 level) with the fourth SLP component. In
both seasons loadings paterns demonstrate an extended/displaced
|celandic low and north European blocking, weaker in summer.

During winter the third SLP component shows significant (0.001 level)
correlation with the fourth Z500 component (0.81), relevant loadings
paterns show north European variance shaed with east Atlantic
variance. This behaviour is also evident for autumn, the fourth Z500
component and the fifth SLP componet are significantly correlated
(0.57) and loadingsshow similar (thoughweaker) paterns

The fourth components of summer SLP and Z500 correlate (-0.66)
significantly (0.001 level), and show linked loadings plots similar (but
with much weaker centres of variance) to first component correlations
for winter (see above.

Specific humidity components show no significant and stable
correlation with SLP and Z500 componets for either summer or
autumn.

During winter only the fourth SHM component correlates significantly
with SLP (PC1, -0.57) and Z500 (PC1, -0.56), and there are similarities
between theloadingsplots for each component.
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o For autumn there are also significant correlationsbetween SHM PC1 and
SLP PC1 (0.53), and between SHM PC3 and Z500 PC6 (0.47), in both
cases thevariance of humidity is congstent with the pressure distribution

(and resultant flow) described above

As for circulation indices, there are strong relationships between changes in
pressure in the north Atlantic, across northern Europe and within the Mediterranean,
stronge in winter and autumn than summer. During summer and autumn changes in
SLP and Z500 variance across northern and southern Europe are also linked to centres
of variance in humidity in theeast and central basins

3.5.7 Trends in PC predictor indices

As can be seen in Table 3.3 thefirst component of variance for each field and
season explains a large propottion of total variance. For all seasonsbut autumn the PC
scores for the first components of sea level pressure, geopoential height, and specific
humidity also possess statistically significant trend behaviour (Table 3.16). Plots of PC
score time series are shown in Fig. 3.39- 3.50.

For sea level pressure the components whose loadingsshow patterns associated
with European depressions(DJF and MAM PC1, JJA PC3, Section 3.5.4 and Table 3.7)
show a decline in variance scores, stronge in winter (-0.043) than spring (-0.026) or
summer (-0.024). The components tha show loadings pdterns assodated with
developal continental systems (JJA PC1 and SON PC4) show an increase in variance
(+0.051), as does MAM PC3 (+0.044), which possesses loadings congstent with an
easterly shifted Icelandic low.

The first component scores of Geopdential height aso show significant
negative trends for winter (-0.043) and spring (-0.038), with loadings pdterns
assodated with the Arctic Oscillation and the East Atlantic patern, and a postive trend
for summer (+0.054) Lower variance componets show significant trends only for
spring and autumn. Trendsin scores for thefifth spring (+0.043) and autumn (+0.026)
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components (with similar loadingspatterns) are both postive, asis thetrend for spring
component four (+0.022, north easterly flow over Iberia). Scores for the fourth autumn
component, with a loadings patern tha resembles the NAO and Mediterranean low

pressures also show a negative trend (-0.041)

Specific humidity first component scores all show a negative trend (induding
autumn). The loadings patern assodated with the first SHM component indudes a
tropical plume for all seasons and each season®trend is of a similar magnitude dighty
greater for winter and spring (-0.064 -0.064,-0.060, -0.057). Also displaying negative
trends are scores for MAM PC2 and JJA PC4, neathe of which show centres of
variance located over the Mediterranean. The only specific humdity component that
shows a (weak) postive trend in scores (+0.009) is the second summer component, the
loadingsfor which show dry air incursionsinto the western and eastern Mediterranean
basin.

3.5.8 Oscillation and PC predictor inter-correlation

Having tested both PC and Circulation predictors for inter-correlation, and
having foundsimilar behaviour evident in both sets, PC predictors have also been tested
for correlation with Circulation predictors (Tables 3.12-3.15):

o The NAO correlates significantly with many of the SLP and Z500
componeants that show strong north Atlantic variance loading paterns
paticularly those that show a strong Icelandic low, and a European
depression. Correlationsare very high during winter (-0.87 for SLP PC1
and -0.90 for Z500 PC1), lower for spring (2500 PC3, -0.68), autumn (-
0.71for SLP PC2, and -0.53 for Z500PC3) and summer Z500(-0.55 for
PC5), and at ther lowest (althoughstill significant at the 0.10 level) for
summer SLP (-0.44for SLP PC2).

o Winter SLP and Z500 first components (themselves inter-correlated)
both show highly significant correlations with MO1 (-0.81), MO2 (-
0.84/-0.83), and the EBI (0.81/0.86). These relationships are not evident
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for other seasonsexcept autumn, when thefirst components for SLP and
Z500 both correlate significantly with MO2 (-0.51/-0.40), and Z500 PC1
correlates significantly with the EBI (-0.44).

At atemporal lag of oneseason the SOI does not correlate significantly
with any PC predictor.

Components tha correlate with the NAO do not significantly correlate
with the NSCP or the ABI.

The NSCP is significantly correlated with winter Z500 PC3 (-0.70) and
SLP PC4 (-0.66) which are inter-correlated, spring Z500 PC5 (0.67) and
PC1 (0.49), summer Z500 PC2 (0.80) and SLP PC1 (0.31), also inter-
correlated, summer SLP PC3 (0.57), and autumn SLP PC3 (-0.60). None
of these components correlate with any other Circulation predictor. Of
these components mog show a degree of Atlantic blocking (e.g. winter
SLP PC4 and 2500 PC3), or strong north sea centres of variance (e.g.
summer SLP PC3) in therelevant loadingsplots.

The SHI only correlates significantly with other predictors (-0.70 Z500
PC2, and -0.60 SHM1) for autumn. The relevant loadings paterns show
adevelopeal Siberian pressure centre and the appropriate moisture flow.
Specific Humdities only possess Circulation index correlationsto MO1
(-055, DJF SHM PC2), the EBI (-0.50, DJF SHM PC4), and the SHI (-
0.60,SON SHM PC1) during winter and autumn.

The ABI shows few significant correlationswith other predictors other
than the NSCP (Section 3.5.3). Significant correlations exist with
components of SLP or Z500tha show some degree of Atlantic variance,
mog evident in Winter SLP PC4 (-0.53 correlation) and Z500 PC4
(0.69), butalso in spring Z500PC2 (0.65), summer SLP PC3 (0.57), and
autumn Z500PC2 (0.53).

Whee SLP components (winter PC4, summer PC3) correlate
significantly with the ABI they aso correlate with the NSCP. These
correlationsshow matching signsand magnitudes of similar significance
(e.g.-0.66and-0.53, 0.57and 0.57).

For winter, where predictors show significant correlation with the EBI
they also correlate with the NAO and/or MO indices (as above. For
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spring this is the case for Z500 PC3, but nat SLP PC2 (correlation of
0.71). TheEBI correlates with no other predictor during summer.

Stable and significant inter-correlations between predictors are not common
(less than 5% of possible correlationsfor winter, less than 3% for summer), but where
predictors inter-correlate they tend to do so in groupsof two or three. As seen in Section
3.5.3, there exists a winter circulation that produees strong links between the NAO, the
Mediterranean Oscillation, European Blocking and princdpd components tha show
strong, high latitude and eastern Atlantic, centres of variance. During summer these
links become less statistically significant, and indead a regime exists where the NSCP
is linked to the ABI and complimentary variance distributons These two regimes are
statistically separate, and do not correlate significantly with each other during any
season. The Siberian High index correlates with no other circulation predictor and only
significantly varies with Z5000r SHM during autumn, suggesting that itsinfluence over

thedomain isweak during other seasons

3.6 Predictor / predictand correlations

As ddailed in Section 3.5.1, predictors used for dtatistical moddling should
display indeendence and strong datistical relationships with  predictands
Independence between predictors has been tested, demongrating that predictors are
largdy independent butinter-correlate in small groupsindicative of seasonal circulation
regimes. Trendshave been tested for predictors and predictands such tha relationships
between them can be andysed in terms of both high and low frequency variability.
High frequency relationdhips (i.e. correlationg between predictors and predictands are
tested in this Section. Tables 3.18-3.21 provide summaries of stable and significant
seasond correlations Where correlationsare mentioned in thefollowing summary, they
are both stable and significant at the 0.10 level, and display trends consstent between
predictors and predictands unless stated otherwise.

In Chapter 2.2.3 astronglink between the NAO and mean temperature has been
discussed. Here it can be seen tha for TMAX and TX90, measures of extreme
temperature, the NAO also shows good and widespread postive correlations for all
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months but summer and autumn (e.g. +0.59 spring TX90 for over 20% of stations.
These are largdy based aroundnorthern Iberia and Italy, avoiding the south of thebasin
(Fig 3.51), a patern also evident for mean temperature (Hurrell and Van Loon 1997;
Pozo-Vasquez et al., 2001) Correlationsare negative but undable in the eastern basin.
Although there are many significant correlations beween NAO and precipitation
indices (e.g. +0.59 winter PCDD average for over 10% of stationg found across the
Mediterranean (mogly in the west) during winter (less during summer), very few of
them are stable throughou the study period (Fig. 3.52).

M ereeeerTTeTerTme ot

Figure 3.51: Correlation between the NAO and TMAX indices, significant
relationships (at the 0.05 level) are shown as rings dgnificant and stable
relationships asfilled circles.

In winter and autumn the MO gives paticularly widespread and very high
correlationswith rainfall indices (Fig. 3.53), largdy across Iberia and Italy. Significant
and stable values are generally as high or highe than thos for the NAO (e.g. +0.59
winter PCDD average for over 20% of stationg, there are also often more stationsthat
display such relationships for any given season, as detailed for mean daa in Piervitalli
et al. (1999)
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Figure 3.52: Correlation between the NAO and PREC indices, significant
relationships (at the 0.05 level) are shown as rings dignificant and stable
relationshipsasfilled circles.
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Figure 3.53: Correlation between MO2 and PCDD indices, significant
relationships (at the 0.05 level) are shown as rings significant and stable
relationships asfilled circles.
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Although correlations for MO1 are often dighty highe than thos for MO2
(e.g. winter, spring, and summer TMAX correlations of 0.61 and 0.58 respectively),
they are generdly evident across less of the basin, and for a smaller numbe of the
predictands Large numbers of stations with significant correlations can be found for
TXAV and TX90 (ove 20% of stations negative correlation), PREC (over 20%during
summer and autumn, postive), and PCDD (over 30% of stations during winter,

negdaive).

The SOI (at a one season lag) correlates significantly (and displays a consistent
trend) with indices of extreme rainfall in mog seasons but with a high propottion (over
10%) of (western basin) stationsonly during autumn (e.g. -0.49 autumn PREC for over
10% of the basin). Autumn SOl/rainfall correlations are negative, whereas correlations
for other seasonsare postive. Correlationsare particularly significant for PF90 (+0.64
in winter, spring, and summer, -0.41 in autumn), and PN9O (+0.65 in winter, spring, and
summer, -0.44 in autumn). During autumn the mog significant correlations are with
PCDD (+0.56).

The NSCP is oneof thefew indices tha persistently (from season to season and
for a numbe of temperature indices) shows very high correlations (average -0.68 with
winter TAVG) in the eastern basin. This effect is not in evidence for spring, and is
weaker during summer and autumn (average-0.51 with autumn TAVG) than for winter.
Precipitation indices do nat show such high correlaionswith NSCP in the eastern basin.

The SHI corrdates with temperature (+0.62 TMIN, +048 TN10) and
precipitation (+0.56 PREC) indces during winter, thus confirming Panagiatopolous et
al. (2005) but also displays correlations (of the same magnitude and sign) during
spring. Further, it is evident that extreme values show significant correlation (+0.50
with winter PQ90). Autumn indices show no such relationdhip.

ABI correlationsexist for a greater propation of stationsduring winter than any
other season, when negaive correlationswith TMAX (-0.58, over 20% of stationg and
TX90 (-0.56, also over 20%) are particularly widespread through eastern Iberia and
western Greece (Fig 3.54). Winter relationships with other (magnitude rather than
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persistence) temperature indices are aso spdialy persistent. During winter the EBI
displays a correlation patern that is cohaent across indices, negatively correlated with
all measures of high temperature (e.g. -0.56 TMAX), postively correlated with all
measures of low temperature (e.g. +0.43 TMIN), and postively correlated with all
(postive) measures of rainfall (e.g. +0.67 PREC). This cross-index coheence degrades
in other seasons but does not disappear entirely.
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Figure 3.54: Correation between the ABI and TX90 indices, significant
relationships (at the 0.05 level) are shown as rings dignificant and stable
relationships asfilled circles.

Stronginter-correlationsbetween highe components of the SLP and Z500fields
are ddailed in the previous section. Predictor-predictand correlations for the highe
components of Z500 and SLP thus show some similarities. Common behaviour is
paticularly prevalent for winter precipitation indices (e.g. +0.65 winter PREC with SLP
PC1, +0.67 winter PREC with Z500 PC1). The higha components of SLP aso show a
greater number of correlations(i.e. stable and significant correlationsat more stationg
than other predictors. This disparity isless appaent for summer and autumn than winter
or spring. Whereas Z500and SLP components generally give a greater number of stable
and significant correlations for temperature indices than for precipitation, SHM
components often provide a greater nunmber of high correlations with precipitation
indices. Correlationswith SHM components show (+0.01 to +0.10) highe correlations
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for summer and spring, than for winter and autumn, but are largdy seasondly invariant
between winter and autumn (e.g. +0.44 PINT PC2 for both seasong, and summer and
spring (e.g. +0.55PINT PC2 for both seasons.

In addition to therelationships detailed above tha persist from oneseason to the
next, a paticularly persistent relationship exists beween TMIN and SHM PC3, which
is evident for alarge propottion of stations(over 20% of stationg, with the same vaue
(+0.58), for all seasons but autumn. The correlation between SLP and TMIN shows the

same behaviour (but at -0.56 for over 30% of stationg for al seasons

The deail provided above demondrates tha there are many significant and
stable relationships between predictors and predictands Over 63% (67%) of possible
combindions between the predictors and predictands used in this study show at least
onestation with a stable and significant correlation for winter (summer), althoughonly
15% (7%) show correlations for more than 10% of stations Significant and stable
correlationstend toward the regiond, with small areas of the Mediterranean displaying

high values.

In general, stable and significant correlationsfor TAVG arerarely the highest of
the temperature correlations for any given predictor, showing tha athough strong
relationshipsexist between Mediterranean circulation and mean temperature (as detailed
in Chapter 2), indices of extreme temperature may display stronge links This is
paticularly the case for high temperature indices with the NAO, MO and SLP
components (e.g. SLP PC2), and low temperature indices with SLP and SHM
components (e.g. SLP PC2 and SHM PC3). Frog days, however, do not provide
significant relationships outside of winter. For that season, significant correlationsfor
more than 10% of Mediterranean stationsare fourd only with MO2 (0.52), the first two
SLP components (-0.53, +0.55) and the third SHM component (-0.54), al of which
show values lower than for mean temperature.

Average precipitation (PREC) frequently provides the greatest precipitation

correlation for any given predictor (Chapter 2 provides detail on links between mean

rainfall and circulation). Here it can be seen tha extremes of rainfall are less related to
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circulation than the mean. For any given predictor there are generally less significant
and stable correlationswith rainfal indces than temperature indices. PQ90, PINT and
PF90,in paticular, show few such relationhipsin any season.

The eastern Mediterranean displays more stations tha correlate with the
available predictors than thewestern or central basinsonly for the NSCP and SHM PC5
in winter, Z500 PC2 in summer, and the NSCP and Z500 PC2 in autumn. For the
remainde of relationdhips correlationsare either spaially congstent across thebasin or

more prevalent for the western basin.

Due to the very strong relationship (detailed in Section 3.5.3) between the two
Mediterranean Oscillation indices, and the correlation behaviour detailed above (highe
for MOL1, butmore spaially persistent for MO2), only MO2 (Section 3.5.2) will beused
for therest of this study.

3.7 Summary and conclusions

This chapter has built upon the available literature (Chapter 2) to introdue a
data set tha will be used for furthe study, to confirm a variety of trends and
relationships across the Mediterranean within the mean of climate daa, and to expand
knowledge concerning those relationships to the extremes of climate daa. The last of
these three describes the contrast in heating and cooling of hot and cold extremes
between the western and eastern Mediterranean basing and the highly regiond response
to a seasond shift beween zond and meridiond circulation in extreme indices of
precipitation. In additioninter-relationships between predictors and varying measures of
extreme climate behaviour have also been assessed, providing new detail on the links
between various circulatory phenomena (e.g. between the NAO, MO, and European

blocking), that vary from season to season as part of a shifting regime.

To summarise findingsnew to this chapter:
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Heatwave durationsduring winter (winter warm spdlls) are greater at haght
than sea level for the mgority of the Mediterranean basin, and longe (by
ove aday) for thewestern basin than the east.

A noticeable contrast between west coast and east coast heatwave duration
exists for spring, summer, and autumn, with west coast heatwaves longe by
1-1.5 days than east coast heatwaves. A contrast also exists between south
west and south east TX90 values.

Winter frods are subdantially more likely (on average an additiond 30 days
of frog in the season) for regions tha are influenced by the Bora and
Vardarac windsthan nearby regionstha are not

The coastal effect on mean temperature (Chgpter 2) is stronge on high
temperatures (TX90) and frods (TNFD) than average temperatures.

During winter subgantial differences exist between all indices of rainfall for
eastern (dry) and western (wet) coasts. For spring, summer, and to a lesser
extent autumn, this contrast isinstead north west (wet) / south east (dry).
The contrast evident for precipitation is also appaent for indices of extreme
high temperature, which of al the temperature indices show the mog
significant (negdive) correlationswith rainfall.

During winter, spring, and autumn, the Mediterranean area mog susceptible
to both high levels of precipitation and heavy rainfall events is the north
west of thelberian peninaula. The area surrounding the Gulf of Genoashows
themod intense (PINT, PQ90, and PX5D) rainfall. However, therest of the
central and western basins recelve less heavy rainfal than the western
Balkan peninaula, and more than the south east of Greece.

Rainfal intengty is highe for autumn than any other season for the entire
basin.

Although Mediterranean climate behaviour for autumn is more smilar to
summer than winter, the range of extreme values in autumn is larger than
either season, or for spring. High temperatures remain high, and both low
temperatures and extreme rainfall are closer to winter than springlevels.
Extreme temperatures are increasing for the western basin and decreasing for
the eastern basin, a polarity greatest during winter. During summer the
eastern basin shows a mild warming across all indices.
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o For the basin as a whole temperature ranges between extremes (TX90 and
TN10) are inaeasing dightly in winter and decreasing subgantially during
summer and autumn. These changes are mogly driven by changes in
extreme low temperatures.

o Extremes of temperature and rainfall generally show the same relationships
to latitude evident for mean variables, and aso display changes from season
to season consstent with the change from a zond to a meridiond
circulation.

o Furthemore, during winter, temperature extremes (TX90 and TN10, HWDI
and TNFD) are highly inter-correlated, but this is not the case for summer.
There is a smilar shift in precipitation indices, with a greater inter-
correlation between measures of peasistent rainfall in summer, and heavy
rainfall in winter.

o This seasond shift is also the case for circulation predictor indices, which
show a strong inter-correlation between the NAO, MO and EBI indices
during autumn and winter, and between the NSCP and ABI indices during
summer.

o Thewinter regime is largdy domnaed by increasing activity in the North
Atlantic. The NAO, MO, and north atlantic centred princdpa components
have postive trends while the EBI index has a negdive trend. Neither the
NSCP, or ABI, show significant trends

o Extreme temperature indices show generally higher significant correlations
than for mean temperature for all the predictor indices used in this study.

o These two seasond changes (in climate and circulation) are linked for
extreme temperature and precipitation. During winter the NAO and extreme
temperatures show highly significant (0.001 level) correlations and
complimentary trends as do the MO and extreme precipitation behaviour.

o Theselinksare subgantialy less significant for the eastern basin and during

summer.

From these results, and in response to the null hypotheses from theend of Chapter 2, it
can then be shown that:

o Extremeeventsdo nat vary uniformly across theregion.
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o There are trends within extreme event daa over the lagt hdf of the 20"
century.

o Mean temperatures are notinareasing across the entirety of thebasin.

o Indices representative of the surface climate regime of the Mediterranean
display covariance (a statistical relationdhip) with indices representative of
hemispheic scale air masses and localized effects.

o Theseredationsipsare notcongant across thebasin, butdo extend to thetail
endsof the surface variable distributions

o Insome casesrelationdhipsare stronge in thetailsthan for mean data
With these results, the validity of a study concerning changing extremes of climate, and

ther causes, can be assured. It is with this condusion tha this study progresses to the
modding stage detailed in Chapter 4.
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Table 3.1: Station summary. List of all climate data sites retained for analyss.
Sources are credited asARPA-SMR (Agenzua Regionale Protezione Ambientale b
Servizio Meteo Regionale), FIC/KNMI (Fundad—rpara la Investigad—rdel Clima
/ Royal Netherlands Meteorological Institute), or WM O (World Meteorological
Organization)

Country Name Code Latitude Longitude Elevation Source

I Algeria Dar El Beida 60390( 3672 325 25WMO

2 Crodia Zabreb 14236( 4581 159¢€ 157FIC/KNMI
3 France Blagnac 7630C 4361 136 15IFIC/KNMI
i Clermont-Ferrand 74600C 4578 316 330FIC/KNMI
> Lyon-Bron 74800( 4571 495 201FIC/KNMI
6 Bordeaux 751000 4483 -70 61FIC/KNMI
U Agen 752400 4418 60 60FIC/KNMI
8 Montglimar 75770C 4458 473 7T4FIC/KNMI
o Embrun 759100 445€ 650 876FIC/KNMI
10 Biarritz 76020C 434€ -153 71FIC/KNMI
I Tarbes 76210C 4318 0 363FIC/KNMI
12 Marignane 765000 4345 523 36FIC/KNMI
13 Nice 76900C 4365 720 10FIC/KNMI
14 Bastia 77900( 425% 948 12FIC/KNMI
15 Marseille 99901( 433C 538 75FIC/KNMI
16 Greece Thessaloniki 310 4062 2295 BjFIC/KNMI
17 Larissa 16648( 3965 224t 7T4FIC/KNMI
18 Alexandroupol 310627 408t 2592 3FIC/KNMI
19 Kozani 310632 4028 2183 62GFIC/KNMI
20 loannina 31064z 397C 2082 481FIC/KNMI
21 Mitilini 310667 3906 266C 5FIC/IKNMI
22 Agrinio 310672 3862 213€ 25FIC/KNMI
23 Skyros 31068¢ 389C 245t 18FIC/KNMI
24 Tripoli 31071C 3753 224C 652FIC/KNMI
25 Samos 31072 377C 2692 7FIC/KNMI
26 Kalamata 31072¢ 3706 220C 11FIC/KNMI
2/ Naxos 310732z 371C 253& 10FIC/KNMI
28 Milos 31073¢ 3674 2448 183FIC/KNMI
29 Kythira 31074: 3613 2302 161FIC/KNMI
30 lerapetra 31075¢ 350C 2573 OFIC/IKNMI
31 Italy Pagandla 1602z 4602 1102 2125ARPA-SMR
32 TorinoMBric. D. Croce 16061 4502 744 709ARPA-SMR
33 Rimini/Miramare 1614¢ 4402 1237 12ARPA-SMR
34 Pisa/S.Giugo 1615¢ 4341 1023 2ARPA-SMR
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35 Pescara 1623C 422€ 1412 10ARPA-SMR
36 Roma Ciampano 1623¢ 4147 123t 105ARPA-SMR
3/ Trevico 1626% 4102 1514 1085ARPA-SMR
38 Monte Scuro 16344 392C 1624 171CARPA-SMR
39 Prizzi 16434 3742 132€ 1034ARPA-SMR
40 Alghao/Fertillia 1652C 403& 817 23ARPA-SMR
41 Alfonsne ALFONS|I 445C 1203 7IFIC/IKNMI
42 Bobbio BOBBIOO 447¢€ 936 270FIC/IKNMI
43 Bosco Centrae BOSCO00 4444 10023 748FIC/IKNMI
44 Forli Centrale FORLIOO 4421 1203 34FIC/KNMI
45 Lazzaro Alberoni LAZZARO 4503 971 50FIC/KNMI
46 Ligondio LIGONCH 4432 103t 928FIC/KNMI
47 Monteombraro MONTEOM 4438 110C 727FIC/IKNMI
48 Monauno MONZUNO 442€ 112¢ 620FIC/KNMI
49 Porretta Terme PORRETT 441t 109€ 349FIC/KNMI
50 Portugd Santarem 132000C 3924 -870 54FIC/IKNMI
5 | Pegoes 167000( 38632 -865 64FIC/KNMI
52 Alvega 212000( 394€ -804 51FIC/KNMI
53 Mora 226000( 3892 -816 110FIC/KNMI
54 Penhas Douradas 568000( 4041 -755 138(QFIC/KNMI
55 Portalegre 571000( 392¢ -741 597FIC/IKNMI
56 Romania  Calaras 15460C 442C 2732 19FIC/KNMI
57 Russia |zmail 33889( 454C 287¢ 30FIC/KNMI
58 Serbia Nis 13388(C 4332 219C 202FIC/KNMI
59 Span Villameca 272800 42632 -607 978FIC/KNMI
60 Alcuescar 44110C 3917 -622 488FIC/KNMI
6l La Coruna 80010C 4337 -842 58FIC/KNMI
62 Santandea Centro 80230( 434t -382 64FIC/KNMI
63 Bilbao Aeropuato 80250( 4328 -290 39FIC/KNMI
64 Santiago Compogela 80420( 4288 -842  364FIC/KNMI
65 Vigo Peinador 80450C 422z -862 255FIC/KNMI
66 Ponferrada 80530(C 4255 -660 534FIC/KNMI
6/ Leon 80550( 4258 -563 916FIC/KNMI
68 BurgosVillafria 80750( 423t -362  89(QFIC/KNMI
69 Logro-o Agondllo 80840( 424t -232  352FIC/KNMI
/0 Huesca Monflorite 80940( 420¢ -32 541FIC/KNMI
/1 Zamora Observatorio 81300C 4152 -573 656FIC/KNMI
72 Soria Observatorio 81480C 4177 -247 1082FIC/IKNMI
/3 Daroca Observatorio 81570C 411C -140 779FIC/KNMI
/4 ReusBase Aerea 81750(C 41173 115 73FIC/KNMI
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75
76
77
78
79
80
8|
82
83
84

Prat deLlobregat
Montseny Turo

Salamanca Matacan

Vaenda

Alicante Ciudad
Sevilla Aeropueto
Alcantarilla

San Javier

Jerez De LaFrontera

Sabi—anigo

81810(
81820(
82020(
82850(
83590(
83910(
84290(
84330(
84510(
94600(

412¢
4177
4092
3947
3837
374Z
379¢
377E
3673
42527

207
243
-548
-37

-590
-122
-80
-605
-35

6
1706
790
11

FIC/KNMI
FIC/KNMI
FIC/KNMI
FIC/KNMI

82FIC/KNMI

24
89
2

27
790

FIC/KNMI
FIC/KNMI
FIC/KNMI
FIC/KNMI
FIC/KNMI

Table 3.2: Categories of skill asthey refer to significance levels of correlation (r)

Significance level | Description
>0.50 Negligible
>0.10 Low
0.10 Modeate
0.0l GoodHighly significant
<0.001 Very good/ Very highly significant

Table 3.3: Summary of variance explained by retained principal components.
Missing components havebeen reected by the Scree test, italicized components

are considered suspect asartefacts of orthogorality.

Variable Season Retained component variance explained Total
I 2 3 4 5 6 /

SLP DJF 049 1 016 0.10]0.10 | - - - 0.85

MAM | 032 | 019|0.16|0.09|005| - - 0.71

JA 033 | 016011009006 - - 0.75

SON | 033 | 0.17 1012]|0.10|0.09| - - 081

Z500 DJF 035 019,016|0.12| - - - 0.82

MAM | 020 | 0.19 |0.16| 0.100.09| 0.06 | 0.05 0.85

JA 024 | 016014011008 0.06 | 0.05 0.84

SON | 030 | 0.17]0.12]| 0.09| 0.06]| 0.05 - 0.79

SHM DJF 033 | 0.11 ] 0.09|0.08| 0.06 | 0.05 - 0.72

MAM | 041 | 012 | 006|005| - - - 041

JA 047 | 0071005/ 005| - - - 0.64

SON | 0.36 | 012 0.08] 0.05] - - - 061
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Table 3.4: Summary of predictands used in analysis and models

Acronym  Full name Units Definition

TAVG Average °C Averaged daly temperature
temperature

TMIN Minimum °C Averaged daly minimum temp.
temperature

TMAX Maximum °C Averaged dally maximum temp.
temperature

TNI0 Cold nights °C 10" percentile of temp. distribution

TX90 Warm days °C 90" percentile of temp. distribution

TNFD Frod days Days No. of days for which min. temp. isbdow 0

TXHW | Heatwave Days Max. no. of consecutive days with temp.
duration above90" percentile.

PREC Precipitation mm Averaged total daly precipitation

PQ90 Wet days mm 90" percentile of prec. distribution

PINT Rainfall intengty | mm/wet | Amountof rain per day with more than 1mm

day prec.

PF90 Fraction of % Propottion of total rain from days with totals
rainfall dueto exceeding 90" percentile
very wet days

PCDD Conscutivedry | Days Max. no. of consecutive days with less than
days 1mm prec.

PN90 Number of days | Days No. of days exceeding 90" percentile
classed as wet

PX5D 5day maximum | mm Max. prec. over 5 days

rainfall
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Table 3.5: Averageinter-correlation between predictandsfor winter (DJF) where
relationships are both significant (0.10level) and stable. Stable relationshipsare
those that maintain a significant correlation for both 1966 1980and 1980G-2000.

TAVG|TMIN[TMAX|TN | 0[TX90[TNFD|HWDI|PREC|PQ90| PINT | PF90 |PCDD|PN90 |PX5D
TAVG| 100|091 | 087 |0.78|0.72|-0.80| 0.62 | 0.51 | 0.46 | 0.47 | 0.00 | -051 | 0.47 | 0.49
[TMIN 1.00| 0.76 [ 0.83 | 0.64 |-0.86| 0.60 | 057 | 0.43 | 0.32 | 0.48 | -0.51 | 0.50 | 0.54
TMAX 1.00 | 0.66 | 0.77 | -0.70| 0.63 [-0.24|-0.53 -0.55 | -0.57 | 0.35 | -0.09
TN10 1.00 | 054 [-0.79| 053 | 053 -054| 052 | 0.39
[TX90 1.00 | -0.63| 0.70 |-0.63 -0.53 | -0.51
TNFD 1.00 | -0.61 |-0.56 | -0.48| -0.10 052 | -0.47 | -0.51
HWDI 1.00 |-0.49 050 |-0.17 | 0.39 | -0.05 | 0.52
PREC 1.00| 070 | 0.70 | 0.62 | -060| 0.78 | 0.75
PQ90 100 | 0.84 | 0.80 | -045| 0.83 | 0.72
PINT 1.00 | 0.74 0.76 | 0.76
PF90 1.00 0.85 | 0.71
PCDD 1.00 | -0.50 | -0.49
PN90 1.00 | 0.76
PX5D 1.00

Table 3.6: Averageinter-correlation between predictandsfor spring (MAM) where
relationships are both significant (0.101evel) and stable. Stable relationshipsare
those that maintain a significant correlation for both 19601980and 19806-200Q

TAVG[TMIN[TMAX[TN 1 0[TX90[TNFD[HWDI|PREC|PQ90[PINT|PF90 |PCDD|PN90 |PX5D
TAVG| 100|087 | 092 | 0.65| 0.67 | -0.58 | 0.61 [-0.52 051 | -0.38
[TMIN 1.00| 0.75 | 0.71 | 0.63 | -0.66 | 0.55 | 0.44
TMAX 1.00 | 059 | 0.72 | -050 | 0.64 |-0.52 053 | -057 | -0.53
TN10 1.00 -0.77 0.65 0.56
[TX90 1.00 | -0.17 | 0.62 |-0.50]|-0.46 0.55 |-0.49 | -0.39
[TNFD 1.00 0.08
HWDI 1.00 [-0.57| 0.58 052 | -0.51
PREC 1.00 | 066 | 0.69| 0.64 | -054 | 0.76 | 0.74
PQ90 1.00 [ 0.83| 0.80 0.84 | 0.68
PINT 1.00| 0.74 0.75 | 0.75
PF90 1.00 0.86 | 0.69
PCDD 1.00 -0.49
PN90 1.00 | 0.71
PX5D 1.00
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Table 3.7: Averageinter-correlation between predictands for summer (JJA) where
relationships are both significant (0.101evel) and stable. Stablerelationshipsare
those that maintain a significant correlation for both 19601980and 19803-200Q

TAVG[TMIN[TMAX|TN [ 0[TX90[TNFD|[HWDI|PREC|PQ90|PINT|[PF90 PCDD[PN90|PX5D
TAVG| 100 | 0.87 | 092 | 0.65 | 0.75 0.63 |-054 -041(-0.48 -0.48
TMIN 1.00 | 0.73 | 0.75 | 0.65 0.59
TMAX 1.00 | 0.60 | 0.81 0.65 |-0.56 -0.45 0.18 |-0.55| -0.50
TN IO 1.00
TX90 1.00 0.70 |-0.50 -0.50 057 |-0.42| -0.55
TNFD 1.00
HWDI 1.00 |-0.52 -0.43 0.53 | 0.47 | -0.50
PREC 1.00 | 0.40 | 0.73|0.66| 0.29 | 0.78 | 0.83
PQ90 1.00 | 0.69 | 0.64 | -0.28 | 0.69 | 0.52
PINT 1.00|0.80| 061 | 0.76 | 0.76
PF90 1.00| 055 [ 091 | 0.72
PCDD 1.00 [-0.56| 0.81
PN90 1.00 | 0.75
PX5D 1.00

Table 3.8: Averageinter-correlation between predictandsfor autumn (SON)
whererelationships are both significant (0.10level) and stable. Stable relationships
arethose that maintain a significant correlation for both 19661980and 198G 2000.

TAVG[TMIN|[TMAXTN0[TX90[TNFD|HWDI|PREC[PQ90|PINT|PF90[PCDD|PN90[PX5D
TAVG| 100 | 085 | 0.89 | 0.60 | 0.60 | -0.33 | 0.65 |-0.45 0.51
[TMIN 100 | 0.74 | 0.66 | 057 | -0.48| 0.61
TMAX 1.00 | 054 | 0.64 | -0.20 | 0.68 | -0.55 -0.46| 0.58 |-0.54|-0.49
TN10 1.00 -0.69| 051 | 055 -0.01 0.59
[TX90 1.00 0.59 0.45| 0.52
ITNFD 1.00 -0.10
HWDI 1.00 |-0.54|-0.50 0.56 -0.55
PREC 1.00 | 0.70 | 0.73]0.62| -0.58 | 0.79 | 0.79
PQ90 1.00 | 0.83(0.80| -0.41 | 0.84 | 0.72
PINT 1.00|0.75| -0.39 | 0.77 | 0.79
PF90 1.00| 0.37 | 0.87 | 0.72
PCDD 1.00 |-0.48|-0.53
PN90 1.00
PX5D 0.75 | 1.00
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Table 3.9: Averagesignificant temperaturetrendsfor thewestern and easgern
basns. All trendsare per year and in jC except TNFD and HWDI , both

measured in days

West East

DJF MAM JJA SON DJF MAM JJA SON
TAVG | +003 | +0.02 | +0.03 | +0.01 -0.03 -0.02 +0.02 -0.03
TMIN +0.02 | +0.02 | +0.03 | +0.02 -0.04 -0.03 +0.02 -0.02
TMAX | +0.03 | +0.03 | +0.03 | +0.01 -0.04 -0.01 +0.03 -0.03
TNIO +0.03 | +0.02 | +0.03 | +0.01 -0.02 -0.05 +0.01 -0.08
TX90 +0.03 | +0.02 | +0.04 | +0.01 -0.05 +0.01 | +0.04 | +0.02
TNFD -0.10 -0.05 - -0.02 +025 | +0.12 -0.01 +0.14
HwWDI | +0.03 | +0.03 | +0.03 | +0.02 -0.08 +0.01 | +0.03 -0.09

Table 3.10: Desirable qualitiesin climatological predictors

@)

Predictors should be physcally meaningful.

Strong statistical relationships between predictors and predictands

Trendsof predictors and predictandsshould berelated in additionto high
frequency variability.

|dedlly, relationships between predictors and predictandsshould remain congant
over time (stationaity).

Predictors should exhibit indegpendence, with minimal collinearity

Spatia and temporal lagsbeween predictors and predictandsshould be taken
into accountwhere they might affect relationships

Predictors should come from homogenous reliable and widdy available
obsrvationd daa sets.

Predictor time series mug beaslongas, or longe than, predictand series.
Predictor variables mug bereadily available from, and reliably reproduced by,
GCM output

Predictors should be calculated at atempora and spaial scale appropriate to
GCM best peformance
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Table 3.11: Summary of predictorsused in analysis and models

Acronym Full Name Definition

SOl South Atlantic Oscillation Pressure difference between Tahiti (1705,
149W) and Darwin (1205, 131i{E)

NAO North Atlantic Oscillation Pressure difference between Reykjavik
(650N, 22.80W) and Gibraltar (36.1(N,
5.30W)

MO Mediterranean Oscillation 1 | Pressure difference between Cairo (30.10N,
314(E) and Algiers (36.4(N, 3.1(E)

MO2 Mediterranean Oscillation 2 | Pressure difference between Gibraltar
(36.1(N, 5.30W) and Israel (32.00N, 34 5(E)

NSCP North Sea Caspian Pattern | Pressure difference between North Sea (over
0-10(, and 550N) and North Caspian (over
50-60(E, and 45(N)

SHI Siberian High Index Area averaged pressure across 40-65(N, 80
1208

ABI Atlantic Blocking Index Frequency of easterly flow between 40-60(N
over 80-200W

EBI European Blodking Index As aboveove 100W-500E

Z500n Nth prindpd component of | Dimensond redudion of field variance

geopoential height at the across (10-70MN, -50-700E)
500hpdevel

SLPn Nth prindpd component of | Dimensond redudion of field variance

sea level pressure across (10-70MN, -50-700E)

SHMn Nth prindpd comporent of | Dimensond redudion of field variance

specific humidity

across (10-70MN, -50-700E)
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