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Abstract

Drought variability and change is assessed in this study across the Iberian Peninsula
along the 28 century and the first decade of the®2dentury using state of the art
drought indicesthe Sc-PDSI, the SPI and the SPEI. Daily temperature and precipitation
data from 24 time-series regularly spread over Iberian Peninsula is quality controlled
and also homogenized in a monthly scale to create the Monthly Iberian Temperature
and Precipitation Series (MITPS) for the period 1906-2010. The Sc-PDSI, 12-month
SPI and 12-month SPEI are computed on a monthly basis using the newly MITPS
dataset to quantify hydrological droughts and wet events across time. Precipitation data
is only required to compute SPI, but potential evapotranspiration (PET) is also needed
to perform the Sc-PDSI and SPEI, which is estimated using the Thornthwaite’s method.
A Principal Component Analysis is carried out to identify spatial-temporal patterns of
droughts and the characteristics and trends of severity, magnitude and duration of
droughts and wet events are also described.

The analysis conducted in this study confirms that drought conditions are worsening for
most of the Iberian Peninsula across time except in the western and in the north-western
area, where a wetting trend is identified. Furthermore, the severity and duration of
droughts show a remarkable increase in the south-western area, while drought
magnitude is increasing significantly in the Mediterranean region strongly induced by
global warming especially during the last decades. Severity, duration and magnitude of
wet events do not experience significantly variations.

Our results indicate a clear drying trend in most of the Iberian Peninsula and are in
agreement with other studies which project this evolution to the wh&leettury. For

this reasonand as a link of our study to societal needs, the application of effective
water management strategies will be crucial to minimize the impact of the hydrological

droughts over the Iberian Peninsula into the near future.

Vi
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Chapter 1

INTRODUCTION

1.1 Backgound

Climate anfyses produced during the last decades confirmed the fact that the
modifications in the atmospheric system are more than a cyclic fluctuation only due to
climate variability. A global climate change is defined by the Intergovermental Panel on
Climate Change (IPCC) as a change in the state of the climate that can be identified
using statistical tests, as changes in the mean and/or the variability of its properties and
that persists for an extended period, typically decades or |gsi@noret al.,2007). This

is happening basally due to an increase of greenhouse gases (GHG), such,a€G0

N>o, and others in the atmosphere by fossil fuel combustion.

The IPCC 4 Assessment RepoftPCC AR4, 2007)provides a summary of observed
changes inlonate variables. The Working Group | report indicates that global surface
temperature increases +0.74°C from 1906 to 2005, although this increase is not uniform
and some world regions are affected by a higher temperature incfeégses; top) For

the century dng-period, warming is statistically significant over most of the world’s
surface (at the 0.05 significance level) with the exception of an area south of Greenland
and three smaller regions over the south-eastern USA and parts of Bolivia and the
Congo basin (taking into account the low data availability in the region). Warming is
strongest over the continental interiors of Asia and north-western North America and
over some mid-latitude ocean regions of the southern hemisphere as well as in south-
eastern Brazil. This increased temperature causes an intensification of the hydrological
cycle and a larger atmospheric water capacity. In opposition, land precipitation shows a
light increase during the last century, although it is not uniform, neither spatially, or
temporarily(IPCC AR4, Solomoret al., 2007). For most of North America, and especially
over high-latiude regions in Canada, annual precipitation increases during the 105-year

period(Fig. 1-1; bottom)



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014

1. Introduction

fh =17 =id =i =08 =55 =020 02 05 g8 14 44 47 2P
G per caniury

1! ! S I I S R R
c=100 =100 =BD  =§0 =40 =30 =5 05 20 40 B3 81 100 > 100

'
]
% per cantury

Figure 1-1 Linear trend of annual temperatures (upper panel; in °C per century) and annual land
precipitdion amounts (lower panel; in % per century) for 1901 to 2005 using the GHCN
dataset from NCDC (Smith and Reynolds, 2005). Areas in grey have insufficient data to
produce reliable trends. The percentage in precipitation (lower panel) is based on the means
for the period 1961-1990. Trends significant at the 5% level are indicated by white (upper
panel) and black (lower panel) + marks.

The main exeption is found over the south-west USA, north-west Mexico and the Baja
peninsula, where the trend in annual precipitation is negative. Across South America,
increasingly wet conditions are observed over the Amazon Basin and south-eastern
South America, including Patagonia, while negative trends in annual precipitation are
found over Chile and parts of western coast of the continent. The largest negative trends
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are observed over western Africa and the Sahel. North-western Australia shows areas
with moderate to strong increases in annual precipitation, while over most of Eurasia,
and for 1901-2005, areas with increased precipitation are larger than those characterized
by negative trends.

Although the reduction in the precipitation amounts is very often the main cause of
drought, increased potential evapotranspiration related to changes in radiation, wind
speed, or vapour pressure deficit (itself linked to temperature and relative humidity), can
contribute to variations in soil moisture and consequently in the advent of hydrological
droughts.Thereafter, the combination of global increasing temperatures and reduction in
precipitation in some areas must be linked an intensification of evapotranspiration rate
and increased water demand. Most of the observed increases in global average
temperatures since the early®2@entury isvery likely(>90% pobability of occurrence, (IPCC

AR4, 2007) due to the observed increase in anthropogenic GHG concentrations. The
reasoning inthe previous links, anticipates a connection between human-induced

warming and intesified droughts.

The IPCC Special Report on Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation, SRE>giget al.,2012)focused on the inspection

of changesn trends and impacts derived from extreme events, indicated that there are
still large uncertainties regarding the observed global-scale trends in droughts.
However, droughts became more common, especially in the tropics and sub-tropics, and
the area affected by droughts around the world increlikely (>66% probability of
occurrene) since the 1970s. It is more likelyan not that the is a human contribution to

this trend. Decreased land precipitation in many regions and global increased
temperatures, which enhance evapotranspiration and reduce soil moisture, are important
factors that contributed to more regions experiencing droyghist al., 2004b) Many

regional or hrge-scale studies show recent trends towards drier conditiains al.,
2004, 201 and 2012; Heim, 2002; van der Sche¢ral, 2006, 2007 and 2011; Vicente-Serratal,
2006, 2010 and 2012; Dubrovsky al., 2007b, 2008; Brazdit al., 2009; Kingtsest al., 2008, 2009;

Sheffieldet al., 2009 and 2012; Briffat al., 2009)

Using the Plner's Drought Severity Index (PDSI), Dat al, (2004b) found a large
drying trend over Northern Hemisphere land since the mid-1@5§)sl-2; upper panel)

Dai (2011 and 2012ypdates his previous work and finds that global drought areas
increased substantially since the middle of th8 @éntury, mainly due to widespread
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drying since the 1970s over most of Africa, southern Europe, East and South-east Asia,
eastern Australia, and many parts of the northern mid-high latitudes while increased
wetness are identified over the Central US, Argentina and northern high-latitude areas
(Fig. 1-2; lower panel) These trends in the PDSI index are found to be largely affected by
changes inédmperature and also in precipitation. Controversially, the study carried out
by Sheffieldet al., (2012) indicates that previous calculations of the increase in global
drought were overestimated in terms of drying trends and in the proportion of area
affected by drought. This is mainly attributed to inconsistencies in the forcing data sets

and simulation configuration.
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Figure 1-2 Palmer Drought Severity Index. Upper Panel: PDSI time series, Lower Panel: map of annual
trends fom 1950-2008 in PDSI (Dai, 2011). When the values shown in the lower plot are
positive the red and orange areas in the upper map are drier and the blue and green areas are
wetter than average. The smooth black curve shows decadal variations. The time series
approximately corresponds to a trend, and this pattern and its variations account for 67% of
the linear trend of PDSI from 1900 to 2002 over the global land area. (aftet &3i2004b).

Coupled climat models used for the IPCC AR4 project increased aridity during the 21
century overthe above mentioned areas. At the same time, indicate an increase in
droughts, in particular in subtropical and mid-latitude a(easstenseret al., 2007). An
increase indry spell length and frequency is considevedy likely (>90% probability of
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occurrence, (IPCC AR4, 20079ver the Mediterranean region, southern areas of Australia
and New Zealnd, andlikely over most subtropical regions, with little change over
northern Europe. Moreover, available global and regional drought sttitemyashiet

al., 200%; Feyen and Dankers, 200pyoject a higher likelihood of hydrological drought by
the end of thiscentury for eastern Europe, central Eurasia, inland China and northern
North America(IPCC Special Report, Fleigt al., 2012). It is projected that about 5.500
millions peoplewill live in water-stressed areas around the world by 2Q2&&SCO-

WWAP, 2010).

In southern Hrope, there is anedium confidence(medium evidence and medium
agreement)Mastrandrezet al., 2010) regarding the increase in dryness, meanwhile there
are large nconsistencies between different drought indices in this region, and
inconsistent or statistically non-significant trends in the rest of the continent. For
example, Daet al.,(2004); Dai, (2011) and (2012) find increased dryness over most of
the European continent based on Sc-PDSI, but Lloyd-Hughes and Saunders (2002); Van
der Schrieret al., (2006b) and Sheffieldt al., (2012) only find statistically non-
significant changes in drought conditions over Europe with the exception of the
Mediterranean region. Other studies of the evolution of precipitation, drought
conditions and moisture availability in the Mediterranean during tHe G@tury
confirm a cear decrease in rainfghoplaki et al.,2004; Tigo et al.,2006; Loépez-Morenet al.,

2009) and an increase of severe drought episodes over most of the Mediterranean basin
(Souseet al.,2011),in theBalkans(Xoplaki et al.,2004) in thecentral-western Mediterranean
(Altava-Ortizet al.,2010) and in the Iberian Peninsulaarcia-Herrerat al.,2007). Focusing on
stream flove, Stahlet al., (2010) research over Europe finds negative trends (lower
stream-flow) in southern and eastern regions, and generally positive trends (higher
stream-flow) elsewhere (especially in northern Europe). Low flow decreases in most
regions where the lowest mean monthly flow occurs in summer. Connected to this, the
larger summer temperature variability projected by Sehat., (2004) and Seneviratne

et al, (2006) for 2070 and 2099 will likely lead more droughts in many European
regions.

There have been several continental or global-scale assessments of potential change in
hydro-meteorological drought indicators, but relatively few on measures of water
resources drought or drought impacts. This is because these impacts are very dependent

on the socioeconomic contefPCC Special Report, 2012} ehneret al., (2006) uses a
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generalized drought deficit volume indicator, calculated by comparing simulated river
flows with estimated withdrawals for municipal, industrial, and agricultural uses. The
indicator is computed across Europe, using climate change projections from two climate
models (ECHAM4 and HadCM3) and assuming changes in withdrawals over time.

Future return period [years] of less frequent no change mare fraquent
droughts with an intensity of today's | B
100-year events: < 100 70 P 10 =

20705 water use
without climate

2070s water use
and HadCM3

Future change [3] in intensity decrease no change increase
(deficit volume) of 100-year I 1 I
droughts: “ 0 5 0 5 =

Figure 1-3 Change inindicators of water resources due to drought events across Europe by the 2070s.
Upper Panel: projected changes in the return period of the 1961-1990 100-year drought deficit
volume for the 2070s, with change in river flows and withdrawals for two climate models;
ECHAMA4 (left) and HadCM3 (right); Lower Panel: projected changes in the intensity (deficit
volume) of 100-year droughts with changing withdrawals for the 2070s, with climate change
(left, with HadCM3 climate projections) and without climate change (right). Source: Letner
al., 2006.
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They show substantial changes in the return period of drought deficit volumes,
comparing the 100-year return period for the 1961-1990 period with projections for the
2070s (Fig. 1-3) Lehneret al.,, 2006 also demonstrate that, in southern and western
Europe, changes withdrawals alone are projected to increase deficit volumes by less
than 5%, whereas the combined effect of changing withdrawals and climate change
effects (including temperature, precipitation and other climate elements dynamics) is
projected to increase deficit volumes by at least 10%, and frequently by more than 25%.
In Eastern Europe, increasing withdrawals are projected to intensify drought deficit
volumes by over 5%, and more than 10% across large areas, but this is offset under both

climate scenarios by increasing runoff.

Regions located in the transition zone between major climate zones, (e.g. from
mesothermic to dry climates) are particularly susceptible to drought and thus to
potential changes in climate. A shift in climate may create a new transitional zone with
unknown feedback mechanisms. This is the case of the Iberian Peninsula, where
temperatures clearly increased durind' 2@ntury(Brunetet al., 2006, 207) in phase with

the antropogenitorcing described elsewhere. Precipitation patterns show a high inter-
annual variability, but appreciable changes in annual precipitation were not detected in a
secular perspectiv@arrera-Escoda, 2008npaybe with the exception of the spring season
(Saladié,2004) A statistically significant increase of droughts is found in the north and
east of thdberian Peninsul@vicente-Serrano and Cuadrat-Prats, 20ar$ing Markov chains

in CatalonigSerraet al., 2006)jn some aras of Valencia regiovicente-Serranet al., 2004)

and in the Tagus basiforenzo-Lacruzet al., 2010). Sousaet al., (2011) and Viente-
Serrancet al., (2011) show that the north-west of the Iberian Peninsula is an exception
to the predominant trend in the "2@entury towards drier conditions, which are
identified for most of the western Mediterranean. Furthermore, more frequent cycles of
dry events are identified in south-western Iberian Peninsula in comparison with the
north-western regio(santost al., 2010)

Finally, annuband seasonal trend analysis on Iberian stream-flows reveal a generalized
and significant decreasing trend (1-3% per yeir;1-4 in stream-flow in most parts of

the IberiarPeninsula during the second half of th& 2@ntury, especially in winter and
spring (Lorerzo-Lacruz et al., 2012). Lorenzo-Lacruz concludes that these trends are
probably relatd to a downward trend in precipitation (during the second half Bf 20
century), infuenced by the persistent positive NAO phase (North Atlantic Oscillation),
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in combination with an increase in water demand resulting from population growth and
irrigation demands. Moreover, the drought duration and magnitude is becoming worse
over most of the hydrological regions of the the Iberian Peninsula and the area affected
by droughts is also increasiggrenzo-Lacruzt al.,2013).

Being consigent with the observed trends, climate models project a large increase in
temperatures and a decrease in precipitation of roughly 20% in southern Europe by the

end of 21" century(Pcc AR4, 2007) including the whole Iberian Peninsysanchez, 2009;
GOmez-Navero et al.,2010; Rodriguez-Pueb&t al.,2010; Alvarezet al.,2011; Vicente-Serranet al.,
2011; Jerezt al., 2012a and 2012c)n spite of large uncertainties that are still affecting

model outputgBlenkinsopet al., 2007; Sheffield and Wood 2008b; Rammukainen, 2010; Mishra,
2011) In consequence, an increase of drought conditions can be expected in the
Mediterranan basinBlekinsopet al., 2007; Plantoret al., 2008; Mariottiet al., 2008; Mata, 2008;

Dai, 2011; IPCC Special Report 201and also over the Iberian Peninsula under climate
change conditins(Benistonret al.,2007; Ralriguez-Pueblat al.,2010; Alvarezt al.,2011; Sanchez

et al., 2012) Most of the future projections show that droughts will become more
common in the Herian Peninsula with negative effects in water availability and

undesirable environmental and socio-economic impacts.

.

o
m)’

Wi

Figure 1-4 Spatial distribution of the magnitude of annual trends with respect to the average annual
dischargeseries for the analyzed period (1945-2005) (Lorenzo-Laztrak,2012).

The most sewve human consequences of droughts are often found in semiarid regions
(this is the case of the Iberian Peninsula), where semi-arid conditions prevail in normal

conditions and water demand is close to, or exceeds, natural availability and/or society
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lacks the capacity to mitigate or adapt to drougiMsiaset al., 2009) For this reason,

water mangement strategies will become crucial in the Iberian Peninsula to ensure
water supply when water demand is increasing progressively trying to avoid economic
damages as occurred in Spain in the 1990s, when an extreme drought affected six
million people and caused material losses of US$ 4.5 bilieaD, 2010)

As describedabove, climate change is only one of the different factors that influence
future water stress; others — related to other global change aspects - are demographic,
socio-economic and technological changes. They will also play determinant roles at
most time horizons and in most regions. Changes in climate patterns and an increasing
probability of drought occurrence may worsen the conditions of available freshwater
resources for consumption, crops irrigation or tourism and leisure in the Iberian

Peninsula causing unknown environmental and socio-economic impacts.
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1.2. Aims and objectives

The Mediterranean basin, including the whole Iberian Peninsula, is an area of special
interest forclimatologists due to its high climate vulnerability caused by its location in
the transitional area between temperate and subtropical climates. General Circulation
patterns (together with other factors) determine a climate simultaneously influenced by
the West Jet Stream located at higher latitudes and the Subtropical stability located at
lower latitudes.

Under climate change conditions, this sensitive climate is altered and experts have just
observed and predicted an increase of temperature and a decrease of precipitation that
will enhance the evapotranspiration rate. As a consequence, drought conditions are
expected to worsen over the Iberian Peningd@moret al.,2007; Feiget al.,2012)

This generahypothesis, formulated in the successive IPCC assesement reports, refers to
a future perspective which builds over already observed events. The evaluation of these
observed events is carried out in this work to question whether drought conditions have
worsened over Iberian Peninsula during th8 2éntury and the first decade of theé'21
century.

The man objective of this thesis is to identify and analyze the spatial and temporal
variability of hydrological droughts across Iberian Peninsula along the@ttury and

the first deade of the 21 century in order to detect a drying or a wetting trend in a
multi-decadaperspective (long-term periods).

For this purpose, it is necessary to investigate how the variability of droughts has
changed across time and how this affects the whole Iberian Peninsula, fulfilling the
following specific objectives:

1. The creation of a regional time series for the whole Iberian Peninsula in order to
know the temporal evolution of temperature and precipitation along the 20
century and thdirst decade of the 21century. This will provide valuable

information about lomate variability and change in the region of interest.
2. The computation of the most widely used drought indices (Sc-PDSI, 12-month

SPI and 12-month SPEI) for detecting hydrological dry events (droughts) and

wet events using comprehensive drought classifications. This will help to
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guantify the severity of these extreme events across time. The obtained results
will provide decisive information about how the variables involved and the
methodology applied to compute each drought index can affect drought

variability and change across Iberian Peninsula.

The validation of the detected dry events through documentary sources that will
provide reliability and consistency to the obtained results. The impacts of the
most important identified drought events will be searched in specific
publications provided from official meteorological services to verify their
magnitude in order to corroborate the consistency of applied methodology.

The analysis of drought trends and drought spatial distribution will help to
describe the impact of climate change on droughts over the Inerian Peninsula
along the 20 century.

The regiontzation of drought conditions will provide crucial information about
different behaviours of this extreme event from the spatial-temporal patterns

found at annual and seasonal time-scale.

The analysis of the characteristics and trends of severity, magnitude and
duration of droughts and wet events will be useful to find out wether the
behaviour of these parameters has changed in the Iberian Peninsula and/or in the

different spatial-temporal patterns during last decades.
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1.3. Thesis outline

This PhD Thesis is structured in 8 chapters, includingGhispter 1, which covers the
introductory section including a background to drought studies as well as the
formulation of the aims and objectives of this workhapter 2 is a review about the
state-of-the-art knowledge about droughts around the world including topics ranging
from different definitions of the concept to the evaluation methods for detecting dry
events. First of all a general introduction to the concept of drought is made, together
with the description of the terminology used in the descrition of climatological
droughts. After this, different meanings ‘ofrought”, according to different scientific
disciplines, such as climatology, hidrology or agriculture are specified. Finally, the most
widely employed evaluation methods of drought based on drought indices are explained
taking into account the involved variables, introducing the results obtained by different
authors, pros and cons of each drought index, and their use in drought analyisis and
monitoring. .

Chapter 3 describes the area of study, the Iberian Peninsula, including its geographical
situation and its main climate characteristics in terms of temperature and precipitation
and the widely used Kdppen Climate Classification. Chapter 4 describes the dataset
used in this study and the procedures applied to the data in order to obtain the results. In
this way, the techniques used to data treatment, drought indices, trend computation,
Principal Component Analysis and drought parameter estimation are thoroughly
explained in this section. The methodology to create the Monthly Iberian Temperature
and Precipitation Series (MITPS) is introduced in terms of data quality control and
homogenisation, monthly missing values infilling and the regional time-series
computation from the individual time series is also discussed. Therefore, the definition
and application of the drought indices tested in this study (Sc-PDSI, SPI and SPEI) is
also exposed taking into account the main parameters used to compute the algorithms,
the method used to estimate the Potential Evapotranspiration (PET) and the time-scale
selected to identify hidrological droughts. Moreover, the followed procedure to compute
temporal trends and the regionalization of droughts using Principal Component
Analysis (PCA) are also described. Finally, the definition and computation of drought
parameters are widely explained at the end of this section.
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Chapter 5 describes the application of the methodology introduced in Chapter 4 over
the new MITPS dataset previously created. First of all, the climate fluctuations are
analyzed over the Iberian Peninsula in terms of temperature and precipitation at annual
and seasonal time-scales. Moreover, the linear trends and their statistical significance
are also computed. This analysis provides crucial information related to the behaviour
of the main climate variables in the Iberian Peninsula under climate change conditions.
After the previous description, the most widely used drought indices in different time-
scales (Sc-PDSI, the 12-month SPEI and the 12-month SPI) are computed to identify
wet and dry periods across Iberian Peninsula along the@@tury. The most relevant
droughts ardéound and also validated using documental sources while the calibration of
drought indices is checked to ensure the reliability of the results. Thus, a trend analysis
is carried out for the whole region under study as well as for each location individually
in order to find out significant fluctuations in drought conditions. Furthermore, the role
of temperature in drought indices is also assessed to quantify the effect of global
warming on drought trends. Moreover, the evolution of the drought spatial coverage is
performed across time.

Next, Principal Component Analysis (PCA) is applied at annual and seasonal time-
scales at 12-month SPEI time-series for the common period 1906-2010 in order to
detect spatial-temporal variations of droughts.

Finally, the characteristics and trends of the main parameters related to dry and wet
events are analysed for the whole Iberian Peninsula and for the spatio-temporal patterns
found at annual time-scale. The severity, duration, magnitude and other interesting
parameters such as the seasonal distribution of the onset, offset and the period of the
maximum severity reached by dry or wet events are also studied. This section also
shows the changes identified in terms of severity, magnitude and duration of droughts
and wet events for the whole Iberian Peninsula and also for the spatial-temporal patterns
found at annual time-scale using the common periods 1921-1950, 1951-1980 and 1981-
2010.

Chapter 6 covers the discussion and conclusions from the obtained results, as well as
further work to be done in the near future and finalthapter 7 is dedicated to the
references used for this study.
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Chapter 2

THEORETICAL AP PROACH TO DROUGHT ANALYSIS

This chapteintroduces the conceopt of drought and its different formulation, according
to different scientific disciplines and the review of the state-of-the-art knowledge about
droughts around the world, including topics ranging from different definitions of the
concept to the evaluation methods and concepts used for detecting, describing and
evaluating dry events.

2.1. Drought concept

Although the onaept of drought is intuitively known by most people, its scientific
definition is not trivial at all. Drought is a complex natural hazard that can be interpreted
from different points of view, according to different interests. For example, urban
inhabitants would identify a drought event when the regional or national government
applies some water restrictions in the city. But, a farmer will surely talk about drought
when his crops experiment a water shortage affecting their growth. No matter what's
point of view we use, drought affects our interests. An adequate, objective and scientific
definition of drought is therefore difficult. So, it is not surprising that two of the main
questions which scientists have been trying to answer over time are how to define
drought and how to evaluate its temporal and spatial evolution.

The Great Britain Meteorological Office proposed, in 1951, a general definition of
drought based oprecipitation amounts and duration: “Drought is a period of more than
some particular number of days with precipitation less than some specified small
amount” (Great Britain Meteorological Office, 1951 his and other definitions agree in the

fact that adrought is a period with little precipitation, but discrepancies arise in the
definition of its duration period and the size of the precipitation deficit causing the
event. Palmer discussed more in depth the time scale of droughts, defining a drought
period as an interval in the range of months or years, where the actual moisture supply
at a given place rather consistently falls short of the climatically expected or
climatically appropriate moisture supBalmer, 1965)
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The World Meteorological Organization (WMO) in 1966 defined drought as a
prolonged absence or significant deficit of rainfall. But, in 1992 WMO changed its
drought definition and simplified the drought event as a period time with abnormally
dry weather conditions which produces a serious hydrological imbalance due to a long
enough lack of rainfall.

Conceptual definitions try to help people and policymakers to understand the concept of
drought. This family of definitions was formulated in general terms, without
considering climate variability and time period and intends to offer a general vision of
the phenomenon. For example, the definition offered by the Intergovernmental Panel on
Climate Changelpcc, 2007)of drought for policymakers is: “Drought is a prolonged
absence or arked deficiency of precipitation”, or “a deficiency of precipitation that
results in water shortage for some activity or for some group” or “a period of
abnormally dry weather sufficiently prolonged for the lack of precipitation to cause a
serious hydrological imbalanceglPCC AR4., 2007) This definition has three different
parts talkingabout intensity, duration and impact of the drought.

On the other hand, drought and aridity cannot be confused. The National Climatic Data
Center (NCDC) clearly explains the difference between both concepts (see
http://www.ncdc.noaa.gov/oa/ncdc.hfnist visit: 09-05-2013) Aridity is measured by

comparing longerm average water supply (precipitation) to long-term water demand
(evapotranspiration). If climatological water demand is greater than climatological
water supply, then the climate is arid or semi-arid. Drought refers to a moisture
imbalance that occurs on scales of months or a few years and results in a departure from
climatological normals. Aridity is permanent, but drought is temporary and can be
associated to arid and non-arid climates, 2011) To make thinks even more complex,
some climées are characterized for more frequent droughts than others. The frequency
and intensity of droughts can also be monitored from a climatic point of view by
studying them not as single events, but according their frequency, duration and intensity

across time.
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2.2. Drought characteristics

It is known that drought is the consequence of atmospheric phenomena of gradual
development, ofte characterized by an undefined beginning and end of the event
according to the National Drought Mitigation Center (NDM®@jihite and Glantz 1985 and
http://www.droudpt.unl.edu/DroughtBasics/WhatisDrought.aspst visit: 05-05-2013)In

the most gearal sense, drought originates from a deficiency of precipitation over an
extended period of time resulting in a water shortage for some activity, group or
environmental sector. However droughts depend not only on precipitation, but
temperature (related to evapotranspiration), relative humidity, dry winds, solar
radiation, or cloudiness, among others can play an important role to cause drought or
worsening its effects. For example, the role of temperature was evident in the
devastating central European drought during the summer of 2003. Although previous
precipitation was lower than normal, the extremely high temperatures over most of
Europe during June and July (more than 4°C above climatological normals) caused the
greatest damage to cultivated and natural systems, and dramatically increased
evapotranspiration rates and water str@&sbetezet al, 2006) Moreover, a higher
persistencef dry winds or intense solar radiation in a particular region can produce a
decrease of relative humidity causing an intensification of evapotranspiration rate. This
prolonged meteorological situation can initiate a drought or worsening its effects
depending on the region.

Drought is considered as a regional phenomenon because the main causes that can
produce it are linked to the regional scale. Empirical studies showed that drought is
never the result of a single cause. It is the result of many causes, often synergistic in
nature(Magafiaet al. 1997, Estrada, 2001 and Contreras, 2068 exanple, during an ENSO

event (El Nio-Southern Oscillation), drought can occur virtually anywhere in the
world, though researchers have found the strongest connections between ENSO and
intense drought in Australia, India, Indonesia, the Philippines, Brazil, parts of east and
south Africa, the western Pacific basin islands (including Hawaii), Central America, and
various parts of United Statésg. 2-1) Drought occurs in each of the above regions at

different times (seasons) during an event and in varying degrees of magnitude.
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Figure 2-1: Teleconnetions between ENSO warm episode and droughts around the world. (www.ciifen-
int.org) Last visit: 08-05-2013.

On the other had, the immediate cause of drought is the predominant sinking motion of
air (subsidence) that results in compressional warming or high pressure, which inhibits
cloud formation and results in lower relative humidity and less precipitation (NDMC,;

available atwww.drought.unl.edu/DroughtBasics/PredictingDrought. aisg visit: 14-

05-2013 Mog climatic regions experience seasonal changes in the influence of high
pressure. Prohged droughts occur when large-scale anomalies in atmospheric
circulation patterns persist for months, seasons or longer, extending the persistence of
high pressure beyond their climatological normals. Thus, many droughts around the
world can be explained due to the high pressure belt oscillations and they prolonged
abnormally conditionglauregui, 1979)

The synergitic nature of drought and the complexity of the phenomenon worsen the
drought prediction quality. Predicting drought depends on the ability to forecast, at
least, two fundamental surface parameters; precipitation and temperature. From the
historical record we know what climate is inherently variable. We also know that
anomalies of precipitation and temperature may last from several months to several
decades. The potential for improved drought predictions in the near future differs by
region, season and climatic regime.

According to the National Drought Mitigation Center of USA (NDMC) and the
European Drought Centre (EDC), drought produces a complex variety of impacts which

may be more catastrophic than other extreme ev@&igs2-2)
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Figure 2-2: World natiral disasters for the period 1900-2004 obtained from Sheffield and Wood 2011

This complexiy exists because water is integral to our ability to produce goods and
provide services. Impacts are commonly referred to as direct or indirect. Reduced crop,
rangeland, and forest productivity, increased fire hazard, reduced water levels and
wildlife mortality rates are a few examples of direct impacts. The consequences of these
impacts lead to indirect impacts. For example, a reduction in crop, rangeland and forest
productivity may result in reduced income for farmers and agribusiness, increased
prices for food and timber, unemployment, reduced tax revenues because of reduced
expenditures, increased crime, foreclosures on bank loans to farmers and businesses,
migration, and disaster relief programs.

The impact of drought can be categorized as economic, environmental or social.

Many economic impacts occur in agriculture and related sectors, including forestry and
fisheries, because of the reliance of these sectors on surface and subsurface water
supplies. In addition to obvious losses in yields in crop and livestock production,
drought can be associated with increases in insect infestations, plant disease, wind
erosion and reduce growth. The incidence of forest and range fires increases
substantially during extended droughts, which in turn places both human and wildlife
populations at higher levels of risk. Water shortages can also affect negatively
recreation and tourism industries, hydropower production and can food, energy, and
other products prices. For example, the European Drought Observatory, sponsored by

the European Commission and Member States, routinely performs estimates about the
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costs of droughts in Europe over the last 30 years, evaluated in at least 100 billion Euro
(European Commission, 2007)he drought of 2003 in Central and Western Europe has been
responsible foran estimated economic damage or more than 12 billion Euros alone
(Munich Re, 2004) And the drought situation that developed from November 2004 in
southern Portugadnd Spain posed a severe challenge to agriculture and affected water
supply to households and industiyropean Parliament, 2005)

Environmental dsses are the result of damages to plant and animal species, wildlife
habitat, and air and water quality; forest and range fires, degradation of landscape
guality, loss of biodiversity and soil erosion. Some of the effects are short-term and
conditions quickly return to normal following the end of the drought. Other
environmental effects linger for some time or may even become permanent. Wildlife
habitat, for example, may be degraded through the loss of wetlands, lakes and
vegetation. Despite, environmental losses are difficult to quantify due to the complexity
of dynamic biological system.

Finally, social impacts mainly involve public safety, health, conflicts between water
users and reduced quality of life. Many of the impacts specified as economic or
environmental have social components as well. Population emigration is a significant
problem in many countries, often stimulated by greater availability of food and water
elsewhere. Migration usually takes place from rural to urban areas near the stressed area
or to regions outside the drought areas. For example, the drought-prone northeast region
of Brazil had a net loss of nearly 5.5 million people between 1950 and 1980. Although
not all of this population shift was directly attributable to drought, it was a primary
factor for many in their decision to relocate. However, drought represents one of the
most important natural triggers for malnutrition and famine, a significant widespread
problem in many parts of Africa. In this case, the Southern Africa Development
Community (SADC), for example, monitors the crop and food situation in the region
and issues alerts during periods of impending crisis.

Knowing the serious impacts of drought in population and their activities, some actions
and plans to adapt or mitigate its negative effects have been created. United States is
pioneer in the development of plans of drought for policymakers and people in general.
In 2003 National Drought mitigation Center (NDMC) had been created and since, helps
people and institutions develop and implement measures to reduce societal vulnerability
and risk management to drought. In Europe, European Drought Centre funded

Xerochore project recently which its objective is to synthesize knowledge on past and

45



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014

Drought variability and change across the Iberian Peninsula

future droughts and to compile a roadmap on research needs and policy choices in
European areas of drought. However, African Drought Risk and Development Network,
developed by the United Nations is designed as a resource for drought reduction in
Africa and includes discussion, lessons and resources for planners, journalists, students
and others interested in drought and dry land issues. The Centro Internacional para la
Investigacion del Fenomeno de El Nifio (CIIFEN) provides predictions about the
probability of drought and its impacts for South and Central America depending on
evolution of ENSO event. Finally, Australian Drought Watch Service has as a one of
their objectives to inform the national government and population possible impacts

when drought appears.
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2.3. Drought classification

Droughts canbe classified basically in three categories depending on our scientific
focus (Heim, 2002) Moreover, it is commonly accepted that drought is a multi-scalar
phenomenon. This maas that droughts can be monitored and analysed at different time
scales (daily, weekly, monthly, seasonal or longer) depending on the focus of interest.
McKeeet al., (1993) clearly illustrated this essential characteristic of droughts through
the consideration of usable water resources including soil moisture, ground water, river
discharges and reservoir storages. The time period from the arrival of water inputs to the
availability of a given usable resource differs considerably. Thus, the time-scale over
which water deficits accumulate becomes extremely important, and functionally
distinguishes among three categories: meteorological drought, agricultural drought and
hydrological drought.

2.3.1. Meteorological drought

Based on climatic data, and by comparison with the climatic normal, drought is defined
on the basis of the degree of dryness and the duration of the dry period. Definitions of
meteorological drought must be considered as region specific since the atmospheric
conditions that result in deficiencies of precipitation are highly variable from region to
region. Some definitions of meteorological drought identify periods of drought on the
basis of number of days with precipitation less than some specified threshold. For
example, in Bali (Indonesia) in the 1960s, it was defined as a meteorological drought a
six days period without raigHudson and Hazen, 1964} his measure is only appropriate for
regions chaacterized by a year-round precipitation regime such as the Koppen Af
climate (Wet Tropical) in precipitation favoured regions, such as islands and/or areas
sumitted to orographic intensification. Other definitions may relate actual precipitation
departures to normal amounts characteristic for the monthly, seasonal or annual time
scales. Monthly precipitation less than 100 mm during the rainy season is labelled as a
meteorological drought in north-eastern Brazil. In Spain, a particular year is considered
to be dry when precipitation is less than annual average in different watersheds; 15-25%
in the Cantabrico, Duero and Ebro, 20-25% in Guadalquivir, 30% in Guadiana/Tajo,
and 40-50% in south-eastern z@ogina, 1994)
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Different definitions of meteorological drought provide specific information about each
characteristics of regional climate and it is impossible to extrapolate a definition of one

region to anothevarcos, 2001)

2.3.2. Agricultural drought

Agriculture is usually the first economic sector affected by the shortage of precipitation
or — in a more extensive senes — to water availability deficits, so this sector shows a
special interest in drought research. Agricultural drought occurs when there is not
enough soil moisture to allow the development of a particular crop in any stage of
growth. Plant water demand depends on prevailing weather conditions, biological
characteristics of the specific plant, its stage of growth, the physical and biological
properties of the soil and cropping techniques. Considering this, it is impossible to
establish valid global, even regional agricultural drought thresholds. Despite that, Kulik
(1962) defined agricultural drought as the “period in which there are only 19 mm of
water available in the first 20 cm of soil”. This implies that if the moisture level in
subsoil is sufficient to provide water to a particular crop during the meteorological
drought period, there is no agricultural drought at this moment, even if there is
meteorological drought. Meteorological drought appears often before agricultural
drought. If the meteorological drought continues, agricultural drought will appear.

Obviously, this is true in the absence of irrigation.

2.3.3. Hydrological drought

After meteorological drought appears, the crops may suffer water stress and, if the
precipitation deficiency worsens, hydrological drought will manifest. Hydrological
drought can be described as a deficiency in the flow or volume of surface water or
groundwater (rivers, lake levels, reservoirs, ground water, etc.) caused by climate
variability (e.g. less precipitation than normal) or water management (e.g. irrigation
during dry season). Hydrological measurements cannot be an indicator of the beginning
of the drought, because there is a time lag between rainfall shortage and rivers flow
depletion(Fig. 1). But, for this reason, this kind of drought is a great indicator of the

severity ofa dry event(Marcos, 2001) The frequency and severity of hydrological
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drought is often defined on a watershed scale. Agricultural drought appears shortly after
meteorological drought, but hydrological drought can be delayed for months since the
onset of the rainfall shortage. In the event of a meteorological drought followed by a
short-lived agricultural drought, hydrological drought may not appear. For example, a
precipitation deficiency may result in a rapid depletion of soil moisture that is almost
immediately discernible to farmers but the impact of this deficiency on the reservoir
levels may not affect hydroelectric power production, potable water supply, or
recreational uses for many months. The contrary pattern also commonly occurs. For
example, four years of low precipitation will probably produce a severe hydrological
drought in terms of river discharge and reservoir storages, but during the drought period
high precipitation events may produce high levels of soil moigiitente-Serranet al.,

2011). From the discussion above, it is easy to conclude that the temporal sequence is:

meteorologichdrought, agricultural drought and then hydrological drougiy. 2-3)

T I
PRECIPITATION

RUNOFF

SO0L MOISTURE

ANOMA LY

GROUND WATER

1 | ]

TIME, years

Figure 2-3: The propagation of a perturbation in precipitation amount through the land branch of the
hydrologic cycle (Entekhaket al., 1992).

Although climde is a primary contributor to hydrological drought, other factors such as
changes in land use, land degradation, and the construction of dams dramatically affect

the hydrological characteristics of the basin. Thus, hydrological drought does not only
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depend on the existing water volume in the reservoirs or rivers, but also it is important
how this water is used. The close relationship between the temporal evolution of
precipitation and streamflow has become evident at all temporal scales but, together
with climate variability, water consumption by humans is also responsible for changes

in hydrological system@orenzo-Lacruzt al., 2a.2).

2.3.4. Socio-economidrought

In general terms, socio-economic drought occurs after agricultural drought and it
corresponds to water availability reduction that produces economic or personal
damages. Socio-economic drought may be defined as “Extensive and significant
negative deviation of the precipitation compared with normal regime around which a
society has been establishgdasmussen, 1987)s not necessary the restriction of water
supply to producesocio-economic drought, but it also appears when some economic
sector is affected by precipitation deficiency. In other words, socio-economic drought
occurs when the demand for an economic good exceeds supply as a result of a weather-
related shortfall in water supply. In most instances, the demand for economic goods is
increasing as a result of increasing population and per capita consumption. This
increased water consumption causes more socio-economic drought even in a mild
meteorological drought. In many developing countries, agricultural drought is the
beginning of socio-economic drought, because in this kind of countries the agricultural
sector is the most important sector in their economies. So, socio-economic drought may
also be defined as “Unusual water deficit generates adverse impacts on society suffers,
altering the normal development of their collective lifeita Lopez, 1995)

In this cag, drought components as severity and duration of dry event are equally
crucial that how the economy and society develop its activities. Particular actions may
increase the vulnerability in front of rainfall shortage. Drought effects on the economy
and society, measured in material losses, population affected or victims, will be more or
less important depending on vulnerability. So some droughts may be considered
catastrophes in terms of vulnerability.

These four types of drought described show a drought evolution process determined by
natural climate variability, event duration and the interaction between climate and

society(see Fig. 2-4)
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Figure 2-4: Sequencef drought impacts (NDMC, 1995, website:
http://www.drought.unl.edu/DroughtBasics/TypesofDrought.akpst visit: 14-05-2013.
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2.4. Evaluation methods: Drought indices

Theoretical definitions of different forms of drought need to be transferred into a

numerical format to concrete characteristics of dry evemtscos, 2001) Then, a

question appearsvhich components allow us to define and identify a drought? Burton

et al. (1978) listed seven parameters to characterize it. A first one refers to the

magnitude of the drought, other four describe its temporal component (duration,

frequency, implantation rate and temporal spacing), and the last two are related to

spatial characteristics of the phenomenon (extension and spatial dispersion). To quantify

these parameters is not enough to measure the number of wet days or evaluate

perceptions about rainfall shortage, but it is necessary to apply mathematical formulas

to establish the duration and magnitude of a dry event. The most important parameters

to detect and analyze droughts, according to Burton, are described below.

Magnitude is the average rainfall or flow deficit for the duration period of the
dry event. Its meassured as an anomaly to the long term average of precipitation
or flow over a chosen period, expressed either in percentage or difference
(absolute value). Dracugt al (1980) indicate that, besides magnitude, drought
severity can be measured as well.

Severity can be defined as an accumulated deficit of precipitation or flow for the
duration of dry period.

Duration is the time (number of consecutive time steps, either days, months or
years) for which the precipitation or flow recorded are less than a prescribed
threshold for the same period.

Frequency is the number of known cases of drought occurred for a particular
period. It can also measured through the empirical probability that the
precipitation or flow is less than average, or less than return period of dry event
(average time interval of which can expected a drought of a particular
magnitude).

Implantation rate refers to the elapsed time between the beginning of the
precipitation or flow deficit, and the moment when this deficit reaches its

maximum value.

52



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014

2. Theoretical approach to drought analysis

- Temporal spacing is the elapsed time between various dry events. It provides a
measure of regularity or randomness of the drought. Through this parameter we
can obtain a first approximation to drought predictability.

- Extensionis the total surface that suffers water shortage.

- Spatial dispersion measures the diffusion or concentration degree of
precipitation or flow anomaly.

Knowing these parameters, Burtenal (1978) defined drought as a pervasive risk due

to its intermediate frequency, length duration, slow implantation rate, relatively random
temporal spacing, expanse of territory affected and high spatial diffusion.

In this way, some numerical standard is needed for comparing measures of drought
from region to region, as well as, for comparing past drought evesits, 2002)
However, theconsiderable disagreement that exists about the definition of drought
makes it impossible to devise a universal drought index. Furthermore, drought’'s
characteristics and the wide range of economic sectors on which it has an impact make
its effects difficult to quantify. Because of the complexity of drought, no single index
has been able to adequately capture the intensity and severity of drought and its
potential impacts on such a diverse group of users.

The World Meteorological Organisation defined a drought index as “an index which is
related to some of the cumulative effects of a prolonged and abnormal moisture
deficiency” (WMO, 1992)

The Ameri@n Meteorological Society (1997) suggested that the time and space
processes of supply and demand are the two basic processes that should be included in
an objective definition of drought and, thus, in the derivation of a drought index.

A wide variety of drought indices exist to characterize dry conditions basically in its
two most relevant parameters; magnitude (or severity) and duration. Multiple articles

were published discussing pros and cons about various drought quantification methods
(Alley, 1984; Karl, 1986; Heim, 2002; Dubrovslky al., 2@8; Vicente-Serranet al., 2010 and 2011,
Dai, 2011 and 2012; Shefiedd al.,2012).

A long list of drought indices were described for detecting and analysing drought
conditions: the Palmer’s Drought Severity Ind@ximer, 1965) Deciles MethodGibbs

and Maher,1967) Keetch-Byram Drought Indegeetch and Byram, 1968)Surface Water
Supply Index(shafer and Daezman, 1982) he Standard Precipitation Index (SBRMEKeeet

al., 1993) the Standardized Precipitation-Evapotranspiration Index (SRichte-Serrano
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et al.,2010),the Standardized Streamflow Index (SSI) and The Drought Mqskoisoda,

2000)among othes. In this section, the most widely drought indices list were described.

2.4.1. Percent of Nomal

The percent of normal precipitation is one of the simplest measures of rainfall deficit for
a particular location. Analyses using the percent of normal are very effective when used
for a single region or a single seas@fayes, 1997) Percent of normal is also easily
misunderstoodrad gives different indications of conditions, depending on the location
and season. It is calculated by dividing actual precipitation by normal precipitation
(typically considered to be a 30-year mean or, if it is possible, more than 50-year mean)
and multiplying by 100%. This can be calculated for a variety of time scales. Usually
these time scales range from a single month to a group of months representing a
particular season, to a natural or hydrological year. Normal precipitation for a specific
location is considered to be 100%. One of the disadvantages of using the percent of
normal precipitation is that the mean, or average, precipitation is often not the same as
the median precipitation, which is the value exceeded by 50% of the precipitation
occurrence in a long-term climate record. The reason for this is that precipitation on
monthly or seasonal scales does not have a normal distribution. Use of the percent of
normal comparison implies a normal distribution where the mean and median are
considered the same. Other drawbacks of this approach are the difficulty to identify the
beginning and end of drought period, and its severity as well, because the chosen
percentage for a region is not applicable in anotWercos, 2001) In other words,
percent ofnormal cannot be comparable between different climatic regions or for
various time periods because normal precipitation will probably change among regions
and across time.

Despite this, it is the most used drought index, because it is very simply and does not
need complex climatic information. It is ideal for some regions with a few available
climate records. Bhalme and Mooley renamed this method using the acronym BMDI
(Bhalme & Mooley Drought Index), in spite it was not a novelty at all.

As an example, figure 2-5 shows dry and wet conditions for Europe from January to
March 2012 using percent of normal method. Near normal conditions are expressed in
yellow and light green; green and blue colors depict wet conditions; brown or red are

54



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

PL: T 955-201% 5 Theoretical approach to drought analysis

associated to dry conditions. As described above, this method uses percentages to know
the degree of dryness or wetness, but these percentages do not represent the same
amount of precipitation among different regions because the normal precipitation is not
the same. For example, the 25% of precipitation (red colour in fig. 2-5) was recorded in
some areas of the Iberian Peninsula, but also in some parts of the Scandinavian
Peninsula among others. This means that just the 25% of precipitation was recorded in
these regions, but the total amount of recorded precipitation will be different because
the normal precipitation is different in the Iberian Peninsula, the British Isles or in
Scandinavia during this period although both regions recorded the same percentage of
precipitation. For this reason, the degree of dryness (in this case) cannot be comparable
between these three regions, although the percent of normal index inform us that both
regions suffered extremely dry conditions from January to March 2012.

Figure 2-5: Example ofPercent of Normal map for Europe from January to March 2012 available at:
http://www.cpc.ncep.noaa.gov/products/Droudlatst visit: 14-05-2013.
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2.4.2. Quantiles Method

Percent of normal method has some limitations (see section above). To avoid them,
dryness thresholds can be defined by the calculation of different quantiles. This
technique consists to divide the distribution of rainfall occurrence during using intervals
for each 20% (quintiles), 10% (deciles) or 1% (percentiles) of the distribgitos,

2001) Thesethresholds are a better representation of the statistical distribution of the
climate rality in the studied area because they are values referenced to the statistical
distribution of precipitation series and not linked to absolut values. Thereafter, they can
be compared among different regions. It is necessary to have long series (30-year
minimum and, if it possible, more than 50-year), to achieve reliable and statistically
robust results. The most widely used theresholds are pearhaps the quintiles. In this way,
it is considered that a period is very dry when the precipitation value is less than 20% of
the distribution (I quintile); dry period when it is between 20-4098%(Ruintile),

normal period \Ren it is between 40-60% "{3quintile, centered over the median or
central valu® wet period between 60-80%"(4yuintile) and very wet period when the
precipitation véue is higher than 80% of the distribution value® @intile).

When it is neessary to apply more precision in these thresholds, it is possible to
increase the number of intervals using deciles (establishing 10 intervals in series, each
one representing 10% of values) or percentiles (establishing 100 intervals, each one
representing 1% of values into distribution).

The technique developed by Gibbs and Maher (1967) divided the distribution of
occurrences over a long-term precipitation record into ten categories. By definition the
fifth decile is the median, and it is the precipitation amount is not exceeded by 50% of
the occurrences over the period of reference. The deciles method was selected as the
meteorological measurement of drought within the National Climate Centre from
Australia (among others) because it is relatively simple to calculate, and requires less
data and fewer assumptiorsnith et al., 1993)In Australia, farmers and ranchers can
only requesigovernment assistance if the drought is shown to be an event that occurs
only once in 20-25 years (deciles 1 and 2 over a 100-year record) and has lasted longer
than 12 monthgwhite and O'Meagher, 1995) his uniformity in drought classifications has
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assisted Australian authorities in determining appropriate drought responses. One
disadvantage of the deciles system is that a long climatological record is needed to
calculate the deciles accurat@hayes, 1997)

The Bureau ofMeteorology supported by the Australian Government issues regular
regional rainfall deciles maps to monitor drier or wetter conditions during a particular
period. Figure 2-6 shows the rainfall deciles over Australia from January to December
2010 using rainfall deciles ranges (blue ranges are referred to wetter conditions above
normal (> decile) meanwhile red ranges are drier conditions below norm& (<4
decile)). Athough some regions have different climatic conditions, this method allows
that the results are comparable among different climatic regions because it's based on
rainfall distribution occurrence and the ranges are the same for the whole region.
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Figure 2-6: Example ofrainfall deciles over Australia from January to December 2010 available at:
http://www.bom.gov.au/watet ast visit: 14-05-2013.
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2.4.3. The Palmer’s Drought Severity Index (PDSI)

The Palmer’s Drought Severity Index (PD@&tximer, 1965)s based on the supply-and-
demand concept dhe water balance equation taking into account more than just the
precipitation deficit at specific locationgHayes, 1997) The PDSI is based on
precipitationand temperature data, as well as the local Available Water Content (AWC)
of the soil. Palmer’s Index includes in its computation two important parameters related
to drought development: soil moisture and evapotranspiration. Soil moisture generally
refers to the amount of water stored in the unsaturated soil zone and it is a source of
water for the atmosphere through processes leading to evapotranspiration from land,
which include mainly plant transpiration and bare soil evaporgeneviratneet al.,

2010). Thus, it incorporates antecedent and current moisture supply (precipitation) and
demand (PET) imt a hydrological accounting system.

This drought index became widely used in the United States (i.e. the U.S. Drought
Monitor (NCDC and NDMC) and for the Intergovernmental Panel on Climate Change
(IPCC) in is 4" assessment (200ai et al., 2004b) However, Va der Schrieret al

(2006) deried the time series (1901-2002) and maps of Sc-PDSI for Europe and North
America compiled by the Climatic Research Unit (CRU).

Palmer applied what he called Climatologically Appropriate for Existing Conditions
(CAFEC) quantities to normalize his computations so he could compare the
dimensionless index across space and time. These quantities are related to
evapotranspiration values, recharge, runoff, loss, potential evapotranspiration (PET),
potential recharge, potential runoff, and potential loss. The calculation of these
parameters depends heavily on the available water holding capacity (AWC).

According to Heim (2002) CAFEC procedure enables the index to measure abnormal
wetness (positive values) as well as dryness (negative values), with persistently normal
precipitation and temperature theoretically resulting in an index of zero in all seasons in
all climates. When PDSI value remains positive (or negative) during a few consecutive
months it means wet event (or dry) has produced. When PDSI changes the sign,
although it only occurs in a month, the last wet or dry event has finished and starts

another one.
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But PDSI is problematic when it is used in other regions out of United States, mainly
due to different climatic and land cover proper{®susaet al.,2011) It has been shown

that the apptiation of the PDSI tends to result in an exaggerated frequency of extreme
dry and wet events (van der Schrier et al., 2006). Moreover, PDSI has been criticized
for a variety of reasons of which most significant is perhaps that is not comparable
between diverse climatological regio@gley, 1984 and Karl, 1986)This problem has been
solved by Wdk et al. (2004) creating Self-Calibrated PDSI (Sc-PDSI) which improves
the “original” PDSI. A detailed description of the modifications to this algorithm to
obtain the Sc-PDSI is given by Wells et, @004 and van der Schrier et g2006a).

Figure 2-7 shows the global Palmer's Drought Severity Index (PDSI) for January 2002
as example distinguishing dry conditions in orange or red and violet, meanwhile wet
conditions are represented in green or blue. In this case, it's not possible to detect
various types of droughts due to the fixed time-scale of PDSI, but extreme conditions
were identified to different parts of the world (e.g. drier conditions were detected in
most of North America, Central America and the northern South America, the
Mediterranean basin, Saharan and Sub-Saharan region, Arab world and some areas in
the north of Russia, eastern Asia and most of Australia). This map was computed using
the “original” PDSI including the limitations and deficiencies reported above by other

authors.

= | B}
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Figure 2-7: Global Palmer’s Drought Severity Index (PDSI) for January 2002 using gridded data. Red

and purpe tonalities are referred to dry conditions while wet conditions are represented in blue
(Dai et al.,2004).
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2.4.4. The Standardized Precipitation Index (SPI)

The SPI was designed to quantify the precipitation deficit for multiple time scales.
These time scales reflect the impact of drought on the availability of the different water
resources. Soil moisture conditions respond to precipitation anomalies on a relatively
short scale, while ground water, stream flow, and reservoir storage reflect the longer-
term precipitation anomalie@ayes, 1997) For these reasons, McKe# al (1993)
originally calculated the SPI for 3, 6, 12, 24 and 48 month time scales. This drought
index is based on the premise that precipitation is the most important parameter to
define droughts, although temperature or evapotranspiration can influence the behaviour
of drought severityGuttman, 1998; Keyantash and Dracup, 2002)

The index hasthe advantages of being easily calculated, having modest data
requirements (only precipitation), and being independent of the magnitude of mean
rainfall and hence comparable over a range of climatic zones. It does, however, assume
the data are normally distributed, and this can introduce complications for short time
periods (Agnew, 2000) The SPI has been accepted by the World Meteorological
Organization(WMO) as the reference drought index and it should be used by national
meteorological and hydrological services worldwide to characterize meteorological
droughtgHayeset al.,2011)

McKee et al (1993 used the classification system to define drought intensities resulting
from the SPI. McKeet al (1993) also defined the criteria for a “drought event” for any

of the time scales. A drought event occurs any time the SPI is continuously negative and
the event ends when the SPI becomes positive. Each drought event, therefore, has a
duration defined by its beginning and end, and intensity for each month that the events
continue. The accumulated magnitude of drought can also be drought magnitude, and it
is the positive sum of the SPI for all the months within a drought event.

The SPI allows the determination of duration, magnitude and intensity of droughts
(Hayeset al, 1999) Its main advantage is that it can be calculated for several time scales
(McKeeet al., 1995; Komuscu, 1999nd identifes various types of drought; meteorological;
from 1 to 6 mortts time-scale, agricultural; from 3 to 9 months time-scale, or
hydrological; greater or equal than 12 months time-gu@lente-Serranet al., 2006). The

SPI has baeextensively used for drought analysis in many studigs Haye=t al., 099;
Lanaet al., 2001; Vicente-Serrarat al. 2004, 2006, 2008, 2010 and 2011; Mavromatis, 2007; Kiegtse
al. 2008, 2009; Dubrovskgt al 2007b, 2008; Wet al. 2009; Subaskt al 2010) and has become
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an important component in many drought monitoring efforts (i.e., the U.S. Drought
Monitor (NCDC and NDMC), North American Drought Monitor (NOAA) and
European Drought Observatory (EDC).

Lloyd-Hughes and Saunders (2002) developed a high spatial resolution, multi-temporal
SPIl-based climatology of Europe and SPI maps are operationally available for the
U.S.A. as well.

As an example, figure 2-8 shows the global distribution of meteorological dryness and
wetness at the end of September 2010 using a 6-month SPI. Regions in white are
referred to normal conditions meanwhile regions in red (drier conditions) and green
(wetter conditions) represent extreme conditions in SPI. Regions in grey (out of oceans)
are referred to missing data (Sahara and some parts of central Asia). Meteorological
dryness was detected in Greenland, western Alaska, in some areas of central and
southern South-America, central Russia and some areas spread over central and
southern Africa among others. Otherwise, wetter conditions were identified in central
and northern North-America, in western Africa, in east of Europe, in northern Russia, in

some areas in southern Asia, Indonesia and in central Australia.
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Figure 2-8: Interpolaed global map using a 6-month SPI from April to September 2010. Regions in
brown are referred to dry conditions while regions in green mean wet conditions (Sivakumar
et al.,2010).
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2.4.5. Standardized Precipitation-Evapotranspiration Index (SPEI)

On the other hand, the newly Standardized Precipitation Evapotranspiration Index
(SPEI) is based on the original SPI calculation procedure. The novelty of SPEI is that
includes potential evapotranspiration (PET) in its algorithm and represents a simple
climatic water balance which is calculated at different time sgaiesite-Serraneet al.,
2010. The SPEI combines the sensitivity of Palmer's Drought Severity Index (see
section 2.4.3) tachanges in evaporation demand (caused by temperature fluctuations
and trends) with the simplicity of calculation and the multi-temporal nature of the SPI.
Thus, SPEI solved the main criticism of SPI, namely that it is based only on
precipitation variability(Vicente-Serranet al., 2011). The new index is particularly suited
to detectingmonitoring and exploring the consequences of global warming on drought
conditions. SPI and SPEI are purely statistical, and are not intended to reproduce the
water balance of any particular system. The advantages of such indices are that:

a) Their calculation only requires climatological information, which is often

available and of reasonable quality.

b) They do not require any assumptions about the system being modelled.

¢) They compute the climatological anomalies for periods of exact length (termed

the “time scale” of the index.
The ability to calculate these indices at various time scales allows choice of the scale
most appropriate to the system under study, and can be achieved using simple statistics
such as correlation analygigcente-Serranet al., 2011).
Both SPI and BEI maintain units with a robust statistical meaning, and the series of the
various time-scales are comparable between them. These indices have the advantage of
determining exactly the period (time-scale) in which the antecedent conditions are
affecting the value of the index.
Vicente-Serrano et al., (2010b) created a new global 0.5° gridded dataset (1901-2006) of
a multi-scalar drought index (SPEI), which considers the joint effects of temperature
and precipitation on droughts. The main advantage of the new dataset lies in its multi-
scalar character, which allows discrimination between different types of drought.
Some studies tested the reliability and consistency of SPEI compared with other drought
indices obtaining better results as a global gridded (viagnte-Serrano et al., 201085 a

few locatons around the world\{icente-Serrano et al., 2010Y herefore, drier conditions
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were detected using SPEI in Czech Repulghatop et al, 2011)and for detecting
agricultural doughts in Republic of Moldovgotop, 2011)

Figure 2-9 Bows, as example, the global SPEI computed for June 1995 at different
time-scales (3-month and 12-month) in order to detect different types of drought. The
time-scale of 3-month is widely used to identify meteorological drought (and
agricultural drought in some particular crops) and 12-month time-scale is suitable to
detect hydrological droughtsicente-Serrano, 2006Drier conditions are represented with

red colour meawhile wetter conditions are referred to blue colour in fig. 2-9. Both
maps show similar results, although meteorological drought became extreme in western
Russia (left map) meanwhile hydrological drought was moderate at the same region
(right map). Moreover, wetter conditions were identified in south-eastern Australia (left
map), but drier conditions were detected at 12-month time-scale (right map).This means
that short rainfall periods were enough to eliminate meteorological drought but not
sufficient to stop hydrological drought. These differences represent the capacity of SPEI

to detect various types of droughts around the world in a particular time-period.

e _';rw{c-g“; -ei " %.____:;“

Figure 2-9 Example of global (left) 3-month and (right) 12-month SPEI, June 1995. Dry conditions are
represerdd in red while wet conditions are in blue. Regions in white have not been studied
due to the lack of sufficient data to represent drought conditions (Vicente-Setraig
2010b).
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2.4.6. The Drought Monitor

Agencies within NOAA and the U.S. Department of Agricultural (USDA) together with
the National Drought Mitigation Center (NDMC) produce a weekly Drought Monitor
(DM) product that incorporates climatic data and professional input from all levels
(Svoboda, 2000)In a review, Heim (2002) discussed the implementation of several key
indices and icillary indicators from different agencies to create the final map. The key
parameters include the Palmer’s Drought Index (PDI), Crop Moisture Index (CMI), soll
moisture model percentiles, daily stream flow percentiles, percent of normal
precipitation, topsoil moisture and a satellite-based Vegetation Health Index (VHI). The
ancillary indicators include such indices as the Surface Water Supply Index (SWSI),
SPI, snow pack conditions, reservoir levels, groundwater levels determined from wells,
crop status, and direct in situ soil moisture measurements.

The key parameters are objectively scaled to five DM categories. The classification
scheme includes the categories DO (abnormally dry area) to D4 (exceptional drought
event) and labels indicating the time-scale of the drought and which sectors are being
impacted by drought (S; for short time-scales (typically <6 months) generating impacts
on agriculture and grasslands, W; for long time-scales (typically >6 months) generating
hydrological and ecological impactge table 2-1 and Fig. 2-10inal maps are adjusted
manually toreflect real-world conditions. Consequently, the DM is a consensus product
reflecting the collective best judgement of many experts based on several indicators.

Drought Monitor o
Description Impacts
category
DO Abnormally dry Minor impacts
Some crop damage, high wildfire risk, water
D1 Moderate drought P ge. 19
shortage
Moderate crop damage, very high wildfire risk,
D2 Severe drought P 9 o Yy
water regtictions
Serious crop losses, extreme wildfire risk, extensive
D3 Extreme drought o
water regiictions
D4 Exceptional Exceptional and extensive crop losses, extreme
drought wildfire risk, extensive water restrictions

Table 2-1: The Drought Monitor categories (adapted from Svoboda, 2000)
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A limitation of DM lies in its attempt to show drought at several time scales (from
short-term drought to long-term drought) on one map product. The intent of the DM is
not to replace any local or state information or subsequently declared drought
emergencies or warnings, but rather to provide a general assessment of the current state
of drought around the United States, Pacific possessions and Puer{sveiboda, 2000)

The Drought Mvnitor may be found by internet http://droughtmonitor.unl.edulast
visit: 25-05-2012.

Figure 2-10 shows an example of weekly Drought Monitor for USA in March 2012.
Distinct diought categories are represented in brown, red, orange or yellow to indicate
the intensity of drought, meanwhile no dry conditions remain in white. Moreover, solid
and bold lines delineate the region of dominant impacts distinguishing between impacts
derived from short-term droughts, long-term droughts or a combination of both.

U.S. Drought Monitor ~ "“3%22
M

e <

Intensity. ) o

] ot Drought Impact Types;

[] Do Abnormally Dry por e s A

] D1 Drought - Moderate

I D2 Droucght - Sevare 5 = Shon-Term, typically <6 months

Il D3 Dr ugm : Extram (e.g. agriculture, grasslands) 3 :)
ougnt - ame L = Long-Term, typically =6 months |

B C4 Drought - Exceptonal . e
(&g, hydrology, ecobogy) U__SDA :i} %f“x‘ﬁ @
The Drought Monitor focuses on broad-scale conditions, Vi W V
Local conditions may vary. See socompamyng fext summarny | i
for forecast statements Released Thursday, March 8, 2012
http:.-'fdrnughtmnnitnr.unl.edul' Author: Michael Brewer/L. Love-Brotak, NOAA/NESDIS/NCDC

Figure 2-10: Example & weekly Drought Monitor map for U.S.A. available at:
http://droughtmonitor.unl.edd/ast visit: 25-05-2013
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Chapter 3

STUDY AREA

3.1. Gevgraphic location

The Iberian Peninsula, with an extension of 538.254 Km2, is located at the southwest of
the Europeanantinent between 36° and 44° latitude N and between longitude -10 W °
and 5° E. It is surrounded by the Mediterranean Sea to the east and southeast and by the
Atlantic Ocean to the north, west and southwest. This peninsula is attached to the
European continent by the Pyrinees at the northeast of the peninsula. Iberia's
southernmost tip is only fourteen kilometers far from Af(fg. 3-1)

Figure 3-1: Satellite image of the Iberian Peninsula and influence areas (source: Google Earth)

3.2. Climate characteristics

The IberianPeninsula is located in a transitional area between temperate and subtropical
climates. Basically, its latitude, topography, maritime influence and General Circulation
patterns (together with other factors) determine the climate influenced simultaneously
by the Polar Jet Stream associated with the Westerlies located at higher latitudes and the
Subtropical High Pressure Belt located at lower latitudes, both climate factors configure
the Ferrel Cell.
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General circulation patterns divide the Iberian Peninsula into two markedly different
climatic areas. A northern area comprising Galicia, Cantabria and Pyrenees is most of
the time beyond the influence of the subtropical high pressure over the year due to its
higher latitude. The rest of the Iberian Peninsula is influenced by subtropical high
pressure especially in sumnieapel Molina, 200Q)

In consequencedhe northern area is influenced over the year by the West Jet Stream
and low pressure originated along Polar Front giving particular climate characteristics
similar to Western Europe (mild winters, cool summers, high humidity, abundant
cloudiness and frequent rains in all seasons). On the other hand, the rest of the peninsula
belongs to a Mediterranean climate (Koppen Cs type) due to markedly differences in
general circulation patterns between summer and winter (mild winters in coast and
severe in interior, dry and hot summers, sun many times and very irregular rains in fall,
winter and spring). Some continental and souteastern locations, isolated from the
oceanic flow, fall into de the semi-arid Koppen types (BS).

The subtropical high pressure, the Siberian winter anticyclone and the Saharan low
pressure are the most important atmospheric elements that they have more influence in
the Iberian Peninsula. The subtropical high pressure is defined by a strong anticyclone
located over the Atlantic sea (known as an Azores anticyclone). The Siberian
anticyclone causes occasional continental cold air advections over the Iberian Peninsula
when this high pressure is moved to the west. Finally, the Saharan low pressure
influences in peninsula’s climate related to frequency and severity of African warm air
advections.

General atmospheric circulation is not the only element exerting an influence over the
climate of the Iberian Peninsula. The orography plays a critical role in regional climate
diversity, as the Iberian Peninsula is one of the most mountainous regions in Europe,
being Spain only second to Switzerland in mean elevation above sea level, with an
average altitude above 500 m. Besides the direct effect of the orography, its particular
configuration over the peninsula is a key factor in the dynamics of peninsular climate
increasing the continentally effect. The mountain systems extend preferably along
parallels closing hydrographic basins and modifying general circulation patteens
Figure 32).

The Galaicanassif, the Cantabrian range and the Pyrenees are important barriers to the
penetration of maritime air masses were coming directly from the Atlantic sea but, in

opposite, the hydrographic basins of Duero, Tagus, Guadiana and Guadalquivir rivers
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promote this penetration of oceanic air related with Atlantic storms. On the other hand,
the Mediterranean coastal mountain systems do not allow the progress of the
Mediterranean air to the interior of the Iberian Peninsula by focusing on their
continental. These climatic implications are remarkable between Atlantic and
Mediterranean influence regions.

The influence of the interior plateau and the great mountains transform a territory that
should be warm-temperate or subtropical to a cold-temperate. In addition, areas where
moisture is expected to be low become in humid regions or otherwise by the direct
effect of the mountains.

The climate of the Iberian Peninsula is influenced as well by the warm waters that
surround it. The air masses that penetrate in the peninsula are warmer and more humid
due to maritime origin. Even so, the oceanic climatic characteristics are stronger

modified by the orographic constraints previously described.
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Figure 3-2: Physicalmap of the Iberian Peninsula. Source: Instituto Geografico Nacional available at:
http://www.ign.es/ign/main/index.dd ast visit: 15-05-2013.
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Furthermore, the Iberian Climate Atlas (2011) provides crucial climate information
about annual average air temperature and precipitation for the Iberian Peninsula using
the normal period 1971-2000.

The Iberian Peninsula has an irregular distribution of the annual average temperature
determined by its complex topography. The latitudinal variation of temperatures is
about 5°C between northern and southern coasts. Moreover, Mediterranean region is
2°C warmer than Atlantic region and the altitude plays an important role in annual
variability of temperatures in mountain arggis. 3-3)

Annual precipiation amounts decrease from northwest to southeast of the Iberian
Peninsula being higher in the Atlantic (higher than 1000 mm. per year) than in the
Mediterranean region (about 500 mm. per yegaR). 3-4) In addition, precipitation
amounts increse with altitude and decrease in downwind of moist winds. The negative
aspects of precipitation patterns in the Iberian Peninsula are its temporal variability and
the frequency of heavy showers that appear in the interior and in the Mediterranean

region(de Castret al.,2006)
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Figure 3-3: Annual areraged air temperature for the Iberian Peninsula (1971-2000); (Iberian Climate
Atlas, 2011)
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Figure 3-4: Annual averaged precipitation for the Iberian Peninsula (1971-2000); (Iberian Climate Atlas,
2011)

In orde to identify the climate types within the Iberian Peninsula, the Kdppen Climate
Classification system was applied. This classification system, although created almost
100 years ago, continues- with some modifications - to be one of the most widely used
for climate studies in the world. The Koppen Climate Classification system defines
distinct types of climate using average monthly values for precipitation and air
temperature. In order to identify different climates, air temperature and precipitation
ranges were established, based mainly on their influence on the distribution of

vegetation and human activity.
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Figure 3-5 Koppen-Geiger Climate Classification for the Iberian Peninsula; (Iberian Climate Atlas,
2011)

The esultsof this classification show the following types of climate present in the
Iberian Peninsula obtained from the Iberian Climate Atlas (2@igl)3-5)

a) Dry climates- Type B
- BWh (hot desert) and BWk (cold desert).
There are small areas in the southeast of the Iberian Peninsula, in the Spanish provinces

of Almeria, Murcia and Murcia (1671-2000)
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climate. Murcia belongs to Mediterranean climate and it is the driest area of the
peninsula recording less than 300 mm. per year. It is suffering water stress during six
months per year coinciding the driest and hottest months in summer. The averaged
temperature is around 18°C, but it reaches more than 25°C in average in summer and no
less than 10°C in winter. Most of the months the precipitation amount does not reach 30

mm., except in October and November, when the amount is slightly greater.

- BSh (hot steppe) and BSk (cold steppe).
In Spain, this is widespread in the southeast of the Peninsula and in the Ebro valley, and
less in the southern of the Central plateau and Extremadura. In Portugal this covers only
a small region in the district of Beja.
Zaragoza, located in the Ebro basin, is an example of this type of climate and belongs to
Mediterranean climate as Murcia, but it has some differences. The precipitation amount

reaches 318 mm. per year and the Zaragoza (1971-2000)

. Lat: 41°39'43"N
averaged temperature is 15°C. Lon: 01°0026°W
Alt: 245m.

Spring and autumn are the rainy ® *

. 50 4
seasons and the hottest and driest
40
months coincide in summer. The _
1S 30 A
. . . 1S
temperature in winter is less than™
20

10°C in average, and almost ©

reaches 25°C in summer months .

J F M A M J J A S (0] N D

(continental climate), while the

‘-Precipitation — Temperature ‘

precipitation amount overcomes

30 mm. in spring months and it is less than 20 mm. in summer months, except in June.

b) Temperate Climates — Type C

- Csa (temperate with dry or hot summer).
This is the type of climate which covers most of the Iberian Peninsula, occupying
approximately 40% of its surface. This covers the majority of the southern of the
Central plateau, and the Mediterranean coastal region, with the exception of the arid
zones in the southeast.
In this way, Barcelona (Mediterranean coast) and Sevilla (southwestern Iberian
Peninsula) were selected to represent this type of climate. Barcelona belongs to

72



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014 3. Study area

Mediterranean climate while Sevilla has a clear influence from Atlantic Ocean. This is
noticeable when both climate plots are compared. Autumn and spring are the rainy
seasons in Barcelona reaching 70 or 80 mm. in some months, while winter is drier and
summer is the driest and hottest season producing water deficit, especially in July.
Otherwise, winter and autumn are the rainy seasons in Sevilla reaching 80 mm. in
November or December, but the driest season is summer when the water deficit begins
in May and finishes in October. Despite the inter-seasonal precipitation variability, both
locations have not too many differences in yearly amounts (534 mm. in Sevilla and 649
mm. in Barcelona). On the other hand, Barcelona is colder in average than Sevilla
(14.9°C and 18.6°C respectively). Monthly temperature overcomes 27°C in summer in
Sevilla, but does not reach this threshold in Barcelona (23°C). Monthly temperature
overcomes 10°C in winter months in Sevilla and this is not the case in Barcelona

(around 8-9°C).

Barcelona (1971-2000) Sevilla (1971-2000)
Lat: 41°25'05"N Lat: 37925'15"N
Lon: 02°10'36"E Lon: 05°53'47"W
Alt: 420.1m. Alt: 31m.

J F M A M J J A S ¢} N D J F M A M J J A S (0] N D

[ Precipitation = Temperature [ Precipitation =—Temperature

- Csb (temperate with dry or temperate summer).
This covers the majority of the northeast of the Peninsula, as well as almost all of the
west coast of Mainland Portugal, and numerous mountainous regions within the
Peninsula.
La Coruiia represents this type of climate recording great amounts of precipitation along
the year, except in summer, coinciding with the driest season. La Corufia has a clear
Atlantic influence amounting around 1000 mm. per year. Furthermore, this Atlantic
influence implies a temperate climate along the year (14.5°C in average) with low
temperature variability between summer (reaching 18-19°C) and winter (reaching 10-
11°C).
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- Cfa (temperate with a dry season and hot summer).
This is mainly seen in the northeast of the Peninsula, within an area of medium altitude
which surrounds the Pyrenees and the Iberico System.
Soria, located in the Iberico System at medium altitude (around 1.100 m.) represents

this type of climate. The
C . Soria (1971-2000)
precipitation amount per year is Lat: 4194629'N
Lon: 02°29 '01"W
Alt: 1083m.

about 500 mm. reaching maximum 7 3

amounts at the end of spring (April

and May), in June, at the end of ,,
£

(°C)

fall (October and November) and €

in December. Less precipitation is

concentrated in March, July,

J F M A M J J A S (¢] N D

August and September. Soria is an

\- Precipitation = Temperature \

example of continental climate in a mid-altitude because it has a remarkable annual
thermal oscillation. Averaged temperature reaches 20°C at the end of summer (July and
August) coinciding with low precipitation and leading water deficit till October.
Otherwise, monthly temperature is below 5°C during winter months.

- Cfb (temperate with a dry season and temperate summer).
These are located in the Cantabrian coast, in the Iberico System, as well as part of the

northern of the Central plateau and .
San Sebastian (1971-2000)

a large part of the Pyrenees, with B orn oo
) ) Alt: 251.6m.
the exception of areas of high %
160

altitude. 140

San Sebastian, located in theﬁiiz
£

(°C)

Cantabrian coast, has been chosen
60

as example of this type of climate. 4

Precipitation and temperature

variability are more regular than

‘-Precipitation — Temperature ‘

other locations due to oceanic

influence. Precipitation amount is remarkable along the year (around 1.500 mm.)
reaching maximum records in October, November and April. The driest season
coincides in summer months but it is not enough dry to produce water deficit. Finally,
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averaged annual temperature is 13.2°C with non remarkable oscillations (around 8-9°C

in winter months and 16-19°C in summer in average).

c) Cold Climates — Type D
- Dsb (cold with temperate and dry summer) abdc (cold with dry and fresh
summer).
These are located in small areas of the mountainous regions at higher altitudes in the

Cantabrian range, in the Iberico System, in the Central System and in the Nevada range.

- Dfb (cold without dry season and temperate summer)Rficdcold with a dry
season and fresh summer).
Also seen in the highest altitude of the Pyrenees and in some small areas at high altitude

in the Cantabrian range and in the Iberico System.

d) Mountain Climates — Type H
- ET (Tundra).

This is seen only in small areas on the highest plains of the Central Pyrenees and in the
highest elevations seen in the Cantabrian range.
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Chapter 4

DATA AND METHODS

This chapter describes the dataset employed and the methods applied in this study. The
discussion inaldes the Monthly Iberian Temperature Dataset and Precipitation Series
compilation, the techniques used for data treatment (including quality control,
homogenization, missing data interpolation and regional series computation), the
obtention of drought indices and trends, the application of principal components
analysis and the drought parameter estimation. All of them are presented before

discussing the obtained results in the next chapter.

4.1 Monthly Iberian Temperature and Precipitation Series
(MITPS) desaiption

The final déaset employed for this study is integrated by 22 long temperature and
precipitation time series regularly spread over the Iberian Peninsula and extending from
the mid-nineteenth century to the presgng. 4-1) Monthly means derived from the
Spanish Dayt Adjusted Temperature/Precipitation Series (SDATS, SDAREetet al.

2006, 200). SDATS and SDAPS have been updated with data directly obtained through
AEMET. Two of the original SDATS series (Pamplona and San Sebastian) have been
removed from the dataset due to excessive missing values and two additional
Portuguese time series have been obtained from the Climatology and Climate Change
Research Group of the Instituto Dom Luiz (Lisbon University) to improve the coverage
on the western side of the Iberian PeningBi@ 4-1 and table 4-1)Monthly averages of

daily maximum and minimum temperature, as well as monthly accumulated
precipitation, are derived for those months with 95% or more days with available
temperature/precipitation.

In order to compute the Palmer Drought Severity Index, Available Water Content of the
soil for each location (AWC) is required and it was obtained from the Harmonized
World Soil Database (HWSD) (Fig. 4-2) available at;
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http://www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTMkét visit:
20-03-2013.
Brunetet al., (2006) selected the SDATS and SDAPS netw(rise 31) based on

temporal and [gatial coverage, climatic representativeness and long-term continuity of

data These criteria are similar to those used in other regional st(iis et al., 2009;
Vicente-Serranoet al., 2006; Brunetet al., 2006) which prioritize quality and temporal
continuity overnumber of stations, a criterion is widely accepted for climate analyses
focused on the regional-scale.

From figure 4-1, a reasonable well-spaced distribution of the stations represents the
main physiographic units of the Iberian Peninsula. In the coastal lowland sectors there
are three stations over the Northern Atlantic coast (Porto, La Corufia and San
Sebastian), five over the Mediterranean coast (Barcelona, Valencia, Alacant, Murcia
and Malaga) and three over South-western Atlantic coast (Cadiz, Huelva and Lisboa).
Moreover, there are four stations over the Northern Plateau (Burgos, Soria, Valladolid
and Salamanca) and four over the Southern Plateau and influenced areas (Madrid,
Albacete, Ciudad Real and Granada). Finally, the Ebro basin has three stations
(Pamplona, Huesca and Zaragoza), one more in Guadalquivir basin (Sevilla) and
another one in Guadiana basin (Badajoz).

This network essentially covers the entire Iberian Peninsula and the main climate types
(Dry climates-Type B and Temperate climates-Type C), and sub-types (BWh, BWKk,
BSh, BSk, Csa, Csh, Cfa and Cfb) are represented according to the Koppen-Geiger
Climate Classification previously described.

In addition, more than two-thirds of the meteorological stations selected are located in
non-urban areas from mid-‘?(?century onwards, with most of them located at airfields

and airports in ater to avoid potentially biases related to urban heat island influences.
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Figure 4-1 Map showing the locations of measurement stations and the elevations spread over the
Iberian Reninsula.

As most longterm climatological time series are affected by a number of non-climatic
factors that can make these data unrepresentative of the actual climate variation
occurring over time, quality control and homogenization procedeures are necessary.
These factors include changes in instruments, observing practices, station locations, the
algorithms used to calculate means, and the station environment. Some changes cause
sharp discontinuities while other changes, particularly changes in the environment
around the station, can cause gradual biases in the data. All of these inhomogeneities
can bias a time series and lead to misinterpretations of the studied climate. It is
important, therefore, to remove the inhomogeneities or at least determine the possible
error they may caus@guilar et al., 2003) In the original SDATS/SDAPS series, daily
maximum and nmimum temperatures and daily precipitation of mainland Spain were
adjusted by the Centre for Climate Change (C3) for the period 18502@@6&tet al.,

2006) The ries were quality controlled and homogenized applying the Standard
Normal Homogneity Test (SNHT)(Alexandersson and Moberg, 199Tpllowing the
procedure desitred by Aguilaret al., (2002). Monthly factors were interpolated to the
daily scalegVvincentet al.,2002).
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PENINSULA

Location Latitude Longitude Altitude Temperature |Precipitation AWC
(m) (mm)
ALBACETE 38°57'08" N | 01°51' 47" W | 698.6 1893-2010 1894-2010 50
ALICANTE 38° 22’ 00" N | 00° 29’ 40" W 81.5 1893-2010 1894-2010 50
BADAJOZ 38°53’ 00" N | 06° 49" 45" W 185 1864-2010 1876-2010 15
BARCELONA | 41°25'05"N | 02°10'36"E | 420.1 1885-2010 1855-2010 50
BURGOS 42°21' 22" N [ 03°36' 57" W 881 1870-2010 1870-2010 50
CADIZ 36° 27 55" N | 06° 12" 37" W 30 1850-2010 1853-2010 150
CIUDAD REAL | 38°59'22"N |03°55"11"W 627 1893-2010 1894-2010 150
GRANADA 37°08' 10" N | 03° 37’ 52" W 685 1893-2010 1894-2010 50
HUELVA 37°16’ 48" N | 06° 54’ 35" W 19 1903-2010 1903-2010 100
HUESCA 42° 05’ 00” N | 00° 19’ 35" W 541 1861-2010 1861-2010 100
LA CORUNA 43°22' 02" N | 08° 25’ 10" W 67 1882-2010 1882-2010 15
MADRID 40° 24’ 40" N | 03°40’41"W | 678.9 1853-2010 1854-2010 150
MALAGA 36° 39’ 57" N | 04° 28’ 57" W 6.5 1893-2010 1894-2010 150
MURCIA 37°58'59" N | 01° 07’ 14" W 57 1863-2010 1863-2010 50
PAMPLONA 42° 46’ 06" N | 01° 38’ 21" W 452 1880-2010 1880-2010 50
SALAMANCA | 40°56’50" N | 05°29'41"W | 789.8 1893-2010 1894-2010 150
SAN SEBASTIAN | 43°18' 24" N [ 02°02' 22" W | 251.6 1893-2010 1894-2010 50
SEVILLA 37225’ 15" N | 05° 53’ 47" W 31 1893-2010 1894-2010 150
SORIA 41° 46’ 29" N | 02° 29’ 01" W 1083 1893-2010 1894-2010 50
VALENCIA 39028’ 48" N | 00° 22’ 52" W 11.4 1864-2010 1884-2010 75
VALLADOLID 41°38'40" N | 04°44'35"W | 691.4 1893-2010 1894-2010 50
ZARAGOZA 41°39'43" N | 01°00' 29" W 245 1887-2010 1891-2010 150
PORTO 41°08' 00" N | 08° 36' 00" W 100 1901-2010 1906-2010 150
LISBOA 38°43'00" N | 09° 09' 00" W 77 1855-2010 1863-2010 15

Table 4-1: Iberian sations network.

Name of station, current geographical location (latitude, longitude

and altitude), length of record (temperature and precipitation) and AWC of the soil is also shown.

The originalraw daily maximum temperature (Tmax), daily minimum temperature
(Tmin) and daily precipitation (Prec) were subjected to various quality control (QC)
tests to identify and flag major errors of digitization as well as to ensure internal
consistency, temporal coherence, and spatial coherence of the data. Checks of gross
errors (aberrant values, problems with decimal points, calendar dates, negative
precipitation,...) Tmax < Tmin values, consecutive values repeating at least four times,
temperature (precipitation) values greater thdn (x6) standard deviations of the
threshold for both the candidate record and its group of reference stations, and values
exceeding the expected amount of change were exhaustively assessed in the raw data.
As mentioned above, The Standard Normal Homogeneity Test (SNHT) was used to
homogenize monthly temperature and precipitation. This method is based on the
application of iterative process using a candidate time-series together with a group of
reference time-series. The SNHT does not presupose the homogeneity of any time-
series, so all of them are used as candidate and reference time-series during the process.

Taking into account that the probability that all time-series are affected by a break point
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at the same time is very poor, the comparison between any candidate station and the
reference time-series should detect abrupt shifts and artificial trends in the time-series.
More detailed information on the applied QC and homogenisation procedure are shown
and discussed in Brunet al., (2006). For this study, SDATS and SDAPS were updated
for the period 2006-2010 directly from the AEMET servers availablevat.aemet.es

(Last visit: 15-03-2010j0 cover the current period.

Otherwise, aw daily data of temperature and precipitation from Porto and Lisboa are
pending to be quality controlled and to test the homogeneity, which will be carry out in

section 4.2.
150
42 = 125
4 4100
40- -
75
- —125
35‘ ] T T T I T T
-8 -6 -4 -2 0 2 4 0

Figure 4-2: Available Water Content of the soil (AWC in mmhover the Iberian Peninsula obtained
from the Harmonized World Soil Database (HWSD).

The most domimnat soil type was selected for each location obtaining the amount of the
AWC of the soil, which is divided into nine classes; from wetlands (which are given as
AWC of the soil of 2000mm/f) to soils with AWC of less than 20mmim
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4.1.1. Additional data quality control and homogenisation

As described in the previous section, two additional series plus a 5-year update to the 22
SDATS/SDAPS series are used. Therefore this new information requires a new quality
control and a homogenization effort to ensure that the new data is free from non-
climatic biases. The procedures employed are described in this section.

The quality control (QC) procedure is applied in order to identify errors derived from
data collection, manipulation, digitalization or transmission. The QC must be rigorous
especially in daily data and it is the previous step before applying the homogenization
tests or any climate analysis. Any individual or group of records that exceed an
established threshold (standard deviation) relative to the normal distribution of the time-
series will be flagged as outliers or potential errors. After that, these outliers will be
revised thoroughly to decide whether they can be validated or removed using -99.9 as a
code for missing values. An efficient QC can remove data errors from the time-series
that would surely affect negatively the final results. This is the key to avoid some wrong
climate interpretations induced by data errors in a climate change coxyéir et al.,

2003; Bunetet al.,2005)

The QC of ddy temperature and precipitation is carried out in this study using the
ExtraQC Quality Control software produced by the Centre for Climate Change (C3) and

available atvww.c3.urv.cat/data.htmLast visit: 25-03-2013) This software is a set of R-

coded functiondor quality control integrated into the widely used ETCCDI’'s software
R-Climdex to produce an unofficial version called R-Climdex-Extraqc. Extraqgc routines
include the following tests to flag various kinds of potential errors.

- Duplicate dates control.

- Rounding problems evaluation.

- Out of range values, based on fixed threshold values.

- Outliers, based on Interquartile Range exceedance.

- Interdiurnal differences based on fixed threshold values.

- Coherence between maximum and minimum temperatures.

- Consecutive equal values control.
The detection of outliers is carried out using a range with p25 -3 interquartilic ranges
(lower bound) and p75 +3 interquartilic ranges (upper bound) for temperature. The

same ranges, but using 5 interquartilic ranges, are used for precipitation. The advantage
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of this approach is that the detection of this percentile based oultiers is not affected by
the presence of larger outliers, so one run of the process is enough.

The ExtraQC quality control is only applied to daily temperature (maximum and
minimum) and daily precipitation from Porto (1901-2010) and Lisboa (1856-2010)
time-series, as SDATS and SDAPS (1850-2005) were intensively quality controlled and
adjusted on sourc@runetet al., 2006 and2007) according to section 4. Nevertheless, in
this study ®ATS and SDAPS were updated from 2006 to 2010 directly from the
AEMET servers. Therefore, the last segment (2006-2010) of SDATS and SDAPS must
also be quality controlled in a daily scale. In this way, the raw data (maximum and
minimum temperature and precipitation) from SDATS and SDAPS are recovered for
the whole period from each time-series and the last segment of data is appended since
2003 to ensure data continuity and consistency over the entire period (e.g. Cadiz 1850-
2005 + 2006-2010). Once all the raw data of daily maximum and minimum
temperature, and precipitation are prepared for the whole period, the QC is applied.
Table 4-2 shows the QC results for Porto, Lisboa and for the last segment of
SDATS/SDAPS. Despite the longevity of Porto and Lisboa time-series, a low
percentage of flagged values are identified (the 0,08% and the 0,11% respectively
relative to the total amount of data). The 0,06% of the total amount of data are validated
in both time-series while the 0,02% and the 0,04% cannot be recovered in Porto and
Lisboa respectively. Otherwise, the 0,21% of the total amount of data are flagged in the
case of the last segment of SDATS/SDAPS (2006-2010) being validated the 0,13% and
missed the rest of 0,08% of the data. These results confirm that Porto and Lisboa time-
series have a high quality of the records thank to the low percentages of flagged data.
The data have been validated searching the original values from the raw time-series in
order to replace them while missing data were replaced by -99.9.

Porto Lisb oa SDATS/SDAPS
Period 1901-2010 1856-2010 2006-2010
Data amount 118642 167007 131400
Flagged values 99 0,08% 183 0,11% 271 0,21%
Validated
values 77 0,06% 108 0,06% 169 0,13%
Set to missing 22 0,02% 75 0,04% 102 0,08%

Table 4-2: Summary of QC results (in absolute values and also in percentages) from raw daily data for
Porto, lisboa and for the updated period of SDATS/SDAPS. The controlled time-period and the
total data amount tested are also shown.
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Figure 4-3 and 4-4 show the annual climate cicle for Porto and Lisboa respectively
using monthly boxplots for maximum temperature (TX), minimum temperature (TN),
derived diurnal temperature range (DTR) and precipitacion (PREC). All tested variables
represented very well the climate regime in Porto and Lisboa because most of the values
fall inside the established thresholds but there are some supicious values or outliers (in
round circles), especially in summer precipitation for Porto, and in summer/autumn
precipitation and summer TN for Lisboa.

The evolution of the quality controlled variables for Porto and Lisboa across time can
be seen in the inspection of figures 4-5 and 4-6 respectively. The annual plots show the
normal evolution of the Porto and Lisboa time-series for the whole period in spite of
some discontinuity can be deduced, at least in TN and also reflected in DTR, at the
beginning of the Porto time-series. Moreover, another discontinuity can be identified in
TX and also reflected in DTR for Lisboa around 1940s. These possibilities will be
checked using the homogeneity test once the QC is tested. Nevertheless, these plots
confirm the good results found in the QC and described in table 4-2.

Finally, the frequency of rounding values after de decimal point is shown for (Pigrto

4-7) and Lidoa(Fig. 4-8) using the same variables tested before. Both observatories show
higher frequeay of 0.1 and 0.2 in daily precipitation probably related to negligible
precipitation or trace precipitation normally identified as 0.1 or 0.2. Otherwise, the
rounding values are more evident in the case of TX and TN in both time-series finding
the higher rates of frequency in 0.0 and 0.5 in detriment of 0.3 and 0.9. This is often
related to the measurement practices given by the observer.
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Figure 4-3: Monthly boxplots of temperature (for maximum (TX), minimum (TN), diurnal temperature
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Figure 4-4: Monthly boxplots of temperature (for maximum (TX), minimum (TN), diurnal temperature
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Figure 4-7: Frequencyof rounding values after the decimal point in temperature (for maximum (TX) and
minimum (TN) and precipitation (NON ZERO PREC) data for Porto (1901-2010).
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Figure 4-8: Frequencyof rounding values after the decimal point in temperature (for maximum (TX) and
minimum (TN) and precipitation (NON ZERO PREC) data for Lisboa (1856-2010).

As mentioned Were, most of the long time-series are affected by non-climatic factors,
mainly relocations of the measurement stations, changes of the instruments, different
measurement techniques, among others. These factors can introduce discontinuities in
the time-series in terms of a shift (e.g. a relocation of the observatory) or a gradual trend
leading an artificial trend on data (e.g. the urban heat island promoted by a gradual
development of the cities). Thus, it is crucial to apply the appropriate correction method
to get temporal and spatial comparability of any time-series against itself or towards
other time-series before developing a climate anafysgisiar et al.,2003)

The Sandard Mrmal Homogeneity Test (SNHTAlexandersson and Moberg, 1997%
selected ashe correction method in this study. As described in section 4, SDATS and

SDAPS were already homogenized previouglyBrunet et al., 2006 and 2007)for the
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period 1850-2005 using the SNHT correction method. Thus, it makes sense to
homogenize Porto and Lisboa time-series using the same approach in spite of other
newer homogenisation methods currently available which outperform JW¥Hddmaet

al., 2013) The SNHT is based on the application of iterative process using a candidate
time-seris together with a group of reference time-series. The SNHT does not
presupose the homogeneity of any time-series, so all of them are used as candidate and
reference time-series during the process. Taking into account that the probability that all
time-series are affected by a break point at the same time is very poor, the comparison
between any candidate station and the reference time-series should detect abrupt shifts
and artificial trends in the time-series. More detailed information about the
homogenisation procedure was described and widely discussed in Brunet et al., (2006).
The RSNHT software, developed by the Centre for Climate Change (C3) and available

at: www.c3.urv.cat/data.htmlLast visit: 25-03-2013) iSs a code created using the R

environment to ampute the SNHT correction method at the monthly scale. In this way,
the two Portuguese series (Lisboa and Porto) are tested using the RSNHT code to find
breaks and correct them for the whole period in a monthly scale. Therefore, monthly
precipitation and monthly mean temperature for Porto and Lisboa are required for this
purpose. The last segment of SDATS/SDAPS (2006-2010) is not adjusted after a
subjective graphical evaluation which did not find evidence of large inhomogeneities.

As mentioned above, the SNHT requires references series to test and correct the
candidate series. Therefore, raw data of monthly precipitation and mean temperature
from La Coruiia, Porto, Lisboa, Salamanca, Badajoz, Cadiz, Valladolid and Madrid are
selected to be tested under the criterion of geographical proximity and similar climate
characteristics. The six best correlated time-series (Pearson r > 0.7) are chosen as a
reference series for Porto (La Corufia, Valladolid, Salamanca, Madrid, Badajoz and
Lisboa) and for Lisboa (La Corufia, Porto, Salamanca, Badajoz, Cadiz and Madrid).
After the accurate inspection of the outputs provided by the RSNHT, the breaks found
in monthly precipitation for Porto and Lisboa were not adjusted to be not too much
relevant for the time-series. In fact, Figure 4-9 shows the annual evolution of
precipitation for Porto and Lisboa demonstrating similar inter-annual variability
between both time-series. In this case, to keep the original monthly precipitation for

Porto and Lisboa is highly preferred.

88



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014

4. Data and methods

2500

——Lisboa
—=— Porto

2000 = = = = b

1500 +

1000 -

Precipitation (mm)

500 -

O I T T T T T T T T T

1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 4-9: Annual pecipitation evolution of raw data for Porto (1901-2010) and Lisboa (1864-2010).

On the contrar, monthly mean temperature is adjusted to correct 4 breaks in Lisboa
(detected in 1871, 1892, 1942 and 1964) and 2 breaks in Porto time-series (detected in
1923 and 1976). Twelve different correction factors (one for each month) are applied to
the time-series to ensure a reliable homogenisation. Figure 4-10 shows the annual
evolution of raw data and adjusted mean temperature for Porto and Lisboa. Applying
the correction factors to the raw data, the adjusted data are obtained for both time-series.
Therefore, the Portuguese time-series can be integrated to the rest of SDATS and
SDAPS to produce a new high quality dataset called as Monthly Iberian Temperature
and Precipitation Series (MITPS).
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Figure 4-10: Annual ma&n temperature evolution of raw data and adjusted data for Porto (1901-2010)
and Lisboa (1956-2010).
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4.1.2. Missing values interpolation in MITPS

Although the time-series selected for this study were chosen among the most complete
long term records, they are affected, at some degree by the existence of missing values
in monthly mean temperature and monthly accumulated precipitation. These missing
data can influence negatively to the results obtained from the drought indices or even
prevent us from the application of some techniques that require strict data continuity. As
has been discussed in previous sections, drought indices computation takes into account
monthly or weekly precipitation amount (all drought indices) and monthly or weekly
mean temperature (just some indices) together with AWC of the soil (Sc-PDSI only).
Therefore, the availability of drought severity values depends directly of the
simultaneous availability of temperature and precipitation data. For example, if monthly
temperature is available for a given month, but precipitation amount is missing, drought
severity value for this month cannot be calculated. For this reason, it is very important
to ensure that long term records are of high quality and have continuous records of
simultaneous temperature and precipitation and monthly missing data must be filled.
Data infilling has been limited to short duration gaps (no more than 3 consecutive
months) to ensure the quality of the interpolation.

Figure 4-11 shows the availability of monthly temperature and precipitation (per year)
across time (1850-2010) in the Iberian time series (24 time series) compared with
potential data obtained from number of available time series (stations).

Three stations are available from the 1850s onwards, 7 from 1860s, 8 from 1870s, 12
from 1880s, 22 from 1890s and 24 from 1900s.

Different periods with frequent missing values across the whole dataset are evident from
the inspection of figure 4-11. The fraction of missing data for the whole period (1850-
2010) represents about 9% of the potential data. Moreover, for the two shorter sub-
periods of 1899-1905 and 1931-1939 missing data percentages are higher at 22% and
17% respectively. This marked reduction in the available data in both intervals is
mainly related to the political instabilities experienced by Spain between the end of the
19" century and in the early 1940s, associated with the so-called 1898 Crisis (lost of the
the overseaSpanish Colonies of Cuba and Philippines) and the convulse transition to
the 1l Republic and its abrupt end with the Spanish Civil War from 1931 to 1939. Due

to these severe political and socio-economic crises, meteorological operational services
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in Spain were dramatically disturbed during these tiggeset et al., 2006) Finally,
during 1940-2010 data aNability was always above 95%.

Availability of monthly temperature and precipitation data in the Iberian time series
(1850-2010)
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Figure 4-11 Potentidvs. available monthly simultaneous temperature and precipitation (left axis) and
the number of available stations (right axis) in the Iberian Peninsula (1850-2010).

Individual time series have also been inspected to detect missing remarkable missing
periods for each of them. Figure 4-12 shows the percentages of missing data for each
time-series in monthly mean temperature and monthly accumulated precipitation for the
period 1906-2010 (when all time-series guarantee continuity in their records, as shown
in fig. 4-11). The fraction of missing data is about 4% for monthly mean temperature
and of 5% is related to monthly accumulated precipitation for the period 1906-2010.
Moreover, sixteen time-series are affected by less than 5% of missing data, six stations
have between 5 and 10% of missing data for at least one variable (Valencia, Soria,
Porto, Madrid, Huesca and Albacete) and, finally, San Sebastian shows almost 20%,
both in temperature and precipitation, while Pamplona has almost 30% of missing data
in precipitation(Fig. 4-12)

We do not atmpt to fill entire periods with consecutive years with missing data, such
as 1850-1905, which no data or sparse years in most staterig.(4-11), but punctual

gaps areaconstructed to ensure continuity and reliability on results. Due to excessive

missing data, Pamplona and San Sebastian are discarded (although San Sebastian data
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series has been dramatically improved after a recent Data Rescue effort in the Center of
Climate Change, C3, the data processing has not ended at the moment of writing these
lines). Thereby, the original dataset composed by 24 time-series is reduced to 22 time-

series to guarantee high quality on results.
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Figure 4-12 Percerdges of missing data for each time-series in terms of monthly mean temperature and
monthly accumulated precipitation from 1906 to 2010.

Missing valus are infilled using multiple linear regression with neighboring series from
1906 to 2010. The four best correlated time series (Pearson’s r >0.7) are selected to
complete punctual gaps for each candidate time-series month by month. Vicente-
Serrancet al, (2005) and (2006) applied this method to complete missing values in 51
Iberian precipitation series from 1910 to 2000 in order to provide continuity in time-
series. They obtained reliable results in drought detection and analysis using a specific
drought index (SPI) and, then the spatial-temporal patterns of droughts were computed
for the whole Iberian Peninsula.

However, it is important to check the consistency of the results provided from the
application of the method. Figure 4-13 shows mean standard errors computed for each
time-series after reconstructing via multiple linear regression for monthly temperature
and precipitation the whole 1906-2010. Lisboa temperature and precipitation series and

Barcelona preciptiation series do not appear as it does not present any missing data. The
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mean standard error in monthly temperature is 0.47°C while in monthly precipitation is

21.2 mm after averaging all time-series.
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Figure 4-13: Mean stadard errors computed for each time-series after applying multiple linear

regression for temperature (upper panel) and precipitation (lower panel) for the period 1906-
2010. Time-series without monthly missing data are not represented.

The final mpact on the final time-series is regarded as neglectable, not only for the

method applied, but also due to the low percentage of missing data found in the time-
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series under study. Figure 4-14 shows the difference between annual averaged
temperature and precipitation of the original dataset (including missing data) and after
filling the gaps for all time-series from 1906 to 2010. In the case of temperature, the
change in annual mean values after introducing the reconstructed values falls in the
range of+0.02°C; among the five time series surpasing this threshold, Valencia shows
the largest differences, with a range®£.09°C in the annual averages. On the other
hand, most of the time-series do not rea2hnim of change in annual precipitation after
filling monthly missing data. Just six time-series exceed this value and Soria and
Madrid reach the highest rate of changé (nm) in annual precipitation. Those series
with larger discrepancies between non-filled and infilled time series agree, as expected,
with those were more values have been interpolated. Nonetheless, the low percentage of
monthly missing data on original dataset has an inappreciable impact on temperature

and precipitation time-series in the Iberian Peninsula for the period 1906-2010.
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Figure 4-14: Impact offilled data on annual averaged temperature (upper panel) and precipitation (lower
panel) for each time-series from 1906 to 2010. Grey bars represent the difference between
annual averaged temperature and precipitation from the original dataset (for the whole period
1906-2010) and after filling the gaps.

After the data infilling process, continuity in monthly temperature and precipitation is
ensured from 1906 to 2010 for the 22 time-series that represent the Iberian Peninsula. In
this way, the simultaneous availability of monthly long-term temperature and
precipitation data guarantees the continuity of drought severity values across time which
improves the quality and reliability of the final drought analysis.
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4.2. MITPS analysis workflow

After the preliminary data treatment of the times series, the Monthly Iberian
Temperature Series (MITPS) have been created. As mentioned above, the 22 time-series
of daily temperature and precipitation have different lengths of ressertable 4-1)This

could affectnegatively the reliability of the results taking into account the regional
character of this work. Furthermore, the need to have simultaneous temperature and
precipitation records to compute drought indices for each location is crucial to obtain
reliable drought conditions. For all these reasons, it is necessary to fix a common period
to solve this issue. Most of the time-series started in 1890s, but the consistency and
continuity of the records is much improved after the 1900s. The common period to
compute regional time-series from individual observations has been limited to 1906-
2010, according to the availability and continuity of the records. Although the lost of
several decades of worthy information is a drawback of this approach, the reliability and
robustness of the results is ensured. The longest time-series are analyzed individually to
avoid loosing crucial drought information about some regions of the Iberian Peninsula
since the mid-19 century.

Monthly anomales for each time series are calculated using the common period 1961-
1990 to avoid that some stations have more weigth on the regional series than others
due to its own mean-level. Then, these anomalies are averaged again to create one
single regional temperature and precipitation time-series for whole Iberian Peninsula.
Annual anomalies of temperature and precipitation for the period 1906-2010 are
calculated averaging monthly anomalies from the regional time-series (reference base-
period mean 1961-1990) according to the Jones and Hulme (1996) method of separating
temperature and precipitation into its two components; the climatology and the
anomaly.

After the creation of MITPS, drought indices can be computed using individual stations
to compare dry conditions among various regions under study or averaging the 22 time-
series to obtain the regional drought time-series over the whole Iberian Peninsula for the
common period 1906-2010.

The procedure diagrarrig. 4-15)shows the methodology applied to obtain the Monthly
Iberian Temperature and Precipitation Series (MITPS) before computing the drought

indices.
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Figure 4-15 Procedue diagram of the methodology applied.
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4.3. Drought indices computation

4.3.1. The PDSI comutation and drought severity classification

The Palmer’s Drought Severity Index, PD8&mer, 1965)js based on the supply-and-
demand concept dhe water balance equation taking into account more than just the
precipitation deficit at specific locatiorijgayes, 1997) PDSI values are distributed in 9
categorieaising a comprehensive classification depending of the severity of dry or wet
conditions(Table 4-3) The PDSI is calculated based on precipitation and temperature

data, as wellsithe local Available Water Content (AWC) of the sail.

CATEGORIES PDSI value
Extremely wet 2+4
Severely wet 2+3to<+4
Moderately wet 2+2t0<+3
Slightly wet 2+1to<+2
Near normal >-1to<+1
Slightly dry >-2t0 -1
Moderately dry >-3t0 -2
Severely dry >-4t0 -3
Extremely dry <-4

Table 4-3 Classification of PDSI categories defined by Palmer (1965)

Palmer appkd what he called Climatologically Appropriate for Existing Conditions
(CAFEC) quantities to normalize his computations so he could compare the
dimensionless index across space and time. These quantities are related to
evapotranspiration values, recharge, runoff, loss, potential evapotranspiration (PET),
potential recharge, potential runoff, and potential loss. The calculation of these
parameters depends heavily on the available water holding capacity (AWC).

According to Heim (2002) CAFEC procedure enables the index to measure abnormal
wetness (positive values) as well as dryness (negative values), with persistently normal
precipitation and temperature theoretically resulting in an index of zero in all seasons in
all climates. When PDSI value remains positive (or negative) during a few consecutive
months it means wet event (or dry) has produced. When PDSI changes the sign,
although it only occurs in a month, the last wet or dry event has finished and starts

another one.
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The computation of Palmer’s index, according to Heim (2002), consists of the
following:

1) Carry out a monthly hydrologic accounting for a long series of years using five
parameters: precipitation, evapotranspiration, soil moisture, loss and recharge,
and runoff. Potential and actual values are computed for the last four parameters.
Palmer used monthly averages, but other timescales (such as weeks or days) can
be used as well. Means of the potential and actual values for these parameters
are computed over a calibration period that is usually, but not necessarily, the
data period of record.

2) Summarize the results to obtain coefficients (of evapotranspiration, recharge,
runoff, and loss). These coefficients are computed by dividing the mean actual
quantity by the mean potential quantity.

3) Reanalyze the series using the derived coefficients to determine the amount of
moisture required for “normal” weather during each month. These normal, or
CAFEC, quantities are computed for each of the parameters listed above.

4) Compute the precipitation departure (precipitation minus CAFEC precipitation)
for each month, then covert the departures to indices of moisture anomaly. This
moisture anomaly index has come to be known as the Palmer Z index and
reflects the departure of the weather of a particular month from the average
moisture climate for that month, regardless of what has occurred in prior or
subsequent months.

5) Analyze the index series to determine the beginning, ending and severity of the
drought periods.

The PDSI value for a given month can be calculated using the general formula:

X, = 0.897xi_1+@jz.

Where Xis the PDSI value and;Xis the previous PDSI value.

Where Zis the moisture anomaly index.

To calculag the current value « % (PDSI), 0.897 times the previous PDSI va X, _
i-1

is added @ one-third of the current moisture anon 4

i . Palmer called the values
0.897 and 1/3 the duration factors (Palmer, 1965; \&tedls, 204).
But, PDSI fas been criticized for a variety of reasons of which most significant is

perhaps that is not comparable between diverse climatological regiens1984 and
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Karl, 1986). This problem has been solved by Weltsal. (2004) peating Self-Calibrated
PDSI (Sc-PDSI) that improves upon the “original” PDSI. Where Palmer used weighting
and calibration factors in his algorithm, empirically derived from a limited amount of
data from the U.S. Great Plains, the Sc-PDSI determines these factors for each location
separately. This calibrates the PDSI with a set of factors uniquely appropriate to that
location, and affects the range of values of the Sc-PDSI and its sensitivity for changes in
the moisture regime. A more detailed description of the modifications of this algorithm
to obtain the Sc-PDSI is given by Wells et @004 and van der Schrieral (2006a).
Multiple studies have been realized obtaining better results using Sc-PDSI compared
with the “original” PDSI(van der Schrieet al., 206, 2007; Mavromatis, 2007, 2009; Dubrovskty
al., 2008; Wu and Kinter, 2009, Dai, 2013nd other studies applied Sc-PDSI obtaining
increased drygonditions(Dubrovskyet al., 2@7b; Brazdilet al., 2008; Briffaet al., 2009; Vicente-
Serrancet al., 2010; Dai, 2011and 2012; Sheffieldal.,2012)
But, accordingto Vicente-Serranet al., (2011), the PDSI still has some deficiencies
such as:
a) Limitations of the PDSI as a Soil Water Balance ModelDespite Wellset
al., 2004 solved most of the problems of calibration making the index more
suitable for drought quantification and monitoring, the PDSI is still highly affected
by the selected calibration period. The procedure for its computation is based on
several assumptions and simplifications (like neglect other soil properties, ignore
the complex role of vegetation, the role of PET,...) and some researchers
guestioned the PDSI as a physical soil water balance n®déleldet al.,2004).
b) The inability of the PDSI to quantify droughts on different time scaleqsee
section X).
c) Problems related to spatial comparability:The PDSI represents water deficit
at different time-scales depending on the region under consideration, in other
words, the spectral characteristics of the PDSI vary from site t@sttean, 1998)
The time-sales of the PDSI and the Sc-PDSI are not fixed because they depend
on the characteristics of the site and vary spatially. It makes difficult to assess
what kind of deficit of the index is representing and, in terms of spatial
comparability, the PDSI retains the problem of being an index that represents
different drought frequencies among sites.
Nevertheless, this drought index provides undoubtedly valuable information and has

been widely used in sound drought studies, such as U.S. Drought M@t and
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NDMC)) and the works of the Intergovernmental Panel on Climate Change (IPCC) in its
4™ assessment (200{)ai et al., 2004b) As an improvema, Van der Schrier et a{2006)

derived thetime series (1901-2002) and maps of Sc-PDSI for Europe and North
America compiled by the Climatic Research Unit (CRU).

In this study, the Sc-PDSI was computed for the 22 locations spread over the Iberian
Peninsula using the calibration period 1906-2010 (the whole period) to calculate the
main parameters of the algorithm. Monthly mean temperature, monthly precipitation
and the AWC of the soil were required for each location to compute Sc-PDSI and,
averaging the 22 Sc-PDSI time-series, the regional Sc-PDSI time-series was performed.
Moreover, the Sc-PDSI was re-computed for each location using the monthly
temperature climatology as input data (computed for the common period 1906-2010)
instead the actual monthly mean temperature in order to assess the drought variability
across the Iberian Peninsula without the effect of global warming.

For this work, a software package was used to compute Sc-PDSI. It was developed by

Wells (2003), and it is available at http://greenleaf.unl).@dist visit: 09-05-2013).
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4.3.2. The SPI computation and drought severity classification

Understanding that a deficit of precipitation has different impacts on the ground water,
reservoir storage, soil moisture, snow pack and stream flow led Metade (1993) to
develop the Standardized Precipitation Index (SPI1). The SPI was designed to quantify
the precipitation deficit for multiple time scales. These time scales reflect the impact of
drought on the availability of the different water resources. Soil moisture conditions
respond to precipitation anomalies on a relatively short scale, while ground water,
stream flow, and reservoir storage reflect the longer-term precipitation anoajies

1997) For hese reasons, McKeet al (1993) orginally calculated the SPI for 3, 6, 12,

24 and 48 month time scales.

The definition of drought proposed is based on standardized precipitation. Standardized
precipitation is simply the difference of precipitation from the mean for a specified time
period divided by standard deviation where the mean and standard deviation are
determined from past records. The resulting value is the SPI for the particular
precipitation data point.

SPI can be calculated using the following expression:

X Ki L

SPI=

Where;

0= standardized deviation for the ith station.

Xi= precipitation for the ith station and kth observation.

Xi= mean precipitation for the ith station.

The index has the advantages of being easily calculated, having modest data
requirements (only precipitation), and being independent of the magnitude of mean
rainfall and hence comparable over a range of climatic zones. It does, however, assume
the data are normally distributed, and this can introduce complications for short time
periods (Agnew, 2000) The SPI has been accepted by the World Meteorological
Organization(WMO) as the reference drought index and it should be used by national
meteorological and hydrological services worldwide to characterize meteorological

droughtgHayeset al.,2011)
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McKee et al (1993) used the classification system shown in the SPI values table to
define drought intensities resulting from the SPI. Mcleeal (1993) also defined the
criteria for a “drought event” for any of the time scales: table 4-4)A drought event
occurs anyime the SPI is continuously negative and the event ends when the SPI
becomes positive. Each drought event, therefore, has a duration defined by its beginning
and end, and intensity for each month that the events continue. The accumulated
magnitude of drought can also be drought magnitude, and it is the positive sum of the
SPI for all the months within a drought event.

CATEGORIES

SPI value

Extremely wet

Z2+2

Severely wet

2+1.5t0<+2

Moderately wet

2+1to<+15

Near normal >-1to<+1
Moderately dry >-15t0 =-1

Severely dry >-2to0 £-1.5
Extremely dry <-2

Table 4-4 Classification of SPI categories defined by Mckegeal., (1993).

Based on an ahgis of stations across Colorado, they determined that the SPI is in mild
drought 24 % of the time; in moderate drought 9.2% of the time; in severe drought 4.4%
of the time; and in extreme drought 2.3% of the t{m&eeet al., 1993) Becausehe SPI

is standardied, these percentages are expected from a normal distribution of the SPI.
The 2.3% of SPI values within the “extreme drought” category is a percentage that is
typically expected for an “extreme” evemtilhite, 1995)

The SPI dbws the determination of duration, magnitude and intensity of droughts
(Hayeset al, 1999) Its main advantage is that it can be calculated for several time scales
(McKee et al., 1995; Komuscu, 199@Nnd identifes various types of drought; hydrological,
agriculturalor meteorological. The SPI has been extensively used for drought analysis

in many studiege.g., Hayet al., 199; Lanaet al., 2001; Vicente-Serrarei al. 2004, 2006, 2008,
2010; Mavromatis, 2007; Kingtset al. 2008, 2009; Dubrovskgt al. 2007b, 2008; Wet al. 2009;
Subastet al. 2010) and has become an important component in many drought monitoring

efforts (i.e, the U.S. Drought Monitor (NCDC and NDMC), North American Drought
Monitor (NOAA) and European Drought Observatory (EDC). Lloyd-Hughes and
Saunders (2002) developed a high spatial resolution, multi-temporal SPIl-based

climatology of Europe and SPI maps are operationally available for the U.S.A. as well.
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The main criticism of SPI is that its calculation in based on precipitation data. The index
does not consider other variables that can influence droughts, such as temperature,
evapotranspiration, wind speed, solar radiation, among others. Knowing that
precipitation is the main driver of droughitécente-serranet al.,2010 and 2011; Dai, 2011 and

2012; Sheffieldet al.,2012), other variables as temperature or evapotranspiration can have
an important ole when a drought episode is developing. In fact, the use of drought
indices which include temperature data in their formulation is more suitable than others,
especially for applications related to current global warming or future climate scenarios
(Vicente-Serrano et al., 2010)

In this stug, the SPI was computed for the 22 locations spread over the lberian
Peninsula using the calibration period 1906-2010 (the whole period) to calculate the
main parameters of the algorithm. Monthly precipitation was required for each location
to compute SPI and, averaging the 22 SPI time-series, the regional SPI time-series was
performed.

For this work, a software package has been used to compute SPI available at the web
repository of the Spanish National Research Council:
http://digital.csic.es/handle/10261/1000Rast visit: 09-05-2013).
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4.3.3. The SPEI computation and drought severity classification

The recently described Standardized Precipitation-Evapotranspiration Index (SPEI)
(Vicente-Serrano et al., 2018 based on the original SPI calculation procedure. The novelty
of SPEI is thentegration of the evapotranspiration (PET) in its algorithm and represents
a simple climatic water balance which can be calculated at different time talet-
Serranoet al., 2010) The SPEI combines the sensitivity of Palmer’'s Drought Severity
Index to change in evaporation demand (caused by temperature fluctuations and
trends) with the simplicity of calculation and the multi-temporal nature of the SPI. The
new index is particularly suited to detect, monitor and study the consequences of global
warming on drought conditions. SPI and SPEI are purely statistical, and are not
intended to reproduce the water balance of any particular system. The advantages of
such indices are that:

a) Their calculation only requires climatological information, which is often

available and of reasonable quality.

b) They do not require any assumptions about the system being modelled.

c) They compute the climatological anomalies for periods of exact length (termed

the “time scale” of the index.
The ability to calculate these indices at various time scales allows choice of the scale
most appropriate to the system under study, and can be achieved using simple statistics
such as correlation analysigicente-Serrancet al., 2011). With the development of the
SPEI they sught to resolve the main criticism of the SPI, namely that it is based on
precipitation data alone.
SPEI values are distributed in 7 categories (as Sl table 4-5 and 4r4using a

comprehensivelassification depending of the severity of dry or wet conditions.

CATEGORIES SPEI value
Extremely wet 2+2
Severely wet 2+1.5t0<+2
Moderately wet 2+1to<+1.5
Near normal >-1to<+1
Moderately dry >-15t0 -1
Severely dry >-2t0 £-1.5
Extremely dry <-2

Table 4-5 Classification of SPEI categories based on Mcé&tea., (1993).
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The SPEI formulation is based on the following steps:

a) PET estimation.

b) Difference between the precipitation and PET for a given month.

c) A normalization of the water balance into a Log-Logistic probability distribution

to obtain the SPEI index series.
The first step to compute SPEI is related to the PET estimation which is clearly
explained in section 4.3.4. With a value for PET, the difference between the
precipitation (P) and PET for the monitlts calculated according to:
D = R-PET,

which providesa simple measure of the water surplus or deficit for the analyzed month.
Tsakiris et al., (2007) proposed the ratio of P to PET as a suitable parameter for
obtaining a drought index that accounts for global warming processes.

The calculatedD, values are aggregated at different time scales, following the same
procedure ashat for the SPI. The differendéik,j in a given morit j and yearn depends

on the chosen time-scale,
SPEI need taise three parameter distributions since in two parameter distributions the

variable (x) has a lower boundary of z€de> x <), whereas in three parameter
distributions (x) can take values in the rafige x <o, wherey is the parameter of
origin of the distribution), consequently, (x) can have negative values, which are
common in D series. To mode]values at different time-scales are used the probability

densityfunction of a three parameter Log-Logistic distribution:
f00=2 Yy ar XYy
a a a
Wherea , fandy are scale, shape and origin parameters respectively for D values in the
rangef > D < ).
The Log-Logistic distribution adopted for standardizing the D series for all time-scales
is given by:

FO9 =[L+(_"

) 1™
y

X

F(x) value is the transformed to a normal variable by means of the following
approximationAbramowitz and Stegun, 1965)
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SpEI=w - G+ GWr W
1+ d+ dW? + dW?

whereC,, C,C,,d,,d,,d,are similar constants as SPI and W is probability-weighted

moments:

W - - 2 ln(P) P<05-theprobabiityofexcedingadeter min edDvalue

The averagevalue of SPEI is 0, and the standard deviation is 1. The SPEI is a
standardized variable and it can therefore be compared with other SPEI values across
time and space.

The complete calculation procedure for the SPEI can be found in Vicente-Saredino
(2010).

Vicente-Serrano et al., (2010b) created a new global 0.5° gridded dataset (1901-2006) of
a multi-scalar drought index (SPEI), which considers the joint effects of temperature
and precipitation on droughts. The main advantage of the new dataset lies in its multi-
scalar character, which allows discrimination between different types of drought. This
gridded SPEI dataset is freely available in different file formats in the web repository of
the Spanish National Research Councill Agency (CSIO), at
http://hdl.handle.net/10261/2244%st visit: 09-05-2013

Some studis tested the reliability and consistency of SPEI compared with other drought

indices obtaining better results as a global gridded (viagnte-Serrano et al., 201085 a

few locatons around the worldv(cente-Serrano et al., 2010Y herefore, drier conditions

were dete@d using SPEI in Czech Republieotop et al., 2011)and for detecting
agricultual droughts in Republic of Moldovy&otop, 2011)

In this study, the SPEI was computed for the 22 locations spread over the Iberian
Peninsula using the calibration period 1906-2010 (the whole period) to calculate the
main parameters of the algorithm. Monthly precipitation was required for each location
to compute SPEI and, averaging the 22 SPEI time-series, the regional SPEI time-series
was performed. Moreover, the SPEI was re-computed for each location using the
monthly temperature climatology as input data (computed for the common period 1906-
2010) instead the actual monthly mean temperature in order to assess the drought
variability across the Iberian Peninsula without the effect of global warming.

For this work, a software package has been used to compute SPEI available at the web
repository of the Spanish National Research Council:
http://digital.csic.es/handle/10261/1000@ ast visit: 09-05-2013).
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4.3.4. The PET estimation method

The estimation of Potential Evapotranspiration (PET) is required to compute the Sc-
PDSI and theéSPEI drought indices. There are different methods to compute potential
evapotranspiration, such as Thornthwéiternthwaite, 1948) Penman-MonteithA{len et

al., 19944 Hargreaves, among others The use of one or another PET estimation method
strongly depeds on the long-term available data to compute them. Generally, PET
estimation methods that require greater amount of data to compute PET are physically
more realistic than others which less amount of data are needed.

For example, only monthly mean temperature, latitude and month is required to
compute Thornthwaite PET estimati@rhornthwaite, 1948)while many climatological
variables e implied to the computation of Penman-Monteith PET estimation
(parameterization developed by the Food and Agricultural Organization (FAAé)et

al., 1994h Ekstréom et al., 2007). In this way, PET is generally though to be more
realisticdly estimated using Penman-Monteih type approa¢hsesder Schrieet al., 2011;

Dai, 2010, 2011 and 2012; Sheffigdtial., 2012, among othersPenman-Monteith developed by
FAO defined the reference or potential evapotranspiration as the rate of
evapotranspiration from hypothethical reference crop with an assumed height of 0.12m,
a fixed surface resistance of 70 s m-1 and an albedo of 0.23, closely resembling the
evapotranspiration from an extensive surface of green grass of uniform height,
completely shading the ground and with adequate wgaten et al, 1994b) The
algorithm for he FAO PET estimation is:

0408A(R - G) + y— 200

A+y @+ 034U,)

Uz(ea _ed)

WherdJ,is the wind speed at 2 m height; G is the soil heat flux related to monthly
mean of ddy averaged temperatures of the preceding and following mahtbgers to

the slope of the vapour pressure curve based on the saturation vapour pressure and the
monthly mean of daily averaged temperatuRess the net radiation at the crop surface

and it iscomputed as the difference between short-wave radiation (based on monthly
cloud cover data) and long-wave radiation (based on monthly averages of daily total
extraterrestrial radiation); effective emissivity of the atmosphere (related to relative
humidity); emissivity by the vegetation; and an adjustment for the cloud cover.
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Otherwise, Thornthwaite PET estimation meth@thornthwaite, 1948) uses the
relationship beaveen monthly mean of daily averaged temperatures, T, to compute PET,

which is given by:
PET = 16(1?1-)a

Where PET is in mm month-1 and a, is given by a third-order polynomial in the heat
index I. The heat index is developed for this purpose and has 12 monthly means of daily

averaged temperature values for each year as input.

=30

The numerical implementation of the last equation is that max (T, 0) is taken as input to

1514

the summation rather than T.
Finally, to account for variable day and month lengths, PET is adjusted to:
PET=PET @ /30)(h /12)

Whered is the length of the month (in days) and, h is taken as the duration of daylight
(in hours) on the fifteenth day of the month. The latter correction ensures that the
Thornthwaite parameterization for PET is related to the latitude of the site considered,
next to the monthly means of daily averaged temperatures.

For this study, the only method to be applied to estimate PET was Thornthwaite since
there were not long available series of observed wind speed, relative humidity, solar
radiation and cloud cover for the period under study (1906-2010). Therefore, other more
robust methods like Penman-Monteith unfortunately could not be applied in this case.
As is shown, Thornthwaite’s method was formulated in 1948 and it is based on the
assumption that radiation is the main driver of temperature variability. Therefore, the
Thornthwaite’s method estimated the radiation based on the temperature. This
assumption could be valid under the climate conditions in 1948, but under the current
global warming conditions, the temperature increase is not driven by increased radiation
but it is caused by increased greenhouse gasses emiSsion®net al., 2007; Fielct al.,

2012). In this way, the Thornthwaite’s approach is currently overestimating PET since
the methods overestimating solar radiation, which is not increasing in parallel to the
temperature increase. Thus, the possible limitations of the followed approach to
compute PET and how the observed drought trends could be affected in some way by

the method applied will be thoroughly discussed in section 6.
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4.3.5. The concept of time-scale

The concept oftime-scale in drought has been widely used by drought scientists
because a drought is considered as a multi-scalar phenomenon. McKee et al., (1993)
clearly illustrated this essential characteristic of droughts through consideration of
usable water resources including soil moisture, ground water, snow-pack, river
discharges, and reservoir storages. The time-period from the arrival of water inputs to
availability of a given usable resource differs considerably. Thus, the time-scale over
which water deficits accumulate becomes extremely important, and functionally
separates hydrological, environmental, agricultural and other kinds of droughts. Short
time scales are considered an agricultural and/or meteorological drought because they
indicate the water content of vegetation and the soil moisture conditions while at a time
scale of 12 months or more, droughts are less frequent, but they last longer. These time
scales are considered a hydrological drought, because they are used for monitoring
surface water resources, e.g. river flows, reservoir or lake (gieehte-Serrancet al.,

2006).

Numerous scientific studies have shown that particular systems and regions can respond
to drought conditins at very different time scales in order to identify various types of
drought (meteorological, agricultural or hydrologig@alaiet al.,2000; \Vicente-Serrano and
Lopez-Moreno, 2005; Vicente-Serrano, 2007 and Vicente-Seetaalg 2010 and 2011

As an examm, it is common to find that two months without precipitation can produce
drought conditions in the soil moisture suffering meteorological and/or agricultural
drought. But, this lack of precipitation probably will not have an immediate effect on
the discharge of large river systems, or in the level of water stored in the reservoirs of a
region. However, the opposite situation can also occur. For example, five years of low
precipitation will probably produce a severe hydrological drought in terms of river
discharge and reservoir storages, but during the same drought period high precipitation
events can produce high levels of soil moisture removing the meteorological and
agricultural drought, although hydrological drought is remaining. Thus, it is common

for drought conditions to occur in only a part of hydrological cyciente-Serranet al.,
20117).
For this ra@son, it is crucial that drought indices are able to detect drought conditions at

different time-scales in order to identify various types of droughts.
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The PDSI and the Sc-PDSI represent a fixed time-scale that typically varies between 9
and 18 months, with spatial differences among regions depending on local
characteristic§Guttman, 1998; Vicente-Serrams al., 2010b). The PDSI was designed to be
strongly autceorrelated to account for the impact of land memory on drought
conditions(Dai, 2011) and for this reason it is not able to detect drought on time-scales
shorter than 12nonths(Vicente-Serranet al.,2011). However, time-scales between 2 and 9
months are ver useful in some regions for capturing the drought response in several
hydrological, agricultural and environmental systems. Otherwise, the PDSI and the Sc-
PDSI are useful for the analysis of hydrological droughts because it is significantly
correlated to stream floyai et al., 2009 and 2011; Vicente-Serraebal.,2011). However, SPI

and SPEI arable to detect wet and dry conditions at different time scales taking into
account the complexity of drought phenomenon and the exactly period (time-scale) in
which the antecedent conditions are affecting the value of the index can be determined.
Moreover, SPI and SPEI can be compared at different time-scales between them
because a robust statistical meaning is expressed as a standardized anomaly, whereas
the units of the PDSI are not so easily interpreted.

Nevertheless, the time-scale selected to quantify droughts strongly depends on the
interest of each study. In the case of the Iberian Peninsula (our area of interest), the
economic importance of non-irrigated agriculture (mainly cereals) has decreased in the
last decades. For this reason, the analysis of short time scales, indicative of agricultural
drought, is currently of less interest. Meanwhile, the increase in tourist activities and
irrigation in the Iberian Peninsula have raised water demands for life, making
hydrological droughts more damaging to the society and the economy, producing water
restrictions and losses on irrigated |gmidraleset al.,2000 ad Del Moralet al.,2003) In this

way, Lorenzokacruz et al., (2012) analyzed the streamflow evolution in the whole
Iberian Peninsula between 1945 and 2005, providing evidence of a general decrease in
river flows between 1-3% in the Iberian Peninsula over the last 60 years for both
regulated and non-regulated rivers. They found general trends of decreasing streamflow
for winter and spring (and hence also in annual streamflow) in the Iberian Peninsula can
be closely related to a decreasing precipitagRanrigo and Trigo, 2007; Mourat al., 2009)

but also to weer management. The downward trend of streamflows for the wet season
primarily caused by the decreasing precipitation trend can be exacerbated by the typical

water management strategy, consisting on filling the reservoirs during the wet season
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(even at the expense of decrease winter and spring streamflows) to guarantee water
supply in summer. Together with climate variability, change in land cover or land use
may play an important role in the evolution of streamflow. Main changes are related to
an increase of the forested land within the Iberian Peninsula and an expansion of the
irrigated surface, which is closely related to water management strategies. The
development of irrigated agriculture in Spain has increased the extension of irrigated
land producing an increase of water demand, especially during drought pgesia®é

and Claveia, 2007) Moreover, there has also been a substantial increase in the population
with the consguent growth of the cities, representing a substantial increase in urban
water demand. Therefore, tourism is growing in the Iberian Peninsula causing also a
markedly increased of water demand, mainly in the Mediterranean coastland areas,
while could also be determining the large negative streamflow observed in this area.
Water management strategies are one of the main factors explaining the observed
streamflows patterns and water is progressively released during the dry season to
guarantee the summer water supply for human consumption and irrigation.

The future evolution of river flows in the Mediterranean region present a great
uncertainty. Climate models project a decrease in precipitation of approximately 20% in
the Mediterranean regiofiPCcc, 2007)at the end of Z1century. For these reasons, a
large temporaunit of analysis in SPI and SPEI (12 months) is favoured for this study,
since it is more suited to monitor hydrological than agricultural droughts in the Iberian

PeninsulgHayeset al., 1999 an Vicente-Serrano, 2008)
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4.4. Trends computation

The evolution ofannual and seasonal temperature, precipitation, drought variability
(from drought time-series) and drought parameters (severity, duration and magnitude) is
assessed by computing trends for the period 1906-2010. In this study we use a robust
statistical technique to compute the sign and the significance of observed trends called
Mann-Kendall test (Mann, 1945; Kendall, 1955 and 1970) and applied according to
Wang and Swalil, (2001).

The Mann-Kendall test is a nonparametric test for randomness against trend. According
to Mann, the null hypothesis of randomness states that the data are a sample of n
independent and identically distributed random variables. The test statistic S is defined

as:
n-1 n
S=> >sgn(Y, -Y,)
k=1 j=k+1
The distribution of S under null hypothesis is symmetrical and is normal in the
limit n - co. Under null hypothesis, the mean of S is zero and, in case of no ties (e.g. no

multiple values for the same sampling time), the variance of S is given by:
V2 =np-1)(n+5)/18
When trend exists, the time-series can be described by linear reghessm bt+ [,
where [J, derotes a white noise process, and a and b are regression parameters that are

usually eimated using a least square estimator. However, the least square estimator of
b is vulnerable to gross errors and the associated confidence interval is sensitive to non-
normality of the parent distribution (Sen, 1968). In this study, the estimator of b
proposed by Sen, (1968) is used, which is based on Kendall's rank correlation (see
Wang and Swail, (2001) for more detalils).

The statistical significance of trends is obtaiaedhe 99% (p<0.01) and 95% (p<0.05)
significarce level provided by the p-values and the 95% confidence interval of trends is
also computed to fix the margin of error related to trends.

It is evident that time series of drought indices present a strong autocorrelation, given
the cumulative character of drought phenomenon (implicit in the algorithms), especially
when large time-scales are selected for computation. The result of the Mann-Kendall
test depends strongly on the autocorrelation. As example, if there is a positive

autocorrelation in the time-series, the test rejects the null hypothesis more often than
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specified by the significance level (von Storch and Navarra, 1995). In other words, the
autocorrelation increases the probability that the test detects a significant trend in the
time-series, whether it is there or not. For this reason, autocorrelation should be
removed from the time-series prior to computing the Mann-Kendall test. Applying that,
more reliable trends will be ensured.
The pre-whitening procedure (Von-Storch and Navarra, 1995) is the method selected for
this study to remove autocorrelation from observed trends. This is based on the 1-month
lag autocorrelation coefficient of the series, as follows:

Xp = X, — X,
Where Xp, is thevalue of the pre-whitened series for the t interval, X is the value of the

original seies for the t interval, and r is the estimated autocorrelation coefficient.

Prior to the correction of the effects of autocorrelation, the Trend-free pre-whitening
method proposed by Yt al., (2002) is followed to remove the trend (if present). The
procedure involves the following steps:

1. Calculation of the slope (b) of the original series using a linear regression.

2. Calculation of the autocorrelation coefficient r, which is the slope of the
linear regression between the de-trended s¥riesnd the lag-1 de-trended
seriesX ;= 1 Removal of the autocorrelation coefficient of the de-trended
series waperformed as follows:

Y, = X, - X=X -T,
Where theaesuting seriey’, is independent.
3. The predictdT, and the residual serie§, were summed:
Y =T +Y,

ensurng thatthe resulting series preserved the original trend and was not

affected by autocorrelation.

More detailed information about the application of the explained method can be found
at Lorenzo-Lacruzt al., (2012), whom removed autocorrelation to get more reliable

trends related to assess the stream-flow evolution in the Iberian Peninsula for the period
1945-2005.
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4.5. PCA’'s definition, computation and principal component

rotation

Principal Conponents Analysis (PCA) is possibly one of the most widely used
multivariate statistical techniques in the atmospheric sciences. The technique became
popular for analysis of atmospheric data following the paper by Lorenz (1956), who
called the techniquempirical orthogonal function (EOFanalysis. Both names are
commonly used, and refer to the same set of procedures.

Multiple methodological descriptions of PCA can be found in literatisiife, 1990,

Wilks, 195), however, the definition and application of PCA on atmospheric sciences are
clearly desdbed in Wilks, (2006).

Wilks indicates that PCA reduces a data set containing a large number of variables to a
data set containing fewer (“hopefully many fewer”) new variables. These new variables
(denominatedrincipal component (PQ)are linear combinations of the original ones,

and these linear combinations are chosen to represent the maximum possible fraction of
the variability contained in the original data. Data for atmospheric and other
geophysical fields generally exhibit many large correlations among the variables, and a
PCA results in a much more compact representation of their variations. PCA has the
potential for yielding substantial insights into both the spatial and temporal variations
exhibited by the field or fields being analyzed, and new interpretations of the original
data can be suggested by the nature of the linear combinations that are most effective in
compressing the data.

Usually it is convenient to calculate de PCs as linear combinations of the anomalies.
The first PC is that linear combination of anomalies having the largest variance. The
subsequent PCs are the linear combinations having the largest possible variances. The
result is that all the PCs are mutually uncorrelated. A small set of uncorrelated variables
is much easier to understand and handle for further analyses than a larger set of
correlated variable®ae Haet al.,2011)

For any PC, the defined vector for the coefficients of different variables is called
eigenvectoland the sum of the eigenvector components resultsigeavalugor a PC.
Multiplying this value per 100 and divided with the number of variables provides the

percentage of the explained variance for each component.
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The subject of PCA is sometimes regarded as a difficult and confusing one, but much of
this confusion derives from a proliferation of the associated terminology, especially in
writings by analysts of atmospheric datalks, 2006) The term coefficienis also a usual

onein the statistical literature and, for this reason this coefficient will be caisght

from now to avoid confusions. The temeight expresses better the contribution of
each variable to the component than others.

Obviously, the main purpose of PCA is not to obtain the same number of components
than original variables, but to obtain a reduced number of principal components
explaining most of the variance of the original variables. In this way, most of the
information content of the data may be represented using some smaller number of the
principal components. There is no clear criterion that can be used to choose the number
of principal components that are best retained in a given circumstance. The choice of
the truncation level can be aided by one or more of the many available principal
component selection rules, but it is ultimately a subjective choice that will depend in
part on the data at hand the purposes of PCA. Perhaps the most basic criterion is to
retain enough of the principal components to represent a sufficient fraction of the
variances of the original variables. Of course the difficulty comes in determining how
large the fraction must be in order to be considered sufficient. Jolliffe (2002) suggests
that between 70% and 90% of explained variance may often be a reasonable range.
Basically, there are two main criterions to choose how many principal components are
needed to extract for each PQAilks, 2006)

The first one is called Kaiser’s rule (Kaiser, 1960) and involves comparing each
eigenvalue (andherefore the variance described by its principal component) to the
amount of the joint variance reflected in the average eigenvalue. Principal components
whose eigenvalues are above this threshold are retained. Kaiser proposed the threshold
parameter T>1. Jolliffe (1972, 2002) has argued that Kaiser’s rule is too strict (typically
seems to discard too many principal components). He suggested that the alternative
T>0.7 often will provide a roughly correct threshold, which allows for the effects of
sampling variations.

On the other hand, Cattell (1966) proposedsitree graph for determining the number

of principal components to be retained. Plotting the eigenvalue spectrum with a linear
vertical scale produces what is known assbeee graph. When using the scree graph
qualitatively, the goal is to locate a point separating a steeply sloping portion to the left,

and a more shallowly sloping portion to the right. The principal component number at
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which the separation occurs is then taken as the truncation cutoff. As described above,
the scree-slope criterion does not involve quantitative statistical inference.

Finally, the application of PCA for climatic series can be performed in six possible
operational modes that can be specified in PCA according to Richman (1986). But,
basically S or T modes are the most used for climatic series depending on the role
which plays the various elements (variables or cgseshte-Serranet al., 199). T-mode
identifies sib-groups of observations to obtain similar spatial patterns being the time
observations as variables and the observatories as cases. Meanwhile, S-mode is used to
obtain general temporal patterns of climatic series: the observatories are the variables;
and the time observations the cases.

However, the orthogonality constraint on the eigenvectors can lead to problems with
these interpretations, especially for the second and subsequent principal components
(Wilks, 2006).Although the orientation of the first eigenvector is determined solely by the
direction ofthe maximum variation in the data, subsequent vectors must be orthogonal
to previously determined eigenvectors, regardless of the nature of the physical processes
that may have given rise to the data. The first principal component may represent an
important mode of variability or physical process, but it may well also include aspects
of other correlated modes or processes. Thus, the orthogonality constraint on the
eigenvectors can result in the influences of several distinct physical processes being
jumbled together in a single principal component.

When physical interpretation rather than data compression is a primary goal of PCA, it
is often desirable to rotate a subset of the initial eigenvectors to a second set of new
vectors referred to different coordinates. The principal component rotation consists
basically in a mathematical transformation that replaces the retained PCs obtained in
PCA by the same number of derived variables. The explained variance in the PCs is not
altered by the rotation and the rotated eigenvectors are less prone to the artificial
features resulting from the orthogonality constraint on the unrotated eigenvectors
(Richman, 1986)

Following rottion of the eigenvectors, a second set of new variables is defined, called
rotated principal components (RPCd)he rotated principal components are obtained
from the original data analogously, as de dot products of data vectors and the rotated
eigenvectors. Depending on the method used to rotate the eigenvectors, the resulting

rotated principal components may or may not be mutually uncorrelated.
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Richman (1986) lists 19 approaches to defining the rotation matrix in order to achieve
simple structure, although his list is not exhaustive. However, by far the most
commonly used approach is the orthogonal rotation called/#ingnax (Kaiser, 1958)

This type oforthogonal rotation of the PCs minimizes the number of variables which
have high weights in a particular component. The objective is to obtain a more
interpretative results being the best correlated variables which have high weights in the
same component and less weights to other components. The results of eigenvector
rotation can depend on how many of the original eigenvectors are selected for rotation.
Moreover, Varimax rotation simplifies the spatial structure by isolating regions with
similar temporal variations, being the most orthogonal method to improve the creation
of regions of maximum correlation between the variables and the compSemnisct

al., 2010.

There are rany studies applying principal component analysis (PCA) on drought
indices to obtain spatial-temporal variability of droughts in a global or regional time
scale. Day (2004) applied PCA in PDSI series from 1882 to 2002 for global land areas
on a 2.5° grid in order to detect wetter or drier conditions across time on monthly and
seasonal basis. Day (2011) updated and improved the results obtained from the global
PDSI dataset (1850-2008) applying PCA again to investigate the drying effect of global
warming. Otherwise, Bordet al., (2006) studied the behaviour of droughts in some
regions of the world using ERA-40 and NCEP/NCAR re-analysis precipitation data.
Then, the leading spatial-temporal variability of dryness and wetness has been assessed
by applying PCA to the SPI time series. Moreover, Daeet., (2011) applied PCA

to the SPI time series in order to evaluate the vulnerability of agricultural drought of
major river basins in Korea, and Zuluaga (2009) found spatial-temporal patterns of
droughts in Colombia computing PCA in SPI time series. Finally, Seuah, (2011)

have performed a PCA on the PDSI and Sc-PDSI datasets for the Mediterranean basin
to obtain regions that can be considered relatively homogeneous in terms of drought
characteristics.

On the other hand, Vicente-Serrano (2005) investigated the differences in spatial patters
of drought on different time scales applying PCA to the SPI series focused in the Iberian
Peninsula from 1910 to 2000. Boroneahtal., (2011) investigated drought variability

over Iberian Peninsula using two monthly global datasets; the Sc-PDSI and SPEI having
a spatial resolution of 0.5° of gridded data for the period 1901-2006. They compared

both datasets in terms of explained variance, patterns of variability and temporal
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evolution of PCs computing PCA. Finally, Laetal., (2001) and Santes al., (2010)
identified spatial patterns of drought using PCA on SPI time series for Catalonia and
Portugal respectively.

In this study, Principal Component Analysis (PCA) was applied at annual and seasonal
time-scale in 12-month SPEI time-series from 1906 to 2010 for detecting spatial-
temporal variations of droughts along the year. S-mode was used to obtain general
temporal patterns of climatic series: the observatories were the variables; and the time
observations were the cases. Kaiser's rule was applied to truncate the number of
principal components under the two recommended thresholds [e0iffié, 1986) and

T>1 (Kaiser, 1958, Serranet al., 199 and 2005) TOo achieve more stable spatial patterns, a
rotation of tke principal components with Varimax procedure was perfor(wede et

al., 1991, Serrancet al., 1999 and 2005 and Santesal.,2010) The patterns defined in this way

were refered as rotated principal components (RPCs).
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4.6. Defining droughts and wet events and their parameter

estimation

After choosingthe appropriate drought index for the Iberian Peninsula and the time
scale of interest, wet and dry events are computed. Using Monthly SPEI, we can
identify a dry or wet event as the time period which a determined number of
consecutive months remain in dry or wet conditions. A dry or wet period indicates the
dominance of abnormally dry or wet conditions across time (in average), although some
interruptions in these conditions can exist. For example, an abnormally dry period was
identified from early-1980s to mid-199Qsce fig. 4-16) Note that not all the months
comprised irthe dry period need to be dry themselves, but various dry events could be
detected in the dry period. Obviously, from early 1880s to mid-1990s, there were some
dry and wet events simultaneously, but in general the period was abnormally dry.

McKee et al., (1993) defined a drought event as a period in which the SPI is
continuously negative and reaches a value of -1 or less. The same criteria can be applied
to SPEI. However, some drought events may have prolonged drought duration, but a
moderate SPEI for each period that does not reach -1 or less. The cumulative SPEI for
such events (e.g. thé"®vent infig. 4-16), however, are likely greater than those for
events with ashort duration that have a SPEI less than -1. Serious water supply and
other drought-related problems are also caused by this type of @mebbasiet al.,

2011). As a result, according to Loukas and Vasiliades (2004), a drought event is defined
as a continuouperiod for which the SPEI is below zegghiau, 2006) Obviously, a wet

event will be dahed as a continuous period for which the SPEIl is =0 > 0.

In addition, some parameters related to drought and wet event can be computed from
the identification of dry and wet events. Maximum and averaged severity, duration,
magnitude, the onset and offset months and the inter-arrival time of droughts and wet
events are the selected parameters to identify changes in their behaviours across time.
Maximum severity refers to the maximum monthly index value recorded for each

drought or wet eventms in fig. 4-16) while the average sevety is related to the

average index value for each drought or wet event.
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Figure 4-16: Definition sketch of drought events. Detected droughts and wet events are shown over
Iberian Peninsula for the period 1941-1960 as an example.

Drought lengh or duration (D) is taken as the number of consecutive intervals
(months) where SPEI remains below zero (or upper zero in the case of wet events).
Since the drought event is defined at aggregation of monthly time scale, the minimum
duration of drought or wet event is one mo(rhddyet al., 2011) Drought magnitude

(M) is the cumulative values of SPEI within the drought duration (or wet event). For

convenience, magnitude of drought evei, | = (1% .taken to be positive, which

is given by M&eeet al., (1993).
D
M, =-> SPE|
i=1

Where SPE| is value ofi"™ period SPEI for a D duration drought event.

The inter-arrival time (L) is defined as the period (number of months) between the
beginning of a drought (or wet event) and the beginning of the next drought (or next wet
event). This parameter is related to drought frequevieykbariet al.,2010).

Finally, theonsetof a drought (or wet event) refers to the first month which SPEI value
is below zero (negative in droughts and positive in wet events) ardfsieeis the first
month which the sign changed in monthly SPEI values (from negative to positive in the

case of droughts or vice versa in wet events).
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After obtaining these parameters from observed droughts and wet events, some changes
in temporal evolution of droughts and wet events can be found out. In order to detect
changes on their behaviours, the trend values are computed using simple linear least-
squares regressions. Statistical significance is obtained through Mann-Kendall test
(Kendall, 1970)at a 0.05 (95%) and 0.01 (99%) levels. Moreover, the 95% confidence
intervals ofthe trend coefficients are also estimated from tabulated valeesection

4.4).
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Chapter 5

RESULTS

This ctionresults from the application of the methodology described above over the
new MITPS dataset previously created. First of all, the climate fluctuations over the
Iberian Peninsula are described in terms of temperature and precipitation at annual and
seasonal time-scale. Then, we discuss the drought variability, which is approached by
the application of the most widely used drought indices (Sc-PDSI, SPEI and the SPI)
across the Iberian Peninsula for the common period 1906-2010. A trend analysis is
carried out on drought time-series in order to understand the behaviour of drought
conditions along the 30century and the first decade of theZentury. The relation
between temgrature change and drought trends under global warming is also evaluated.
Principal Component Analysis (PCA) is applied at annual and seasonal time-scale at 12-
month SPEI time-series for the common period 1906-2010 in order to detect spatial-
temporal variations of droughts across th& 2éntury and in the first decade of thé'21
century.

Finally, the characteristics and trends of the main parameters related to dry and wet
events are analyzed for the whole Iberian Peninsula and for the spatial-temporal patterns
found at annual time-scale. The severity, duration, magnitude and other interesting
parameters such as the seasonal distribution of the onset, offset and the period of the

maximum severity reached by dry or wet events are also studied.
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5.1. Climate fluctuations in the Iberian Peninsula

The variabilty of temperature and precipitation data is treated in this section for the

whole Iberian Peninsula from 1906 to 2010 at annual and seasonal time-scale.
Moreover, the linear trends and their statistical significance are also analyzed. This
analysis provides relevant information related to the behaviour of the main climate

variables in the Iberian Peninsula under the current climate change conditions.

5.1.1.Annual and seasonal temperature variability

Annual tempeature anomalies computed from 1906 to 2010 show a clear increasing
trend of 0.126°C/decade, statistically significant at the 99% lgwele 5-1) This is
consistent vith the Spanish temperature increase described by Betiakt2006for the

period 1850-2003. Otheregional studies showed a qualitative concordance with this
one (e.g. for the interior of Valencisjr6 et al., 2006 Castilla-Ledn,del Rioet al., 2005
Andalucia,Castro-Diezet al., 2@7 and Cataloniaylartinezet al., 2009.

The observetemperature increase is not constant across @#ves-1) A first period of
warming took phce between 1904 and 1929, followed by a stabilization of temperatures
during the 1930s and another short period of increasing temperatures during the 1940s.
A period of falling temperatures was identified from 1948 to 1973, but the final 1973 to
present warming episode was the period having the highest rates of change. The
warmest years appear between 1996 and 2010, being 2006 the warmest of the whole

Iberian time series.

Time-scale |Linear trend (°C/decade) 95% confidence intervals p-value
Annual 0.126 (0.097/0.155) 2.03E-08
DJF (Winter) 0.121 (0.063/0.174) 4.37E-05
MAM (Spring) 0.140 (0.084/0.190) 1.05E-04
JJA (Summer) 0.143 (0.089/0.189) 2.28E-06
SON (Autumn) 0.108 (0.062/0.151) 2.04E-05

Table 5-1 Summary of linear trends (in °C/decade) computed for annual and seasonal temperature in the
Iberian Reninsula (1906-2010). The associated 95% confidence intervals and p-values are also
shown. Bold (or Italic) values are referred to statistical significance at the 99% level (or 95%).
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Figure 5-1 Annual temperature anomalies (base-period 1961-1990) in the Iberian Peninsula for the
period 1906-2010. Red line represents a 10-year Gaussian filter applied over the annual series.

Moreover, seamal temperature anomalies also show a clear increase of 0.121°C/decade
for winter (DJF); 0.140°C/decade for spring (MAM); 0.143°C/decade for summer (JJA);
and 0.108°C/decade for autumn (SON), all statistically significant at the 99% level
(Table 5-1) Summer and spring are the seasons with the highest rates of change while
winter and awimn show lower trends. But, as described for the annual temperature
anomalies, the increase is not also constant across time in seasonal temperatures. Figure
5-2 represents the seasonal temperature variability over the Iberian Peninsula from 1906
to 2010 using the base-period 1961-1990. The variability of winter temperatures does
not show high rates of change during a long period (from 1906 to 1970), dominated by
alternating warm and cold winters. The first period of a clear warming took place since
1970 followed by a stabilization of temperatures between 1980 and 1990. The second
warming period began in 1991 until 1998 followed by a stabilization of temperatures
during the last years of the time-series. Otherwise, the variability of spring temperatures
is higher than in winter because the first warming period took place earlier, between
1939 and 1945, followed by a stabilization of temperatures until 1961. A clear decrease
of temperatures was identified from 1962 to 1971, being the last one the coldest spring
of the time-series. Finally, a clear warming period was recorded from 1972 to 1997,
being the last one the warmest spring over the Iberian Peninsula. The last years of the

time-series were dominated by a slight decrease of temperatures in spring.
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Figure 5-2 Seasonal temperature anomalies ordered as winter (DJF, upper panel), spring (MAM),
summer (JJA) and autumn (SON, lower pannel) (base-period 1961-1990) in the Iberian
Peninsula for the period 1906-20Rkd line represents a 10-year Gaussian filter applied over
the annual series.
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Furthermore, the variability of summer temperatures show a short warming period at the
beginning of the time-series, from 1912 to 1921, followed by a stabilization of

temperatures until 1939. As occurred in spring temperatures, another warming period
was identified from 1939 to 1949, although a decreasing period began in 1950 and
prolonged until 1977, being the last one the coldest summer in the time-series. From
then, a clear warming period was detected until 2005, being the summer of 2003 the
warmest summer ever recorded in the Iberian Peninsula with an anomaly of almost
+3°C. Finally, the variability of autumn temperatures show a first period of warming

between 1919 and 1947 followed by a decreasing of temperatures until 1976 (the
coldest autumn of the time-series). The last warming period began in 1977 and

prolonged until 2010 in spite of this warmer period was not constant across time.
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5.1.2. Annual and seasonal precipitation variability

Annual precipitation anomalies for the whole period in the Iberian Peninsula are
dominated by a high inter-annual variability accompanied by a slight increase
statistically non-significant at the 95% level of 2.4 mm/decgdg 5-3). This is
consistent vth Trenberthet al, (2007), who did not detect a generalized and significant
decrease of precipitation in the Mediterranean basin including the Iberian Peninsula.
Other studies which dealt the evolution of the precipitation during tRec@ftury or
before concludé annual precipitation does not show appreciable changes in secular
time scalgLana and Burguefio, 2000; Llasat and Quintas, 2004; Saladié, 2004; Barrera-Escoda, 2008;
CLIVAR, 2010).

Despite thehigh inter-annual variability, some dry and wet periods can be identified.
From 1906 to 1935 dry conditions dominated but, between 1936 and 1942, wet
conditions were more frequent, but dry conditions came back from 1943 to 1958. Then,
very wet years appeared in 1960s and early 1970s, followed by a progressive dry
conditions produced at the end of 1970s, 1980s, and more intense in 1990s. Finally, the
first decade of 21 century was generally dry with 2005 being the driest year of the
Iberian timeseries.
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Figure 5-3 Annual precipitation anomalies (base-period 1961-1990) in the Iberian Peninsula for the
period 196-2010.Red line represents a 10-year Gaussian filter applied over the annual
series.
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As occurred in annual precipitation, seasonal anomalies show a very high variability
among Yyears in all seasons and during all time-series(king-4) The variability of

winter precpitation is based on the dominance of dry winters from 1906 to 1935
followed by a balanced combination of dry and wet winters between 1936 and 1958.
Wetter conditions dominated in 1960s and 1970s while dry winters came back in 1980s,
1990s and 2000s taking into account the isolated wettest winters of 1979, 1996 and
2010 ever recorded in the Iberian Peninsula. The variability of spring precipitation
shows a balanced distribution of wet and dry springs during most of the time-series,
although the dominance of wet springs was between mid-1940s and early-1960s while
dry springs were focused from early-1980s to late-1990s. Moreover, the variability of
summer precipitation shows a high variability among summers, but dry summers were
found in 1910s, mid-1920s, mid-1930s, mid-late-1940s, 1960s and from 1978 to 2010.
This last dry period was interrupted by wet summers occurred in 1982, 1983, 1987,
1988, 1992, 1997, 2002 and 2010, being 1992 the wettest summer of the time-series.
Finally, the variability of autumn precipitation shows dry periods in late-1910s, from
late-1920s to 1950s and in 1970s, wet periods in mid-1900s, early-1920s, in 1960s and
in 1980s while the last three decades of the time-series were dominated by a high
variability in autumn precipitation.

The linear trends computed for the seasonal precipitation anomalies show a non-
significant increasing trend in winter and autumn precipitation (at the 95% level) while

a non-significant decreasing trend is also detected in spring and summer precipitation

(Table 5-2)
Time-scale Linear trend (mm/decade) 95% confidence intervals prvalue
Annual 2.442 (-2.857/8.072) 0.457
DJF (Winter) 2.139 (-1.797/6.300) 0.401
MAM (Spring) -0.338 (-2.681/1.977) 0.696
JJA (Summer) -0.140 (-1.228/1.078) 0.713
SON (Autumn) 0.450 (-2.919/3.876) 0.663

Table 5-2: Summary of linear trends (in mm/decade) computed for annual and seasonal precipitation in
the Iberan Peninsula (1906-2010). The associated 95% confidence intervals and p-values are also
shown. Bold (or Italic) values are referred to statistical significance at the 99% level (or 95%).
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Figure 5-4: Seasonaprecipitation anomalies ordered as winter (DJF, upper pannel), spring (MAM),
summer (JJA), and autumn (SON, lower pannel) (base-period 1961-1990) in the Iberian
Peninsula for the period 1906-20Rkd line represents a 10-year Gaussian filter applied over
the annual series.
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5.1.3. Summary

Climate fluctuations over the Iberian Peninsula across tffece@tury and the first
decade of the2I™ century show a remarkable increase in annual and seasonal
temperaturedeing summer and spring the seasons with the highest rates of change. A
high inter-annual and seasonal variability in precipitation is identified, but a clear signal
related to the obtained trends is not found, although winter and autumn become slightly
wetter while spring and summer are slightly drier currently than before.

But the increase in temperatures was not uniform across time taking into account that
three different warming periods took place along th® @htury; in the first quarter of

the twentiel century, during the 1940s, and the warmest period with the highest rates of
change began in early-1970s to present being 2006 the warmest year of the Iberian time
series.

Despite the high inter-annual variability found in precipitation, dry periods can be
identified in 1910s, 1920s, early-1930s, mid-1940s, 1950s and from 1980s to the
present while wet periods can be found in mid-late-1930s, early-1940s, 1960s and
1970s. Finally, the first decade of*2&entury was generally dry with 2005 being the

driest yeaof the Iberian time series.
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5.2.Drought variability across the Iberian Peninsula

In this sedbn, we expose the results obtained after different analyses. First, the most
widely used drought indices such as Sc-PDSI, 12-month SPEI and 12-month SPI are
computed at monthly time scale to identify wet and dry periods across Iberian Peninsula
along the 1906-2010 period. The most relevant droughts are identified and validated
using documental sources. To ensure the quality of our results, the calibration of
drought indices is checked. Afterwards, a trend analysis is carried out for the whole
region under study as well as for each location individually in order to find out

significant fluctuations in drought conditions. Furthermore, the role of temperature in

drought indices is also assessed to quantify the effect of global warming on drought

trends. Finally, we study the evolution of the drought spatial coverage across time.
5.2.1. Identification and documentary validation of dry events

Drought variability is analyzed over the whole Iberian Peninsula computing over
regional series derived from MITPS the monthly Sc-PPl 5-5) 12-month SP{Fig.

5-6) and 12-morit SPEI outputgFig. 5-7)for the period 1906-2010 to detect wet and dry
periods.

Droughtvariability according to Sc-PDSFig. 5-5) shows wet conditions in late-1900,
mid-1930s, earlyand late-1940s, early and late-1950s, early-1960s, in 1970s, mid-1990s
and late-2000. Moreover, dry conditions are found in early-1900s, most of the 1920s
and 1930s, mid-1940s, early-mid-1950s, late-1960s and in most of the last three decades
of the time-series in which the driest conditions were identified over the Iberian
Peninsula in 1995 and in 2005 respectively. Note that extremely dry conditions (less or
equal than -4 in PDSI categories) are identified only in 1995 for the whole Iberian
Peninsula (regional average) while extremely wet conditions (greater or equal than +4
in PDSI categories) are not found in the Iberian time-series.

Drought variability according to 12-month SRig. 5-6) shows higher frequency of wet

and dry conditionghan Sc-PDSI time-series, but wet conditions are detected in mid-
late-1930s, early and late-1940s, early and late-1950s, early-1960s, in 1970s, early-
1990s and in early and late-2000s. Furthermore, dry conditions are found in mid-1910s,
early-mid-1920s, most of the 1930s, mid-1940s, mid-1950s, most of the 1960s and
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1970s, early-1980s, mid-1990s and mid-2000s. Extremely wet (greater or equal than +2
in SPI categories) or dry conditions (less or equal than -2 in SPI categories) are not
found in regional SPI time-series.

Finally, drought variability according to 12-month SRE}. 5-7) shows wet conditions

in late-1900s, a&rly-1910s, mid-late-1930s, late-1940s, early-1950s, most of the 1960s
and 1970s, late-1990s and late-2000s. Dry conditions are found in most of the 1920s
and 1930s, mid-late-1940s, mid-late-1950s and in most of the last three decades of the
SPEI time-series. Extremely dry conditions (less or equal than -2 in SPEI categories)
are identified in 1995 and in 2005 respectively while extremely wet conditions (greater

or equal than +2 in SPEI categories) are not found in regional SPEI time-series.
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Figure 5-5: Variability of wet and dry conditions over the Iberian Peninsula (1906-2010) using Sc-PDSI.
Red linerepresents a 10-year Gaussian filter applied over the annual series.

Severity (SP1)

-2.5
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 5-6: Variability of wet and dry conditions over the Iberian Peninsula (1906-2010) using 12-month
SPI. Redine represents a 10-year Gaussian filter applied over the annual series.
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Figure 5-7: Variability of wet and dry conditions over the Iberian Peninsula (1906-2010) using 12-month
SPEI.Red line represents a 10-year Gaussian filter applied over the annual series.

In general tems, the variability of wet and dry conditions computed over the three
different drought indices for the Iberian Peninsula, shows quite a good agreement. The
decades of 1920, 1940 and 1950 are abnormally dry in average while the decades of
1930, 1960 and 1970 are abnormally wet in all drought indices. The decade of 1910 is
wet according to the 12-month SPEI time-series, but it is slightly dry in Sc-PDSI and
12-month SPI time-series. Moreover, the last three decades of the time-series are
identified as abnormally dry in Sc-PDSI and 12-month SPEI while changing wet and
dry conditions are identified by the 12-month SPI. The increase in severity and duration
of abnormally dry periods from 1980 to present in Sc-PDSI and 12-month SPEI could
be related to the role of the evapotranspiration in drought indices, because the last three
decades are dominated by the maximum increase of temperatures in the Iberian
Peninsula, in phase with less precipitation than normal. This fact highlights the
importance of including temperature or evaporation in the evaluation of drought.

It is necessary to note that Sc-PDSI time-series show dry conditions during most of the
time-period with the exception of 1960 and 1970 decades while 12-month SPI and 12-
month SPEI represented higher frequency of dry and wet conditions than Sc-PDSI
during all the period. This statement could be related to some differences in calibration
among drought indices. For this reason, an analysis of the frequency distribution of
drought categories is needed to assess the statistical consistency and robustness of the
drought indices.

Available documentary sources are inspected in order to validate the detected driest
conditions from Sc-PDSI, 12-month SPI and 12-month SPEI. The most remarkable dry
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conditions are identified in 1945, in 1995 and in 2005. This can be seen in figures 5-5,
5-6 and 5-7. Documents obtained from official meteorological services or other
publications provide valuable objective information about drought impacts occurred
across time in the Iberian Peninsula.

EuskalMet (official regional meteorological service of the Basque Country autonomous
government) provides crucial information about the dry event occurred from 1942 to
1945 in a document entitled “Recurrencia y efectos de las seq&asirrence and
effects of droughtsavailable atwww.euskalmet.euskadi.n@tast visit 21-11-2010) This

document providesnsights not only about the meteorological situation during the
event, compatible with a dry event, but also shows evidence of the occurrence drought-
related impacts. For example, most reservoirs were under minimum levels after three
consecutives dry years and most river flow levels were at their lowest value in 50 years.
Furthermore, strong restrictions in water consumption, hydroelectric energy production
and crop irrigation were applied in 1945, the driest year of this dry period. The drought
impacts described in this document corroborate the fact that this dry event was
remarkable in terms of severity, especially in 1945, and its duration prolonged during
three years. Sc-PDSI, 12-month SPI and 12-month SPEI results totally agree with this
document in terms of severity and duration of this event.

The most severe dry event in terms of severity identified by the Sc-PDSI, 12-month SPI
and 12-month SPEI time series (1906-2010) is the 1990-1995 period. It is also the
second worst in duration. Llamas (1995) indicated that this dry event affected especially
central and southern Iberian Peninsula from 1991 to 1995. Llamas work
“Consideraciones sobre la sequia de 1991 a 1995 en Eq@aiisiderations about the
drought occurred between 1991 and 1995 in Spae3jcribed the severity and impacts

of this dry event. In 1995, politicians called it “the worst drought in a century” and six
million people suffered water restrictions in south and southeast of Spain. New water
policies were applied by policymakers, such as regulations for saving water in crop
irrigation, projects to transfer water from the Rhone river to Barcelona. Also sea water
desalinization was explored for a first time as a futurible option to provide fresh water.
Obviously, this drought caused territorial conflicts in the influence areas of Tagus-
Segura transfer due to the lack of water in rivers and reservoirs. This information offers

confirmation of the severe impacts of this dry event.
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Finally, the dry event occurred from 2004 to 2009 reached the maximum severity in
2005. At this time, the Spanish Meteorological Off(agencia Estatal de Meteorologia,
AEMET) postedon its websitevww.aemet.egLast visit: 09-06-2011a map of the whole
Iberian Painsula showing the amount of precipitation recorded respect to the average
(anomalies). Most of the months in this period were qualified as dry or very dry (less
than 25% of normal precipitation) in the south, southwest, northeast and central area of
Spain. This situation caused political conmotion and controversial measures as the
preparation of a National Hydrological Plan, in order to provide water resources from
Ebro’s basin to other river basins located in the south of Spain. This intention — which
never materialized due to political changes — was associated with strong demonstrations
agains it by people in the Ebro’s area. In 2008 the drought worsened in the northeast of
Iberian Peninsula causing water restrictions and again some political conflicts in
Catalonia. The Catalan government projected and started to build a water pipe across
the highway from the Ebro’s area to Barcelona to provide water to this city and its
population of more than 3 million inhabitants. The end of the dry event timely arrived
and the water pipe project was abandoned.

This valuable information is able to validate the results obtained from Sc-PDSI, 12-
month SPI and 12-month SPEI computation, because the detected dry events are
supported by documented impacts demonstrating the negative effects of the severity and
duration of the most relevant droughts identified in the Iberian Peninsula from 1906 to
2010.
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5.2.2. Frequency distribution analysis

In the application of the Self-calibrated version of PDSI, 12-month SPI and 12-month
SPEI it isimportant to check how the drought index values are distributed into their
different categories. Figures 5-8, 5-9 and 5-10 show the frequency distribution of Sc-
PDSI values, 12-month SPI values and 12-month SPEI values, respectively, for the 22
stations located in the Iberian Peninsula using the whole period (1906-2010). The most
common values fall in the near-normal category. This is a sign of good calibration,
especially in 12-month SPEI frequency distribution, although a few stations show
deviances from the expected behaviour in the case of 12-month SPI and in the Sc-PDSI
computation. Some of these deviances might be linked to problems in the drought index
calibration. On the other hand, Wedls al., (2004) described that between 1% and 3%

of PDSI values for each time series should be located in extremely wet or dry categories
in order to provide a good calibration. In this case, the 91.7% of the 22 time series
accomplish this requirement, because between 1% and 3% of PDSI values remained in
extremely wet category and the 87.5% accomplished the same, but in extremely dry
category. These results are similar to those obtained by ¥ ells(2004) and Briffeet

al. (2009) from the computation of the Sc-PDSI using various time series. But the
77.3% of the 22 time-series relative to 12-month SPI remain in the extremely wet
category while the 86.4% are in the extremely dry category. Otherwise, the 100% of the
22 12-month SPEI time series accomplish this purpose in extremely wet category, and
the 87.5% of the 22 12-month SPEI series remain in extremely dry category. The
conclusion of this analyisis is that we find a better calibration in 12-month SPEI values
than in Sc-PDSI and 12-month SPI values over the Iberian Peninsula in terms of
robustness and statistical consistency. Thus, the SPEI is our preferred index for further

analysis.
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Frequency distribution of PDSI values
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Figure 5-8 Frequency distribution (in %) of monthly Sc-PDSI values over the major PDSI categories
computedrom the 22 Iberian stations (1906-2010).
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Figure 5-9: Frequeng distribution (in %) of 12-month SPI values over the major SPI categories
computed from 22 Iberian stations (1906-2010).
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Frequency distribution of SPEI values
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Figure 5-10 Frequeng distribution (in %) of 12-month SPEI values over the major SPEI categories
computed from 22 Iberian stations (1906-2010).
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5.2.3. Spatial coverage of droughts

Besides the computation of a regional time series from each one of the selected drought
indices, it is interesting to study the spatial distribution of dry conditions in the Iberian
Peninsula across time. This is done by checking the percentage of stations
simultaneously affected by different categories of drought. This analysis provides us
complementary but important information: do the three drought indices obtain similar
areas for the different categories of drought in the different events? Figures 5-11, 5-12
and 5-13 represent the percentages of stations affected by various categories of drought
across time according to PDSI categotiesle 4-3) SPI categoriegrable 4-4)and SPEI
categoriegTable 4-5).

It can be sen that the highest percentages of stations affected by dry conditions (values
below 0 in drought indices) coincide with the longest and driest periods described above
(see fig. 5-5, 5-6 and 5-7)n fact, Pearson Product-Moment Correlation coefficient between
the drought Ibean time-series (severity) and the percentage of stations affected by dry
conditions across time (surface area) is -0.88 for Sc-PDSI, -0.94 for 12-month SPI and -
0.95 for 12-month SPEI (all statistically significant at the 99% level).

Dry conditions affected 100% of stations under study during a few months in mid-
1910s, mid-1920s, late-1930s, mid-1940s, early-1950s, early-mid-1980s, four times in
1990s, and three time in early-mid-2000s using Sc-PDSI time-g€fies-11) It is
remarkablethat more than 30% of stations remained permanently in dry conditions
during the 2001-2009 period. Severe conditions affected greater than 50% of stations in
1945, 1950, 1992, 1995, 1999, 2000, 2005 and 2006 while greater than 70% of stations
reached this drought category in 1945, 1995 and 2005. The extremely dry category was
reached by more than 25% of stations in 1945, 1950, 1992, 1995, 2000, 2005 and 2006,
while more than 40% of stations reached this category only in 1945, 1995 and 2005.
Otherwise, dry conditions affected 100% of stations during a few months in 1925, 1935,
1981, 1995, 1999 and 2005 using 12-month SPI time-s@ie$-12) However, more

than 50% of st@gons were affected by severe dry conditions in 1945, 1949, 1981, 1992,
1995 and 2005, while greater than 70% of stations reached this drought category only in
2005. The extremely dry category was reached by greater than 25% of stations in 1945,
1949, 1981, 1992, 1995 and 2005, while greater than 40% of stations reached this
category only in 1995 and 2005.
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Dry conditions affected 100% of stations under study during a few months in mid-
1930s, mid-1940s, mid-1960s, early-1980s, three times in 1990s and in early-mid-2000s
using 12-month SPEI time-serigsig. 5-13) Note that around 25% of stations were
almost permaently in dry conditions during the last decade (except in 2010).
Moreover, more than 50% of stations were affected by severely dry conditions in 1945,
1949, 1992, 1995, 1999, 2005 and 2009, while greater than 70% of stations reached this
drought category in 1945, 1995, 1999 and 2005. Furthermore, greater than 25% of
stations were affected by extremely dry conditions in 1945, 1949, 1992, 1995 and 2005
reaching more than 60% of stations during these two last events.

All drought indices have been able to identify a similar surface area affected by dry
conditions in the Iberian Peninsula across time. Moreover, the driest periods in terms of
severity identified through the regional series analyisis are found again as the driest
periods in terms of affected area. All drought indices coincide to attribute the driest
conditions (in terms of severity and area affected by drought) identified in the Iberian
Peninsula along the ?O:entury to years 1945, 1995 and 2005.
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Figure 5-11 Percentges of stations affected by various categories of drought in Sc-PDSI individual
stations in the Iberian Peninsula from 1906 to 2010.
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Figure 5-12 Percentages of stations affected by various categories of drought in 12-month SPI individual
stations in the Iberian Peninsula from 1906 to 2010.
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Figure 5-13 Percentges of stations affected by various categories of drought in 12-month SPEI
individual stations in the Iberian Peninsula from 1906 to 2010.
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5.2.4. Drought trends analysis

This section shows the annual trends computed from the Sc-PDSI, 12-month SPI and
12-month SPEIdr both; the regional Iberian time-series and also for the 22 Iberian
stations. Moreover, the impact of global warming on drought indices and trends is also
assessed to demonstrate the role of PET on droughts in a climate change context.

5.2.4.1. Drought evolution across the regional Iberian time series

After computing the three drought indices used in this work for the 22 Iberian time
series indridually, the 22 drought time series are averaged to create the regional
drought time-series. We compute the annual trends and their statistical significance
using the three regional drought time-series (one for each drought index) over the entire
Iberian Peninsula for the whole period (1906-2010). Table 5-3 shows annual trends with
the associated 95% confidence intervals and p-values computed using the three drought
indices for the whole Iberian Peninsula (1906-2010).

Sc-PDSI and 12-month-SPEI show a non-statistically significant drying trend while a
non-significant wetting trend is obtained using 12-month SPI (all at the 95% level) for
the regional drought time-series for the entire Iberian Peninsula.

The results obtained using the Sc-PDSI and 12-month SPEI are in good agreement with

other drying trends found across Eur@pezdil et al., 2008 (for Czech Republic), Mavromatis
2007 (fa Greece), Briffaet al., 2009 (for Europe in summer), Vicente-Serratal., 2010 (for selected

locations around the world), and Vicente-Serrahal., 2006; Sousat al.,2010 and Lorenzo-Lacruzt

al., 2012 (for the Iberian Peninsula)

Drought index Linear trend 95% confidence intervals |p-values

Sc-PDSI -0.076 PDSI value/decade (-0.167/0.035) 0.17
12-month SPI 0.022 SPI value/decade (-0.024/0.064) 0.38
12-month SPEI -0.049 SPEI value/decade (-0.101/0.004) 0.07

Table 5-3 Summary of annual trends (in drought index value/decade) computed for the whole Iberian
Peninsula(1906-2010) using all drought indices. The associated 95% confidence intervals and p-
values are also shown. Bold (or Italic) values are referred to statistical significance at 99% level
(or 95%).
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5.2.4.2. Drought evolution across the 22 Iberian stations

Once drought trends were computed for the regional Iberian time series, trend values
from the ScPDSI, 12-month SPI and 12-month SPEI are calculated for each station at
annual time-scale for the common period 1906-2010 in order to find spatial differences
in drought trend evolution over the Iberian Peninsula. The maps show the annual trends
and the associated statistical significance of the 22 locations spread over the Iberian
Peninsula for the common period 1906-2010 using Sc-RESbE-14, a) 12-month SPI

(Fig. 5-14, b)and 12-month SPEFig. 5-14, c) The kriging’s spatial interpolation method

has been apmil to cover the entire study area. This method is based on the idea that the
value at an unknown point should be the average of the known values at its neighbours;
weighted by neighbours distance to the unknown point. The trend values, the 95%
confidence intervals and the associated p-values for each location are also shown for Sc-
PDSI(Table 5-4) for 12-month SP({Table 5-5)and for 12-month SPEtable 5-6)

Figure 5-14ashows a map of trends computed over the Sc-PDSI series. Negative trends
(drying trend) are identified over most of the Iberian Peninsula reaching maximum rates
of change in the Pyrenees, Cantabrian range, North and South Plateau and, especially, in
the southernmost region. These trends are statistically significant in the southern area
(Cadiz, Malaga and Granada; at the 99% level) and in Madrid and Sevilla (at the 95%
level). However, positive trends (wetting trend) are detected in western Iberian
Peninsula although they are statistically significant only in Lisboa (at the 95% level).
Figure 5-14b shows the trends obtained with the 12-month SPI-series. A non-
statistically significant drying trend (at the 95% level) is found in the Ebro basin and in
the central-western Iberia reaching maximum rates of change in the Pyrenees and in the
south and south-eastern area. However, a wetting trend is identified in the north and
central Mediterranean coast, in the North and South Plateau and in the northern Iberia.
Maximum rates of change are found in the north-western and western area, especially in
Lisboa, where the wetting trend is statistically significant at the 95% level.

Finally, figure 5-14c shows the trends obtained with 12-month SPEI. A drying trend is
found over most of the Iberian Peninsula, reaching maximum rates of change in the
Ebro basin, central and southern Iberia and, especially in the south-eastern area This is
statistically significant in Granada (at the 99% level), Zaragoza, Madrid, Sevilla, Cadiz,
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Méalaga, Alicante and Murcia (at the 95% level). A non-significant (95% level) wetting
trend is identified in the western and north-western Iberia.
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Figure 5-14: Maps ofannual trends (in drought index value/decade) computed for the 22 locations (1906-
2010) using Sc-PDSI (a); 12-month SPI (b); and 12-month SPEI (c). Negative (or positive)
trends represent drier (or wetter) conditions. * (or +) symbol are referred to statistical
significance at the 99% level (or 95%). Spatial interpolation is applied using the Kriging
method.
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To summarize, all drought indices show a drying trend in the Pyrenees, Ebro basin,
central Iberia and in the south, south-western and south-eastern area while a wetting
trend is found in the western and north-western Iberian Peninsula. These results are
consistent with Sousat al., (2011) (using Sc-PDSI), Vicente-Serragtoal., (2011)

(using SPI and SPEI indices) and Lacatal., (2012) (using stream-flow data), whom
detected that droughts increased over most of the Iberian Peninsula with the exception
of the north-west area of the region for theé" 2ntury. Moreover, an increase of
regional droufpt severity was also found in the Ebro ba@ileente-Serrano and Cuadrat-

Prats, 206; Vicente-Serrano and Lopez-Moreno, 2Q0&) some areas of Valencia region

(Vicente-Serranet al.,2004) and in Tagus basitorenzo-Lacruzt al.,2010).

Location  |Annual coefficient  (Sc-PDSI value/decade) | 95% confidence intervals p-values
Albacete -0.017 (-0.207/0.219) 0.877
Alicante -0.102 (-0.265/0.061) 0.217
Badajoz -0.129 (-0.277/0.043) 0.123
Barcelona -0.132 (-0.294/0.035) 0.116
Burgos -0.181 (-0.415/0.042) 0.134
Cadiz -0.176 (-0.294/-0.064) 0.002
Ciudad Real -0.112 (-0.217/0.041) 0.168
Granada -0.230 (-0.381/-0.075) 0.004
Huelva -0.046 (-0.264/0.071) 0.572
Huesca -0.144 (-0.342/0.040) 0.106
La Corufa 0.001 (-0.194/0.159) 0.899
Lisboa 0.155 (0.058/0.249) 0.021
Madrid -0.147 (-0.253/-0.049) 0.022
Malaga -0.222 (-0.379/-0.006) 0.009
Murcia -0.046 (-0.249/0.057) 0.807
Porto 0.064 (-0.143/0.272) 0.824
Salamanca -0.077 (-0.186/0.117) 0.423
Sevilla -0.085 (-0.270/-0.005) 0.040
Soria -0.113 (-0.233/0.004) 0.277
Valencia 0.012 (-0.101/0.217) 0.619
Valladolid -0.025 (-0.224/0.068) 0.557
Zaragoza -0.040 (-0.165/0.162) 0.284

Table 5-4: Summary of annual trends (in PDSI value/decade) computed for the 22 locations (1906-2010)
using ScPDSI. The associated 95% confidence intervals and p-values are also shown. Negative
(or positive) trends represent drier (or wetter) conditions. Bold (or Italic) values are referred to
statistical significance at the 99% level (or 95%).
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Location |Annual coefficient (SPI value/decade) 95% confidence intervals p-values
Albacete 0.024 (-0.031/0.110) 0.248
Alicante -0.017 (-0.066/0.066) 0.877
Badajoz -0.021 (-0.082/0.048) 0.524
Barcelona 0.017 (-0.032/0.065) 0.535
Burgos 0.029 (-0.039/0.094) 0.407
Cadiz -0.021 (-0.102/0.043) 0.460
Ciudad Real 0.054 (-0.001/0.137) 0.053
Granada -0.067 (-0.137/0.003) 0.061
Huelva 0.001 (-0.064/0.083) 0.726
Huesca -0.039 (-0.119/0.047) 0.401
La Corufia 0.053 (-0.024/0.122) 0.165
Lisboa 0.096 (0.028/0.169) 0.006
Madrid 0.024 (-0.039/0.093) 0.436
Malaga -0.001 (-0.085/0.065) 0.734
Murcia 0.016 (-0.064/0.109) 0.679
Porto 0.050 (-0.025/0.108) 0.217
Salamanca -0.012 (-0.077/0.066) 0.859
Sevilla -0.010 (-0.095/0.065) 0.717
Soria 0.008 (-0.049/0.086) 0.659
Valencia 0.046 (-0.026/0.124) 0.197
Valladolid 0.038 (-0.033/0.104) 0.272
Zaragoza 0.027 (-0.047/0.085) 0.599

Table 5-5: Summary of annual trends (in SPI value/decade) computed for the 22 locations (1906-2010)
using 12month SPI. The associated 95% confidence intervals and p-values are also shown.
Negative (or positive) trends represent drier (or wetter) conditions. Bold (or Italic) values are
referred to statistical significance at the 99% level (or 95%).

Some diffeences in annual trends among drought indices could be identified in both;
individual and regional time-series. The annual trends are larger in drought indices
which temperature is included in their computation (Sc-PDSI and 12-month SPEI) than
in which the main driver of drought variability is only precipitation (12-month SPI). For
this reason, it is interesting to assess the role of temperature in drought indices

computation to quantify the impact of current global warming on drought trends.
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Location JAnnual coefficient  (SPEI value/decade) | 95% confidence intervals |p-values
Albacete -0.065 (-0.133/0.026) 0.188
Alicante -0.105 (-0.161/-0.018) 0.019
Badajoz -0.085 (-0.135/0.001) 0.052
Barcelona -0.046 (-0.103/0.011) 0.112
Burgos -0.042 (-0.118/0.031) 0.256
Cadiz -0.086 (-0.172/-0.013) 0.021
Ciudad Real -0.065 (-0.095/0.069) 0.734
Granada -0.125 (-0.194/-0.055) 0.001
Huelva -0.048 (-0.127/0.026) 0.180
Huesca -0.088 (-0.182/0.001) 0.054
La Corufia 0.015 (-0.069/0.079) 0.802
Lisboa 0.052 (-0.026/0.131) 0.193
Madrid -0.091 (-0.162/-0.020) 0.014
Malaga -0.078 (-0.154/-0.001) 0.049
Murcia -0.097 (-0.189/-0.004) 0.041
Porto 0.023 (-0.055/0.090) 0.679
Salamanca -0.063 (-0.133/0.026) 0.205
Sevilla -0.089 (-0.176/-0.005) 0.037
Soria -0.045 (-0.108/0.023) 0.193
Valencia -0.034 (-0.117/0.063) 0.587
Valladolid -0.043 (-0.126/0.039) 0.373
Zaragoza -0.086 (-0.166/-0.020) 0.018

Table 5-6: Summary of annual trends (in SPEI value/decade) computed for the 22 locations (1906-2010)
using 12month SPEI. The associated 95% confidence intervals and p-values are also shown.
Negative (or positive) trends represent drier (or wetter) conditions. Bold (or Italic) values are
referred to statistical significance at the 99% level (or 95%).
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5.2.5. The impact of global warming on indices and trends

As described in methods section, the Sc-PDSI and the 12-month SPEI is re-computed
for each location using the monthly temperature climatology as input data (computed
for the common period 1906-2010) instead the of the actual monthly mean temperature
in order to assess the drought variability across the Iberian Peninsula without the effect
of global warming. Moreover, the difference between 12-month SPEI and 12-month SPI
is studied for the entire Iberian Peninsula (regional series) and for the 22 Iberian stations
separately to investigate the role of temperature among drought indices. This valuable
information about the impact of global warming on drought indices will help us to
assess how much of the drying/wetting trends and their statistical significance might be
forced by the influence of global warming.

5.2.5.1. Analysis over the regional Iberian time series

Figure 5-15 shows the variability of wet and dry conditions over the whole Iberian
Peninsula (for the period 1906-2010) using the Sc-PDSlI-all forcing (upper panel), the
Sc-PDSI-without temperature changes (middle panel), and the difference between the
two indices (lower panel). Similar drought conditions are represented by the Sc-PDSI-
all forcing and the Sc-PDSI-without temperature changes showing wet conditions in
early-1940s, 1960s and 1970s while dry conditions are focused in mid-1940s, 1950s,
1980s, 1990s and 2000s.

Nevertheless, the difference between Sc-PDSl-all forcing and the Sc-PDSI-without
temperature changes identifies a temporal pattern with negative differences of about
0.11 standard deviations for the whole period. This confirms that the Sc-PDSI-all
forcing shows higher severity of droughts compared with the Sc-PDSI-without
temperature changes.

Moreover, figure 5-16 shows the variability of wet and dry conditions over the whole
Iberian Peninsula (for the period 1906-2010) using 12-month SPEI-all forcing (upper
panel), 12-month SPEI-without temperature changes (in the middle), and the difference
between the two indices (lower panel). Similar drought conditions are found by the 12-
month SPEI-all forcing and the 12-month SPEI-without temperature changes showing
wet conditions in early-1910s, early-1940s, 1960s and 1970s while dry conditions are
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found in

mid-1940s, 1950s, 1980s, 1990s and 2000s. Both 12-month SPEI time-series

show higher frequency in drought variability than both Sc-PDSI time-series. In fact, the

difference between 12-month SPEI-all forcing and 12-month SPEI-without temperature

changes

time-seri

identifies a temporal pattern with positive differences at the beginning of the

es and negative differences at the end of about 0.07 standard deviation for the

1990s and 2000s decades. This confirms that 12-month SPEI-all forcing shows higher

severity

of droughts compared with the 12-month SPEI-without temperature changes

due to the increase of PET caused by global warming.
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Figure 5-15 Variablity of wet and dry conditions over the Iberian Peninsula (1906-2010) using Sc-
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temperature climatology computed using the period 1906-2010) (in the middle panel), and the
difference between the two indices (lower panel).
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Figure 5-16 Variability of wet and dry conditions over the Iberian Peninsula (1906-2010) using 12-
month SPEI-all forcing (upper panel), 12-month SPEI-without temperature changes (applying
the monthly temperature climatology computed using the period 1906-2010) (in the middle
panel), and the difference between the two indices (lower panel).

Finally, figure 5-17 shows the variability of wet and dry conditions over the whole
Iberian Peninsula (for the period 1906-2010) using 12-month SPEI-all forcing (upper
panel), 12-month SPI (in the middle), and the difference between the two indices (lower
panel). Similar drought conditions are identified by the 12-month SPEI-all forcing and
the 12-month SPI showing wet conditions in early-1910s, early-1940s, 1960s and 1970s
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while dry conditions are found in mid-1940s, 1950s, 1980s, 1990s and 2000s. However,
12-month SPI shows lower fluctuations than 12-month SPEI-all forcing because it is
only driven by precipitation and without the role of temperature. Both 12-month SPEI
and 12-month SPI show higher frequency in drought variability than both Sc-PDSI
time-series again. Thus, the difference between 12-month SPEIl-all forcing and 12-
month SPI identifies a temporal pattern with positive differences at the beginning of the
time-series and negative differences at the end of about 0.07 standard deviation for the
1990s and 2000s decades. Obviously, similar results are found between 12-month SPEI-
all forcing, 12-month SPEI-without temperature changes, and 12-month SPI due to not
large differences in drought indices computation. These results confirm that 12-month
SPEIl-all forcing shows higher severity of droughts compared with the 12-month SPI
caused by the role of temperature leading an increase of PET under global warming.
Furthermore, drought trends and their statistical significance are re-computed from
drought indices for each Iberian regional time-series. Table 5-7 shows the linear trends
computed taking into account the forcing applied to each drought index, the 95%
confidence intervals and p-values.

As seen in previous sections, a non-significant drying trend (at the 95% level) is found
for the whole Iberian Peninsula (1906-2010) using the Sc-PDSI-all forcing and 12-
month SPEI-all forcing, but these trends became slightly wetter when using drought
indices without temperature changes (Sc-PDSI and 12-month SPEI) or without
temperature in its algorithm (12-month SPI). All wetting trends are statistically non-
significant at the 95% level. The results suggest that, even precipitation variability is the
main driver of droughts, temperature and the strongly related PET play an important
role in terms of drought severity to explain drought changes over the whole Iberian
Peninsula. Moreover, the increase in PET during last decades reinforced the drying

trend found under climate change conditions.
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Figure 5-17 Variability of wet and dry conditions over the Iberian Peninsula (1906-2010) using 12-

month SPEI (upper panel), 12-month SPI (in the middle panel), and the difference between the
two indices (lower panel).
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Drought index Forcing Linear trend 95% confidence intervals p-values
Sc-PDSI All forcing -0.076 PDSI value/decade (-0.166/0.035) 0.17
without temperature changes | 0.021 PDSI value/decade (-0.014/0.037) 0.68
12-month SPI All forcing 0.022 SPI value/decade (-0.024/0.064) 0.38
12-month SPEI _ All forcing -0.049 SPEI value/decade (-0.101/0.035) 0.07
without temperature changes | 0.017 SPEI value/decade (-0.021/0.054) 0.39

Table 5-7 Summary of annual trends (in drought index value/decade) computed for the whole Iberian
Peninsula(1906-2010) using all drought indices. Linear trends from Sc-PDSI and 12-month SPEI
using all forcing without temperature changes (applying the monthly temperature climatology
using the period 1906-2010) are also computed. The associated 95% confidence intervals and p-
values are also shown. Bold (or Italic) values are referred to statistical significance at 99% level
(or 95%).

5.2.5.2. Analysis overtie 22 Iberian stations

The spatial distribution of drought trends computed for the 22 locations spread over
Iberian Peninsula is also analyzed in order to detect changes in drought variability when
temperature was included in drought indices computation or when the effect of global
warming was removed previously.

Figure 5-18 (together with the associated table 5-8 and 5-9) represents the annual trends
computed for each location using Sc-PDSIl-all forcing, Sc-PDSI-without temperature
changes, 12-month SPEI-all forcing and 12-month SPEI-without temperature changes.
Moreover, the trend differences between all forcing-drought indices and drought indices
without temperature changes are also shown. The Sc-PDSI-all forcing and 12-month
SPEIl-all forcing shows a drying trend over most of the Iberian Peninsula becoming
statistically significant in Cadiz, Malaga, Granada (at the 99 % level), Sevilla and
Madrid (at the 95% level) using the Sc-PDSIl-all forcing, and Granada (at the 99%
level), Sevilla, Cadiz, Malaga, Madrid, Zaragoza, Murcia and Alicante (at the 95%
level) using 12-month SPEI-all forcing. A wetting trend is identified in the western
Iberian Peninsula only statistically significant in Lisboa (at the 95% level) using the Sc-
PDSI-all forcing. On the contrary, we find a wetting trend over most of the Iberian
Peninsula stations when both drought indices were computed without temperature
changes, even the wetting trend became statistically significant in Lisboa (at the 99%
level) in the case of 12-month SPEI-without temperature changes. The drying trends
only remain in the south and south-eastern Iberia becoming statistically significant only
in Granada (at the 99% level) using the Sc-PDSI-without temperature changes. Finally,

the higher rates of change were identified in the north and north-eastern Iberian in the
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case of the Sc-PDSI, and in the central and south-eastern area using 12-month SPEI.

Meanwhile lower rates of change are found in the south-western and south-eastern

Iberian using the Sc-PDSI and in western and north-western Iberian applying 12-month
SPEI.

C) 3 8 4 2 0 2 4

Figure 5-18: Maps ofannual trends (in drought |4r,{2:15ex value/decade) computed for the 22 locations (1906-
2010) using Sc-PDSlI-all forcing)-left), Sc-PDSI-without temperature changkeyléft), 12-
month SPEIl-all forcing &)-right) and 12-month SPEIl-without temperature chand®s (
right). The trend differences between Sc-PDSl-all forcing minus Sc-PDSI-without
temperature changes){left), and between 12-month SPEI-all forcing minus 12-month SPEI-
without temperature changes-fight) are also shown. Negative (or positive) trends represent
drier (or wetter) conditions while * (or +) symbol are referred to statistical significance at the
99% level (or 95%) in figures a)-left and right, and b)-left and right. Spatial interpolation is
applied using the kriging method.

Figure 5-19(together with the associated table 5-8 and 5-9) represents the decadal
trends computed for each location using 12-month SPI, 12-month SPEI-all forcing and
12-month SPEI-without temperature changes. Moreover, the trend differences between
12-month SPEIl-all forcing minus 12-month SPI, between 12-month SPEIl-all forcing

minus 12-month SPEIl-without temperature changes, and between 12-month SPEI-
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without temperature changes minus 12-month SPI are also shown. A non-statistically
significant drying trend (at the 95% level) is found in the Ebro basin and in the central-
western Iberia reaching maximum rates of change in the Pyrenees and in the south and
south-eastern area using 12-month SPI. However, a wetting trend is identified in the
north and central Mediterranean coast, in the North and South Plateau and in the
northern Iberia. Maximum rates of change are found in the north-western and western
area, especially in Lisboa, where the wetting trend becomes statistically significant (at
the 95% level). However, a drying trend is found over most of the Iberian Peninsula
reaching maximum rates of change in the Ebro basin, central and southern Iberia and,
especially in the south-eastern area using 12-month SPEI-all forcing. Moreover, the
drying trend becomes statistically significant in Granada (at the 99% level), Zaragoza,
Madrid, Sevilla, Cadiz, Mélaga, Alicante and Murcia (at the 95% level). However, a
non-significant wetting trend (at the 95% level) is identified in the western and north-

western Iberia.

Location Annual coefficient  (Sc-PDSI value/decade) | 95% confidence interval p-value
Albacete 0.158 (-0.017/0.304) 0.201
Alicante -0.111 (-0.234/0.019) 0.414
Badajoz 0.106 (-0.013/0.230) 0.143
Barcelona 0.160 (-0.034/0.275) 0.102
Burgos 0.158 (-0.033/0.277) 0.171
Cadiz -0.071 (-0.176/0.023) 0.242
Ciudad Real 0.132 (-0.001/0.254) 0.260
Granada -0.161 (-0.273/-0.045) 0.009
Huelva 0.041 (-0.085/0.163) 0.700
Huesca 0.046 (-0.064/0.173) 0.700
La Coruia 0.099 (-0.001/0.211) 0.495
Lisboa 0.068 (-0.132/0.115) 0.659
Madrid 0.063 (-0.060/0.186) 0.584
Malaga -0.072 (-0.173/0.041) 0.319
Murcia -0.177 (-0.274/0.081) 0.074
Porto 0.115 (-0.008/0.227) 0.379
Salamanca 0.032 (-0.069/0.134) 0.738
Sevilla 0.008 (-0.086/0.096) 0.855
Soria 0.001 (-0.138/0.131) 0.948
Valencia -0.137 (-0.259/0.040) 0.404
Valladolid 0.087 (-0.015/0.205) 0.647
Zaragoza 0.148 (-0.048/0.258) 0.084

Table 5-8 Summary of annual trends (in PDSI value/decade) computed for the 22 locations for the
common pdod 1906-2010 using Sc-PDSI-without temperature changes. The associated 95%
confidence intervals and p-values are also shown. Negative (or positive) trends represent drier (or
wetter) conditions. Bold (or Italic) values are referred to statistical significance at the 99% level
(or 95%).
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Figure 5-19: Maps ofannual trends (in drought index value/decade) computed for the 22 locations (1906-
2010) using 12-month SPa)-left), 12-month SPEI-all forcingaj-right) and 12-month SPEI-
without temperature changeb){right). The trend differences between 12-month SPEIl-all
forcing minus 12-month SPbJ-left), between 12-month SPEI-all forcing minus 12-month
SPEI-without temperature change<)-(ight), and between 12-month SPEIl-without
temperature changes minus 12-month SPHidft) are also shown. Negative (or positive)
trends represent drier (or wetter) conditions while * (or +) symbol are referred to statistical
significance at the 99% level (or 95%) only in figures a)-left and right, and b)-right. Spatial
interpolation is applied using the kriging method.

Obviously, similar results in spatial trends are expected from the computation of 12-
month SPI and 1Zaonth SPEIl-without temperature changes since temperature
evolution is not included in both drought indices. In fact, figure 5-18 shows the same
drought patterns and figure 5-19 reproduces almost the same differences in trends
between 12-month SPEI-all forcing minus 12-month SPI and between 12-month SPEI-

all forcing minus 12-month SPEIl-without temperature changes. Thus, the trend
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difference between 12-month SPEI-without temperature changes and 12-month SPI is
almost negligible.

Location Annual coefficient (SPEI value/decade) | 95% confidence interval  p-values
Albacete 0.024 (-0.029/0.083) 0.291
Alicante -0.019 (-0.077/0.032) 0.857
Badajoz -0.022 (-0.077/0.033) 0.557
Barcelona 0.019 (-0.036/0.071) 0.513
Burgos 0.030 (-0.024/0.089) 0.398
Cadiz -0.022 (-0.081/0.037) 0.429
Ciudad Real 0.058 (-0.001/0.118) 0.052
Granada -0.074 (-0.133/0.014) 0.057
Huelva 0.011 (-0.048/0.073) 0.747
Huesca -0.038 (-0.091/0.019) 0.361
La Corufia 0.055 (-0.003/0.116) 0.154
Lisboa 0.100 (0.040/0.158) 0.006
Madrid 0.026 (-0.030/0.087) 0.443
Malaga -0.013 (-0.074/0.047) 0.721
Murcia 0.016 (-0.044/0.075) 0.647
Porto 0.052 (-0.003/0.110) 0.228
Salamanca -0.013 (-0.072/0.044) 0.738
Sevilla -0.012 (-0.074/0.050) 0.705
Soria 0.008 (-0.048/0.070) 0.663
Valencia 0.046 (-0.011/0.011) 0.199
Valladolid 0.041 (-0.025/0.098) 0.277
Zaragoza 0.028 (-0.024/0.085) 0.639

Table 5-9: Summary of annual trends (in SPEI value/decade) computed for the 22 locations for the
common period 1906-2010 using 12-month SPEIl-without temperature changes. The associated
95% confidence intervals and p-values are also shown. Negative (or positive) trends represent
drier (or wetter) conditions. Bold (or Italic) values are referred to statistical significance at the 99%
level (or 95%).
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5.2.6. Discussion on the applicability of the different drought indices

The Sc-PDSI, the 12-month SPI and the 12-month SPEI are computed to detect
hydrological droughts across Iberian Peninsula using the common period 1906-2010.

In general, the three drought indices represent similar variability of wet and dry
conditions in the Iberian Peninsula across time clearly identifying the most important
dry and wet events, which were thoroughly validated. It means that 12-month SPEI and
12-month SPI are able to provide similar results than Sc-PDSI with less data
requirements (only monthly precipitation in the case of 12-month SPI; monthly
precipitation and temperature for the 12-month SPEI). The Sc-PDSI computation
requires monthly precipitation, temperature and Available Water Content of the soil.
Available information on soil water content is very poor in most regions of the world
and it is often a local and fixed value normally associated with current soil conditions,
knowing that soil properties may change across tireente-Serranet al.,2011). It could

lead the use of accurate values when applying Sc-PDSI in the Iberian Peninsula.
Additionaly, 12-month SPEI and 12-month SPI show better calibration in terms of the
frequency distribution of values into the drought categories than the Sc-PDSI over the
Iberian Peninsula. Despite Webs al., (2004) solved most of the calibration problems
from the original PDSI, making the index more suitable for drought quantification and
monitoring (Sc-PDSI), some calibration problems appear in the computation of Sc-
PDSI over the Iberian Peninsula. The 12-month SPEI maintains robust units with
statistical consistency obtained from cumulative antecedent climate conditions and it
provides more reliability than Sc-PDSI in the region under study.

Moreover, all drought indices are able to identify similar surface area affected by dry
conditions in the Iberian Peninsula across time. Moreover, the driest periods detected
before in terms of severitgee section 5.2.1are found again as the driest periods in terms

of affectal area toqsee section 5.2.3)All drought indices coincide to attribute the driest
conditions (in érms of severity and area affected by drought) to years 1945, 1995 and
2005 over the Iberian Peninsula along th8 eéntury.

Despite thesimilar results found in terms of temporal drought variability and surface
area affected by droughts, some differences in trends among all drought indices are
identified in both; individual and regional time-series. The annual trends are larger in
drought indices which temperature is included in their computation (the Sc-PDSI and

12-month SPEI) than in which the main driver of drought variability is only
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precipitation (12-month SPI). The Sc-PDSI and SPEI indices represent better drought
conditions under global warming than other indices since evapotranspiration process is
included in their algorithmgvicente-Serranet al., 2010 and 2011, Dai 2004 and 2011, Van der
Schrieret al.,2006 and 2011)There is general agreement on the importance of precipitation
in explainingdrought variability, but the observed and predicted global warming by
IPCC (2007) have important implications for evapotranspiration processes, increasing
the influence of this parameter on drought sevevitgnte-Serranet al., 20.0).

For all these reasons, the 12-month SPEI is the most suitable drought index to identify
wet and dryconditions over the Iberian Peninsula along th& 2entury. Thus, the
analysis ofthe spatial-temporal patterns of droughts and the univariate performing of
severity, duration and magnitude of droughts and wet events will be carried out using

only the 12-month SPEI in the next sections.
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5.2.7. Summary

The results obtained from the analysis of drought variability across the Iberian
Peninsula along the $0century and the first decade of the''ZEntury show lack of
significantchanges for the Iberian Peninsula as a whole, but drying trends in good parts
of the Iberian Peninsula such as in the Pyrenees, Ebro basin and in the central Iberia, but
the highest rates of change are mainly identified in the south and south-eastern area. On
the contrary, a wetting trend is found in the western and north-western Iberian
Peninsula.

The analysis of temporal evolution of droughts confirms that dry conditions dominated
in 1920s, 1940s and in 1950s while wet conditions were present in 1930s, 1960s and in
1970s. The last three decades of the time-period (1980-2010) were abnormally dry
mainly due to less precipitation than normal. But the severity and duration of dry
conditions were reinforced during that period caused by the increase of the
evapotranspiration rate coinciding with the maximum increase of temperatures in the
Iberian Peninsula in a climate change context. In this way, the most remarkable
droughts occurred in 1945, 1995 and 2005 and have been thoroughly validated using
documental sources. Moreover, the driest periods identified in terms of severity in the
Iberian Peninsula are also found as the driest periods in terms of the area affected by
droughts.

The results found from the inspection of the impact of global warming on drought
indices and trends suggest that, despite precipitation variability is the main driver of
drought fluctuations, temperature and the strongly related PET play an important role in
terms of drought severity and duration to explain drought changes over the whole
Iberian Peninsula. Despite these results, drought severity and trends could be affected
by some uncertainties derived from the applied method to estimate PET (Thornthwaite)
since it is demonstratég@heffieldet al.,2012)that it tends to overestimate PET conditions.

This fact hghlights the importance of including evapotranspiration in the evaluation of
droughts while, at the same time, it warns that the use of unsuitable methods to estimate
PET could compromise the final results.

Finally, the 12-month SPEI has been selected as the most suitable drought index to
identify wet and dry conditions over the Iberian Peninsula along tffecgatury
according toltereasons already discussed in section 5.2.6.
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5.3. Drought fluctuations since the second half of the nineteenth

century

The previous section has studied the drought variability and trends for the whole Iberian
Peninsula aswell as for each station using the common period 1906-2010. As
mentioned in previous sections, this common period is selected according to the
availability and consistency of precipitation and temperature data to compute drought
indices in order to obtain reliable and continuous results. But there are some stations in
which the precipitation and temperature data began to be recorded since the second half
of the nineteenth centurgee table 4-1)In this section, and in order to approach the
evolution of drouths for a longer period, we study the five longest time-series available
according to table 4-1, going back to the 1850s. The individual time-series avaliable to
analyse drought variability since the second half of the nineteenth century are Cadiz
(1854-2010), Madrid (1855-2010), Huesca (1963-2010), Murcia (1864-2010) and
Lisboa (1865-2010}see figure 4-1 to see the geographical locatitdpte that the records of
drought time-sries start 12 months later than the original time-setiee 4-1)due to

the time-sale used to compute the drought index. The 12-month SPEI is chosen to
identify the drought variability in the five long-term time-series because - as discussed
in section 5.2.6, it is found to be the best performer over the Iberian Peninsula.
Redundant information would be obtained whether all drought indices tested before
were computed again in this section.

Figure 5-20 shows the evolution of drought conditions using 12-month SPEI for the five
longest time-series of the Iberian Peninsula since the second half of the nineteenth
century. Cadiz (1854-2010) shows wet conditions in mid-1850s, mid-1870s, in 1880s,
early-1890s, in 1910s, in 1930s, early and mid-1940s, late-1950s, 1960s, 1970s, late
1990s and late-2000s while dry conditions were focused in 1860s, late-1870s, mid-late-
1890s, 1900s, mid-1920s, mid-1930s, mid-1940s, 1950s, 1980s, early and late-1990s
and early-mid-2000s. The wettest conditions are found in 1970, while the driest year is
in 1869. Otherwise, Madrid (1855-2010) shows wet conditions in mid-1850s, mid-
1860s, 1880s, early-mid-1890s, 1910s, 1920s, mid-1930s, early and late-1940s, mid-
late-1950s, 1960s and 1970s while dry conditions are identified in early-1860s, 1870s,
early-1900s, mid-late-1930s, early-1950s, and from 1980s to 2000s interrupted by short
wet periods. The wettest conditions occurred in 1972 while the driest year was in 2005.
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Huesca (1863-2010) drought time-series represented wet conditions in mid-1860s,
early-1870s, mid-late-1880s, early-1900s, mid-late-1910s, early-1920s, mid-1930s,
1940s, 1960s, 1970s and late-1990s while dry conditions were detected in early 1870s,
early-1880s, mid-late-1890s, mid-late-1900s, mid-1920s, early and late-1950s and from
1980s to 2000s with the exception of the wet period focused in late-1990s. The wettest
conditions occurred in 1973 while the driest year was identified in 1995.

Murcia (1864-2010) showed wet conditions in mid-1860s, early-1870s, mid-late-1880s,
early-mid-1890s, early-mid-1920s, mid-1930s, early-1950s, 1970s, late-1980s and
early-1990s while dry periods were in late-1860s, late-1870s, early-1880s, late-1890s,
1900s, 1910s, late-1920s, early-mid-1940s, early-1960s, early-1980s and from mid-
1990s to 2000s. The wettest conditions were in 1949 while the driest year is identified
in 1878.

Finally, Lisboa (1865-2010) represented wet conditions in mid-1860s, early-1870s,
1880s, early-mid-1890s, early-1910s, late-1930s, early and late-1940s, mid-late-1950s,
1960s, 1970s, mid-1990s and late-2000s while dry periods were focused in late-1860s,
mid-1870s, late-1890s, 1900s, 1920s, 1930s, mid-1940s, early-1950s, 1980s, early-
1990s and early-mid-2000s. The wettest conditions were in 2010 while the driest year
was identified in 2005.

In general, the time-series show common wet conditions in mid-1850s (only data
available for Cadiz and Madrid), mid-1860s, early-1870s (except in Madrid), during all
the decade of 1880 (in all time-series), in most of the 1910s (except in Lisboa), in 1930s
and early-1940s (except in Murcia), in 1960s and 1970s (except in Murcia only in 1960s
and Lisboa in 1970s), mid-1990s (except in Murcia) and in really late-2000s (except in
Huesca). Otherwise, common dry periods among time-series took place in early-1870s
(except in Murcia and Lisboa), late-1890s and 1900s (in all time-series), mid-late-1920s
(except in Madrid), the decade of 1950 (except in Murcia). Note that dry conditions
dominated during the last three decades in all time-series except in Murcia (in early-

1990s) and in Lisboa, where dry conditions were not identified during this period.
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Figure 5-20: 12-monthSPEI time series for Cadiz (1854-2010), Madrid (1855-2010), Huesca (1863-
2010), Murcia (1864-2010) and Lisboa (1865-2010). In red, 10-year gaussian filter.
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5.4. Drought regionalization of the Iberian Peninsula

5.4.1. PCAs applicabn and spatial-temporal patterns selection

In this study, Principal Component Analysis (PCA) is applied at the annual and seasonal
time-scales using 12-month SPEI time-series for the common period 1906-2010 to
identify spatial-temporal variations of droughts across tffec2dtury.

In order to deerminate the adequate number of RPCs to be extracted we essayed two
different cutting criteria (T>0.7 and T>1, (Kaiser’s rule; where T = eigenvalue) see
section 4.5 for further details on these thresholds), plus the qualitative inspection of the
scree plots. Five rotated principal components are extracted at the annual time-scale
using the threshold T>0.7 that explains the 77.9% of accumulated va(i@nee.10)

while threecomponents are found applying the threshold T>1 explaining the 70.8% of
accumulated variance. T>0.7 threshold provides two components more than T>1
threshold explaining only an additional 7.1% of variance. Five components are also
extracted in winter (DJF) using T>0.7, explaining the 76.7% of accumulated variance,
meanwhile four components are found with T>1, explaining the 73% of accumulated
variance. In this case, the lost of variance in T>1 is only 3.7%. For Spring (MAM) the
0.7 threshold determinates the extraction of 3 components (77.8% of explained
variance), meanwhile the T>1 threshold accounts for 70.2% of the variance with
distributed in 3 RPCs. In summer (JJA), five components are extracted with T>0.7
(79.5% of accumulated variance), while three components are found with T>1,
explaining the 72.7% of accumulated variance. Two components more are found
applying T>0.7 than T>1 that explaining only a 6.8% of variance. Finally, in autumn
(SON), four components are extracted using T>0.7 explaining the 76.5% of
accumulated variance and three components are found using T>1 explaining the 72.9%

of accumulated variance.
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RPCs T>0.7 T>1
Time-scale | Component number % variance % variance

1 49.3 49.3

2 14.9 14.9

Annual 3 6.5 6.5
4 3.8
5 3.3

Total 77.9 70.8

1 47.4 47.4

2 14.1 14.1

DJF 3 6.8 6.8

(Winter) 4 4.6 4.6
5 3.8

Total 76.7 73.0

1 48.7 48.7

2 14.7 14.7

MAM 3 6.8 6.8
(Spring) 4 4.2
5 34

Total 77.8 70.2

1 50.2 50.2

2 16.2 16.2

JJA 3 6.4 6.4
(Summer) 4 3.6
5 3.2

Total 79.5 72.7

1 51.6 51.6

SON 2 15.1 15.1

(Autumn) 3 6.3 6.3
4 3.6

Total 76.5 72.9

Table 5-10: Number ofextracted components and percentages of variance explained by the rotated
principal components using T >0.7 and T >1 thresholds at annual and seasonal time-scales using
12-month SPEI time series.

The comparisometween T>0.7 and T>1 shows that the explained variance obtained by
the inclusion of additional RPCs in T>0.7 is relatively small and does not justify the
selection of this criteria. The qualitative analysis of the scree gass-21) also
recommends thselection of the same number of RPCs derived by the application of the
T>1 criteria. The selected number of components ensures that the accumulated variance
falls in the range of 70-90% recommended by Jolliffe (2002).

In summary, the principal componments analysis is finally applied over the 22 12-
month SPEI time series at annual and seasonal time scales for the 1906 to 2010 period.
For our regionalization purposes, the S-mode of PCA is selected using the truncation

threshold T>1 and applying Varimax rotation of the components. The results provide
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Figure 5-21: Scree grph showing the eigenvalue spectrum related with different components found in
rotated principal components at annual and seasonal time-scales.

From the extaction of the Rotated Principal Component Analysis (RPCA) to the 12-

month SPEI series over Iberian Peninsula for the period 1906-2010, the spatial patterns

together with the associated time series are obtained at annual and seasonal time scales.

In this section, annual and seasonal time scales are analyzed separately in order to

distinguish the spatial patterns found across the year. Moreover, the areas with similar

temporal behaviour of droughts, suggested by RPCAs analysis, are identified and the

variability and trends of the time series associated to the spatial-temporal patterns are

also described in the following sections.

Three Rotated Principal Components (RPCs) are extracted to represent the variability

over Iberian Peninsula at annual time scale explaining the 70.8% of total variance. The

first component (RPC1) explains the 49.3% of total variance and it will be called as

South-western pattern (SWP) from now onwards. The second component (RPC2)

explains the 14.9% of variance and will be calletNagh-western patterfNWP) from

now. The third component (RPC3) just explains the 6.5% of variance and will be called

as Mediterranean pattern
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maximum weights in the south-west and central area of the Iberian Peninsula while the
North-western pattern covers the north and north-western Iberia. Finally, the
Mediterranean pattern is focused mainly in the Mediterranean region of the Iberian
Peninsula.

The RPCs are also extracted at seasonal time scale from the RPCA computed over the
Iberian Peninsula. Four RPCs are extracted explaining the 73% of total variance in
winter (DJF); three RPCs in spring (MAM) explaining the 70.2%; three RPCs in
summer (JJA) explaining the 72.7%; and three RPCs in autumn (SON) explaining the
72.9% of total variancesee table 5-10)Similar spatial patterns to those found at annual
scale areextracted at the sesasonal time scale, and the associated time series are also
computed. The South-western pattern, the North-western pattern and the Mediterranean
pattern are the spatial-temporal patterns also identified at seasonal basis and they will be

described and analyzed below one by one.
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5. Results

5.4.2. The South-western pattern

5.4.2.1. Annual and seasonal spatial structure

The South-western pattetrg. 5-22) shows the maximum weights located in the south-
west of thelberian Peninsula (Cadiz Gulf) but also reaching the central area of the
region with a weaker signal (Central System) at annual time-scale. This spatial pattern
spreads over Iberian Peninsula following the Guadiana, Guadalquivir and Tagus basins

and covers the western part of the South Plateau and the southern part of the Central

Plateau.
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Figure 5-22: Spatial dstribution of the maximum weights referred to the South-western pattern (SWP)
computed over the 22 12-month SPEI series at annual time-scale over the Iberian Peninsula.
This component explains the 49.3% of total variance. Spatial interpolation is applied using the
kriging method.

The spatialdistribution of the South-western pattern is also identified over the Iberian
Peninsula at seasonal time-scale, with maximum weights located in the south-west of
the Iberian Peninsulgig. 5-23) This pattern spreads over the region under study from
the Cadiz Gulto the Central System reaching the south-west and central area of the
Iberian Peninsula. It involved the Guadiana, Tagus and Guadalquivir basins, and
extends to the western area of South Plateau and in the Central Plateau with a weaker
signal. Most of the variance explained in summer (50.2%) and autumn (51.6%) over the
Iberian Peninsula is related to the South-western pattern coinciding with its maximum
weights located at the Cadiz Gulf and maximum expansion of the pattern along to the

Central Plateau.
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Figure 5-23: Spatial dstribution of the maximum weights related to the South-western pattern identified
over the Iberian Peninsula at seasonal time-scale. This pattern explains the 14.1% of total
variance in winter (DJF), the 14.7% in spring (MAM), the 50.2% in summer (JJA) and the
51.6% of total explained variance in autumn (SON). Spatial interpolation is applied using the
kriging method.

5.4.2.2. Annual and sesonal temporal evolution

Figure 5-24 presents the variability of 12-month SPEI time series associated to the
South-western pattern determined by the RPC analysis over the Iberian Peninsula for
the period 1906-2010 at annual time-scale. The driest periods identified in the South-
western pattern (SWP) time series are the 1930s, mid-1940s, mid-1970s, 1980s, early
and mid-1990s and 2000s while the wettest periods were identified in 1900s, 1910s,
early-1940s, 1960s, early-1970s, early and late-1990s and late-2000s. Otherwise, a high
variability between shorter dry and wet periods than in other decades characterises the
1920s and 1950s decades. The time-series associated to the South-western pattern
shows a statistically significant (at the 95% significance level) decreasing trend of -
0.064/decade for the period 1906-2Qt#ble 5-11)
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Figure 5-24: Fluctuatims of 12-month SPEI time series associated to the South-western pattern found at
annual time-scale over Iberian Peninsula for the period 1906-2010. Red line; 10-year Gaussian
filter.

The fluctuatons of averaged 12-month SPEI time series associated to the South-western
pattern at seasonal time scale for the period 1906-2010 are shown in figure 5-25. The
time series show similar variability across time independently of the chosen season
detecting the driest conditions in 1930s, mid-1940s, mid-1970s, 1980s, early-mid-1990s
and 2000s. The wettest periods are identified in 1900s, 1910s, late-1930s and early-
1940s, 1960s, 1970s and late-1990s while the alternation of shorter dry and wet
conditions occurred in 1920s and 1950s.

The wettest winter (DJF) was in 1990 (+1.77 SPEI value) in the time-series associated
to the South-western pattern at seasonal scale, however, the driest winter occurred in
1995 according to figure 6-25 (-2.24 SPEI value). The wettest spring was found in 1990
(+2.43) and the driest one was recorded in 1995 (-2.83). The wettest summer was
identified in 1970 (+2.07), but the driest summer occurred in 1995 (-2.72). Finally, the
wettest autumn was in 1996 (+2.20), while the driest autumn was in 1995 (-2.10). These
results show that the wettest and driest seasons are identified basically in 1990s in the
South-west of the Iberian Peninsula. According to the 12-month SPEI, the year 1995 is
the driest one of the time-series in the South-west of the Iberian Peninsula because
major seasonal records are found during all seasons in 1995.
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Figure 5-25: Fluctuatios of averaged 12-month SPEI time series associated to the South-western pattern

found over Iberian Peninsula at seasonal time scale for the period 1906-2010 (with smoothed
by Gauss filter over 10 years).
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5.4.3. The North-western pattern
5.4.3.1. Annual and seasonal spatial structure

The North-western pattern (NWig. 5-26)represents a spatial pattern with maximum
weights locged in the north and north-west of the Iberian Peninsula at annual time-
scale, but its influence also reaches some areas of central part of the region (Central
System). The spatial pattern spreads over the north-west and north of the Iberian
Peninsula (from the north of Portugal and Galicia to the Western Pyrenees) covering the
Cantabrian range and also the North Plateau till Central System and Iberic System.

North-western pattern (RPC2)
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Figure 5-26: Spatial dstribution of the maximum weights referred to the North-western pattern (NWP)
computed over the 22 12-month SPEI series at annual time-scale over the Iberian Peninsula.
This component explains the 14.9% of total variance. Spatial interpolation is applied using the
kriging method.

The North-wastern pattern analyzed at seasonal time-scale concentrates the maximum
weights in the north and north-west of the Iberian Peninsula in spring, summer and
autumn(Fig. 5-27) This pattern spreads over the Iberian Peninsula from the Cantabrian
coast to th&entral System reaching the north of Portugal, Galicia, all the North Plateau
and the Cantabrian range. But, two sub-patterns were identified in winter, named as
Sub-pattern 1 and Sub-pattern 2 in fig. 5-27. The sub-pattern 1 shows the maximum
weights in the north and central area of the Iberian Peninsula from the Cantabrian coast
to the north-western part of the South Plateau reaching the Cantabrian range, all the
North Plateau and also the Central System. Otherwise, the sub-pattern 2 is located in the
north-western corner of the Iberian Peninsula with maximum weights just covering

Galicia and the north-west of Portugal. These two sub-patterns found in winter (DJF)
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over the Iberian Peninsula belong to the North-western pattern detected at annual time
scale. Most of the variance explained in spring over Iberian Peninsula is related to the
North-western pattern (48.7%) while most of the variance explained in winter is related
to the sub-pattern 1 (47.4%).

Spring (MAM) _

1.0
0.8
=0.6

| X

B T T T T T T T 36 T T T T T T T —{0.2
-8 -6 -4 -2 ] 2 4 -8 6 -4 -2 0 2 4

Autumn (SON)

T T T T T T 36 T T T T T T T
-6 -4 2 0 2 4 -6 2 4

Winter (DJF) sub-pattern 1 Winter (DJF) sub-pattern 2

Figure 5-27: Spatial dstribution of the maximum weights related to the North-western pattern identified
over the Iberian Peninsula at seasonal time-scales. Note that two sub-patterns were found in
winter (DJF) related to the North-western pattern. The North-western pattern explains the
48.7% of total variance in spring (MAM), the 16.2% in summer (JJA) and the 15.1% of total
explained variance in autumn (SON). The sub-patterns 1 and 2 found in winter (DJF)
represents the 47.4% and 4.6% of total variance respectively. Spatial interpolation is applied
using the kriging method.
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5.4.3.2. Annual and seasonal temporal evolution

Figure 5-28 presents the variability of 12-month SPEI time series associated to the
North-western pattern determined by the RPC analysis over the Iberian Peninsula for
the period 1906-2010 at annual time-scale. The driest periods identified in the time
series associated to the North-western pattern are detected in 1900s, late-1940s, late-
1980, early-1990s and mid-late-2000s. The wettest periods are identified in late-1920s,
1930s, 1960s, late-1970s and early-2000s while periods based on high variability are
shown in 1910s, early-mid-1920s, 1950s, early-mid-1970s, mid-1980s and mid-1990s.
The time-series associated to the North-western pattern show a non-significant
decreasing trend of -0.001/decade (at the 95% level).
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Figure 5-28: Fluctuations of 12-month SPEI time series associated to the North-western pattern found at
annual time-scale over Iberian Peninsula for the period 1906-2010. Red line; 10-year Gaussian
filter.

The variabilty of averaged 12-month SPEI time series associated to the North-western
pattern found at seasonal time scale in the Iberian Peninsula for the period 1906-2010
together with sub-patterns 1 and 2 are shown in figure 5-29. The driest periods recorded
in the time series associated to the North-western pattern in spring, summer and autumn
occurred in 1900s, early-1920s, 1940s and early-1990s while the wettest conditions are
identified in 1930s, early-1960s and late-1970s. Otherwise, the 1910s, late-1920s,
1950s, late-1960, early-1970s, 1980s, late-1990s and 2000s are characterized by the
alternation of dry and wet conditions. In this way, the wettest spring occurred in 1960
(+2.40 SPEI value), while the driest spring was recorded in 1949 (-2.55) for the North-

west of the Iberian Peninsula. The wettest summer is identified in 1961 (+2.63), but the
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driest summer is shown in 1949 (-2.53). Finally, the wettest autumn occurred in 1960
(+2.35), however, the driest autumn (-2.92) was found in 1989.

The driest periods detected in the time series associated to the sub-pattern 1 are
concentrated in 1940s, late-1960s, 1980s and 1990s while wettest periods are identified
in 1900s, 1910s, mid-1930s, 1950s, early-mid-1960s and 1970s. However, a high
variability between dry and wet periods is shown in 1920s, early 1930s and 2000s. The
wettest winter according to the time series associated to sub-pattern 1 occurred in 1958
(+1.88), but the driest winter identified in the North and central area of the Iberian
Peninsula was recorded in 1971 (-2.25). Furthermore, the driest periods recorded in the
time series associated to the sub-pattern 2 occurred in 1900s, 1910s 1920s, late-1940s,
mid-1970s, early-1990s and mid-late-2000s while wettest conditions were identified in
1930s, early-mid-1940s, 1960s, early and late-1970s, early-mid-1980s and early-2000s.
The alternation of wet and dry periods occurred just in 1950s and 1990s. Moreover, the
wettest winter found in the time-series associated to the sub-pattern 2 was identified in
1960 (+2.37) while the driest winter occurred in 1907 (-3.07).
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Figure 5-29: Fluctuatios of averaged 12-month SPEI time series associated to the North-western pattern
found over Iberian Peninsula at seasonal time scale for the period 1906-2010 (with smoothed
by Gauss filter over 10 years).
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5.4.4. The Mediterranean pattern
5.4.4.1. Annual and seasonal spatial structure

Finally, the Mediterranean patte(rig. 5-30) shows a spatial pattern clearly influenced

by the Medierranean Sea, reaching the maximum weights in the east side of the Iberian
Peninsula. This pattern spreads over Iberian Peninsula through the Mediterranean coast
reaching oriental Pyrenees to the Betic System and covering the eastern part of Iberic

System and the eastern part of the South Plateau.

Mediterranean pattern (RPC3)
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Figure 5-30: Spatial distribution of the maximum weights referred to the Mediterranean pattern (MedP)
computed over the 22 12-month SPEI series at annual time-scale over the Iberian Peninsula.
This component explains the 6.5% of total variance. Spatial interpolation is applied using the
kriging method.

The Mediteranean pattern found at seasonal time-scale shows a spatial structure
strongly influenced by the Mediterranean shoreline, locating the maximum weights at
the east and south-east of the Iberian Peninsula in all se@apres31) This pattern
reaches théediterranean coast extending to the eastern part of the South Plateau and
following the Segura and Jucar basins. The Mediterranean pattern explains less variance
than other patterns (around 6% or 7% of total variance during all seasons) and the

maximum weights reach more Iberian extension in spring and autumn.
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Figure 5-31: Spatial dstribution of the maximum weights related to the Mediterranean pattern identified
over the Iberian Peninsula at seasonal time-scales. This pattern explains the 6.8% of total
variance in winter (DJF), the 6.8% in spring (MAM), the 6.4% in summer (JJA) and the 6.3%
of total explained variance in autumn (SON). Spatial interpolation is applied using the kriging
method.

5.4.4.2. Annual and sesonal temporal evolution

Figure 5-32 presents the variability of 12-month SPEI time series associated to the
Mediterranean pattern determined by the RPC analysis over the Iberian Peninsula for
the period 1906-2010 at annual time-scale. The time series associated to the
Mediterranean pattern (MedP) shows the driest periods in early-1910s, mid-late-1920s,
1960s, early-mid-1980s, mid-late-1990s and 2000s. The wettest periods are identified in
1900s, mid-late-1910s, early-1920s, early-1930s and 1970s, while a high variability
between dry and wet periods were detected in 1940s, 1950s, late-1980s and early-1990s.
The time-series associated to the Mediterranean pattern shows a statistically significant
decreasing trend of the -0.101/decade (at the 99% level) for the period 1906-2010.
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Figure 5-32: Fluctuatils of 12-month SPEI time series associated to the Mediterranean pattern found at
annual time-scale over Iberian Peninsula for the period 1906-2010. Red line; 10-year Gaussian
filter.

The fluctuationf averaged 12-month SPEI time series associated to the Mediterranean
pattern found in the Iberian Peninsula at seasonal time scale for the period 1906-2010
are shown in figure 5-33. The time series associated to the Mediterranean pattern
showed similar behaviour across time during all seasons. The driest periods identified in
the time series occurred in early-1910s, 1920s, mid-1960s, early-1980s, mid-late-1990s
and 2000s while the wettest conditions were referred to 1900s, late-1910s, early-1930s,
1970s, and late-1980s. Otherwise, shorter dry and wet periods combined alternatively
were detected in 1940s, 1950s and 1960s.

The wettest winter found in the Mediterranean region occurred in 1972 (+2.36), but the
driest winter was identified in 2007 (-2.22). Moreover, the wettest spring was recorded
in 1973 (+2.43), while the driest spring occurred in 2001 (-2.34). The wettest summer
was identified in 1972 (+2.37), but the driest summer was detected in 2001 (-2.33).
Finally, the wettest autumn occurred in 1972 (+2.85) and the driest autumn was shown
in 1995 (-2.35). The wettest seasonal records was found in early-1970s, meanwhile the
driest seasons of the Mediterranean time-series occurred between mid-1990s and 2000s

when most of the seasons remained in dry conditions.
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Figure 5-33:Fluctuations of averaged 12-month SPEI time series associated to the Mediterranean pattern
found over the Iberian Peninsula at seasonal time scale for the period 1906-2010 (with
smoothed by Gauss filter over 10 years).
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5.4.5. Summary

Three Rotated Principal Components (RPCs) are extracted from PCAs to represent the
variability over Iberian Peninsula at annual time scale explaining the 70.8% of total
variance. Similar spatial-temporal patterns to those found at annual scale are also
extracted at the sesasonal time scale. The South-western pattern (RPC1) focuses its
maximum weights in the south-west and central area of the Iberian Peninsula while the
North-western pattern (RPC2) covers the north and north-western Iberia. Finally, the
Mediterranean pattern (RPC3) is mainly focused in the Mediterranean region of the
Iberian Peninsula.

The time-series associated to the South-western pattern and the Mediterranean pattern
shows a statistically significant decreasing trend (95% significance level) reaching -
0.064/decade and -0.101/decade (significant at the 99% level) respectively for the
period 1906-201Qrable 5-11) Otherwise, the time-series associated to the North-western
pattern showa non-significant decreasing trend of -0.001/decade (at the 95% level). A
plausible interpretation is that the south and south-west of the Iberian Peninsula (SWP)
is suffering drier conditions currently than before, but the Mediterranean region does it
duplicating the drying trend, caused basically by the driest last decades observed in this
region. However, the north and north-west of the Iberian Peninsula (NWP) do not show
a significant trend in drought conditions. These results are in good agreement with
Vicente-Serraneet al., (2011) whom found that dry conditions did not increase in the
north-west of the Iberian Peninsula between 1930 and 2006 using SPI and SPEI drought
indices. This contrasts with the general trends found in other Iberian regions, in which
dry conditions have increase®icente-Serrano 2006a)On a regional scale, there is
evidence of aignificant increase in the severity of drought in the Ebro basiante-

Serrano & Cuadrat-Prats 2006, Vicente-Serrano & Ldépez-Moreno 2008)some areas of the
Valencia rgion (Vicente-Serraneet al., 2004) and in the Tagus bas(norenzo-Lacruzet al.,

2010. Souseet al., (2011) have also shown that north-west of Iberian Peninsula is an
exception tothe predominant trend in the 2@entury towards drier conditions using

PDSI, which haveen recorded for most of the western Mediterranean.
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Patterns Linear trend (SPEI value/decade) 95% confidence intervals  p-values
South-western -0.064 (-0.117/-0.001) 0.045
North-western -0.001 (-0.053/0.054) 0.993
Mediterranean -0.101 (-0.153/-0.049) 0.005

Table 5-11: Summary ofannual trends (in SPEI value/decade) computed for the spatial patterns found at
annual time scales in the Iberian Peninsula (1906-2010). The associated 95% confidence intervals

are also shown. Bold (or Italic) values are referred to statistical significance at the 99% level (or
95%).
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5.5. Univariate analysis of droughts and wet events

The charactestics and trends of the main parameters related to dry and wet events are
analyzed for the whole Iberian Peninsula and also for the spatial-temporal patterns
found at annual time-scale. According to Burtral., (1978), the main parameters to
analyse dry and wet events are severity, duration and magnitude, all described in section
4.6. Perhaps, magnitude is the most relevant parameter because combines severity and
duration (referred to the accumulated severity for a dry or wet period) and it is
interesting to see the fluctuations of these parameters across time. Moreover, other
interesting parameters are also studied, such as the seasonal distribution of the onset,
offset and the period of the maximum severity reached by dry or wet events. It provides
information about the seasons in which dry or wet events tend to begin or to end and in

which seasons these extreme events reach their maximum severity from 1906 to 2010.

5.5.1. Characteristics and trends for the whole Iberian Peninsula

As described in methods section, a drought event is defined as a continuous period in
months for which the SPEI remains below z@toau, 2006) Fluctuations in wet and dry
events in thederian Peninsula from 1906 to 2010 are shown in figure 5-34.

In total, 155 events are identified, from which 77 are dry events and 78 are wet events.
This, similar number of wet and dry events is detected over the Iberian Peninsula being
consistent with the 50.5% of months for the whole period with dry conditions and the
rest of 49.5% with wet conditions according to the 12-month SPEI time series. Fig. 6-30
shows how the most severe wet event occurred between 1969 and 1970, when
maximum severity index was slightly shorter than +2 (severely wet in SPEI categories;
table 4-5. The longest wet event occurred between 1976 and @@8@ 5-12)in which

wet conditionsprolonged during 40 consecutive months, although the maximum
severity was moderately wet and, in average, it was slightly wet. Note the wettest events
occurred in late-1950s, 1960s and 1970s over the Iberian Peninsula coinciding with

temperatures lower than normal and an increase in precipitation in average.
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Figure 5-34 Dry andwet events detected in the Iberian Peninsula (1906-2010) using 12-month SPEI.
Black bars refer to the maximum monthly index value (maximum severity) recorded for each
event, while grey bars indicate the average index value for each event. The duration in months
for each event is represented in the x axis: bars’ widths are proportional to duration.

The maximumseverity of the driest event identified (between 2004 and 2007) reached
the category of extremely dry in a given month and, in average, it was considered
moderately dry during 35 months. The second driest event was from 1994 to 1996
reaching extremely dry category and lasted 25 months. Finally, the longest dry event
occurred between 1943 and 1946 along 37 months becoming a severely dry event
according to the comprehensive categories. Note the driest events occurred during the
last two decades coinciding with the warmest years of the time series and, in general,
less precipitation than normal.

Fluctuations of magnitude identified for wet and dry events over the Iberian Peninsula
across time are shown in figure 5-35. As described in the methods section, magnitude is
defined as the accumulation of monthly severity index value related to duration of the
analysed drought. The highest magnitudes in wet events appeared in 1910s, late-1930s,
1960s and 1970s. The highest drought magnitudes were recorded in mid-late-1940s,
early-1950s and during the last three decades of the records (from 1980 to 2010).
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Figure 5-35 Magnituce of wet and dry events identified over Iberian Peninsula (1906-2010) using 12-
month SPEI. Red bars refer to the accumulated SPEI severity (magnitude) recorded for each
event related to the duration in months represented in the x axis: bars’ widths are proportional
to duration.

The major mgnitude of dry and wet events identified over the Iberian Peninsula from
1906 to 2010 are shown in table 5-12 related with the maximum severity reached for
each event, averaged severity and duration in months. In this way, the wet event
detected between 1976 and 1980 was the major wet event reaching the maximum
magnitude of the time-series while the drought occurred from 2004 to 2007 reached the
maximum magnitude becoming the major drought identified over the Iberian Peninsula
since 28 century. Other major wet and dry events were included in table 5-12 that
occurred in 1960smal 19/0s (in the case of wet events) and in 1940s and two of them in
1990s (in the case of droughts). In fact, the driest and wettest event (in terms of
magnitude) did not coincide with the most severe and longest ones because the
maximum magnitudes were reached when both severity and duration of dry and wet
events were very high simultaneously.

Table 5-13 shows the statistics of maximum severity reached for each event, averaged
severity, duration in months and magnitude of wet and dry events. The mean of
maximum severity and averaged severity of dry events is slightly higher than the
equivalent paraeters for wet events, demonstrating that dry events tend to be more
severe than wet events. However, the duration of wet events is found to be higher than

188



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014

5. Results

in dry events. Wet periods last on average 8.26 months, contrasting with the lower value
of 7.88 months for dry events. Although the severity of dry events is found to be
slightly higher than in wet events, the longer duration of wet events results in similar
average magnitudes compared to those found for dry events over the Iberian Peninsula.
However, maximum severity index value and maximum magnitude reached by a
particular dry event is higher than the equivalent parameters reached for particular wet

events, although the highest maximum duration was reached by a wet event.

Major Maxim_um Averaged Duration in Magnitude
events severity severity months
1959-1961 1.49 0.82 32 26.19
Wet 1961-1964 1.40 0.82 34 27.73
1969-1970 1.95 1.03 22 29.12
1976-1980 1.49 0.85 40 33.87
1943-1946 1.63 0.74 37 27.44
Dry 1994-1996 2.06 1.13 25 28.28
1998-2001 1.62 0.98 29 28.48
2004-2007 211 1.16 35 40.76

Table 5-12 Summary statisitics of the most remarkable wet and dry events in terms of maximum severity
reached dr each event, averaged severity and magnitude in absolute values. Duration in months is

also shown.
Parameter s Mean Maximum STD Linear trend
%) Max. Severity 0.55 211 0.50 0.059 SPEI/10 events
ac>) Avg. Severity 0.32 1.16 0.26 0.039 SPEI/10 events
>. | Duration (months) 7.88 37 8.99 0.588 month/10 events
o Magnitude 4.46 40.76 8.03 0.211 SPEI/10 events
0 Max. Severity 0.49 1.95 0.49 0.003 SPEI/10 events
& | Avg. Severity 0.28 1.04 0.26 0.007 SPEI/10 events
% Duration (months) 8.26 40 10.40 -0.330 month/10 events
= Magnitude 4.53 33.87 7.94 0.050 SPEI/10 events

Table 5-13: Summary tatistics of all dry and wet events detected over Iberian Peninsula from 1906 to
2010. Maximum severity reached for each event, averaged severity, magnitude and duration in
months are the parameters analyzed and the mean, maximum value, standard deviation, linear
trend and its statistical significance (linear trend calculated for each 10 events) are the statistics in
absolute values. Bold (ltalic) values are referred to statistical significant trends at 99% level
(95%).

To assesdrhe evolution of the different wet/dry events related parameters, their linear
trends are computeg@able 5-13) Linear trends in maximum severity, averaged severity
and magnitudef the SPEI index values of wet events show a slight and non-significant
increase while the duration (in months) tended to decrease also not reaching the the 95%
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significance leve(Table 5-13) In comparison, the same parameters of severity computed
over dry eventshow a statistically significant (99% level) increase of the 0.059SPEI/10
events in maximum severity and of the 0.039 SPEI/10 events in average severity. This
new unit (drought index value/10 events) is used to quantify trends in severity and
magnitude (using the pertinent drought index value of SPEI trend in this case) of wet
and dry events for each 10 events. Linear trends of drought magnitude and duration
show a significant increase of the 0.211 SPEI/10 events and of the 0.588 months/10
events at the 95% and 99% level respectively for the whole period (1906-2010). This
means that the severity, magnitude and duration of droughts is experiencing a
significant increase over the Iberian Peninsula while the same parameters computed for
wet events are not changing their behaviour significantly.

Otherwise, a joint analysis of severity, magnitude and duration could give us an idea
about the relationship among these relevant parameters in wet and dry events, for this
reason it is better to study them together. In fact, the correlation coefficient (Pearson)
between maximum severity reached and duration in dry events is 0.89, while in wet
events is 0.85, and between averaged severity and duration is 0.82 in both; wet and dry
events.

The behavior of identified dry and wet events according to the maximum and averaged
severity related with its duration is shown in figure 5-36. The accumulative character of
droughts can be identified by noting that when the duration of the drought increases so
does the severity drawing a logarithmic trend.

Obviously, most of the dry and wet events remain in low severity and duration due to
high variability between wet and dry months that do not allow to produce dry or wet
conditions in a long time, but this is not so in a few cases. The 1990s and 2000s were
abnormally warm due to climate chan@lomonet al., 2007) and abnormally dry (in
precipitation)causing the three driest events of the series mentioned abawmering

table 5-12.
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Figure 5-36; Behaviorof identified dry and wet events according to the average index value for each
event (upper panel) and the maximum monthly index value (maximum severity) recorded for
each event (lower panel) related with the duration of each event. Most remarkable wet and dry
events detected previously are also shown and black lines draw logarithmic trends.

As occurred whe maximum and averaged severity of dry and wet events were analyzed
together with duration, magnitude and duration can also be treated jointly. Obviously,
drought magnitude also has a strong correlation with duration of dry events. In fact, the

correlation coefficient (Pearson) between magnitude and duration is 0.94 in wet events
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and is 0.93 in dry events. The behaviour of magnitude according to the respective
duration in months is represented in figure 5-37. The most remarkable wet and dry
events described above are highlighted as well, but most of wet and dry events remain
in lower magnitude and duration caused basically by the high variability of droughts
that did not allow prolonged dry and wet periods with some exceptions caltedj@s
droughtsdescribed before. Note that when the duration of wet and dry events increases
so did the magnitude of these events because the duration in time implied more or less
accumulated severity, so more or less magnitude recorded in wet and dry events.

This exercise clearly demonstrates that there is a strong relationship between severity,

magnitude and duration in wet and dry events.
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Figure 5-37 Behaviou of identified wet and dry events according to the magnitude reached for each
event related with the duration in months. Most remarkable wet and dry events are also shown.

Finally, seaonal distribution of the onset and offset of identified droughts and wet
events are also described together with the season in which the dry or wet events
reached their maximum severity. This information provides knowledge about which
seasons are prone to accumulate onsets, offsets or maximum severities related to dry
and wet events for the whole Iberian Peninsula taking into account the extreme events
found in SPEI time-series. Figures 5-38 and 5-39 show the seasonal distribution of the
percentages related to the onset, offset and maximum severity reachedHiy.\8el8)

and dry eventgFig. 5-39)for the whole Iberian Peninsula from 1906 to 2010. Note that
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the coldest colours in the plots are referred to the parameters about wet events
meanwhile the warmest ones represent the parameters related to droughts.

SON
O Onset (%)
JJA B Maximum severity (%)
O Offset (%)
MAM
DJF

Figure 5-38: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by wet events in the Iberian Peninsula. Seasons are shown in the y axis; where DJF is
referred to winter, MAM to spring, JJA to summer and SON to autumn. Seasonal percentages
for each parameter are also included inside the bars.
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Figure 5-39: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by droughts in the Iberian Peninsula. Seasons are shown in the y axis; where DJF is
referred to winter, MAM to spring, JJA to summer and SON to autumn. Seasonal percentages
for each parameter are also included inside the bars.
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Around 60% of wet events found in the Iberian Peninsula from 1906 to 2010 began in
the equinoccial seasons, spring or autumn, meanwhile the 25% of wet events started in
winter; the reamaining 14% started in sumnmyg. 5-38) That is logical taking into
account that smmer is the climatologically driest and warmest season in the Iberian
Peninsula. Similar results are found identifying the seasons in which wet events reached
maximum severity. The 29% of wet events reached maximum severity in autumn, the
27% in winter, the 26% in spring and less than 18% in summer. These results show that
winter, spring and autumn has a similar capacity to reach maximum severity in wet
events, meanwhile in summer, the lack of precipitation together with the highest
temperatures of the year cause higher evapotranspiration and, in consequence, less
capacity to reach maximum severity of wet events during this season. Finally, more than
35% of wet events finished in winter, the 30% in autumn, around 21% in spring and
13% in summer. As shown, most of wet events began, finished and reached maximum
severity basically in winter or autumn coinciding with the seasons that record higher
amounts of precipitation along the year in the Iberian Peninsula. In fact, the behaviour
of wet events in terms of the onset, the offset and maximum severity reached is mainly
regulated by winter and autumn (lesser extent in spring) in the region under study.

On the other hand, almost the 36% of droughts identified in the Iberian Peninsula began
in winter, the 28% in autumn, almost the 22% in spring and the 14% in sumger

39). Moreover,the 33% of droughts reached their maximum severity in autumn, the
24.5% in springalmost the 22% in summer and almost the 21% in winter. Finally, the
31% of droughts finished in spring, the 30% in autumn, the 24.5% in winter and the
14% in summer. As shown in wet events, the behaviour of droughts related to the onset,
the offset and maximum severity reached is basically regulated by winter, autumn and
spring in the Iberian Peninsula. The role of summer related to the beginning and end of
droughts is less than other seasons (as in wet events), but the percentage of maximum
severity reached in droughts during summer is slightly greater than in winter due to
higher temperatures and less precipitation recorded in summer than in winter, leading
that maximum severity is greater in summer than in winter. The high percentage
recorded in maximum severity of droughts reached in autumn (33%) is related to

climate conditions given in summer (less precipitations and the highest temperatures)
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that can cause a worsening of droughts reaching maximum severity if dry conditions

prolong during autumn.

5.5.2. Characteristics and trends for the spatial-temporal patterns

Once major droughts and wet events were identified and linear trends and their
statistical significance were analyzed for magnitude, severity and duration of the events
over the whole Iberian Peninsula, the same parameters and their statistics are obtained
for the time-series associated to the spatial-temporal patterns found previously. The aim
of this analysis is to find differences on the behaviour of droughts and wet events in
terms of magnitude, severity and duration for each pattern. As known from previous
section, the spatial-temporal patterns found in the Iberian Peninsula at annual time scale
are: The South-western pattern, the North-western pattern and the Mediterranean
pattern. The results are analyzed separately for each pattern.

5.5.2.1. The South-western pattern

A drying trend was found in the time series associated to the South-western pattern in
previous section, so it will also be interesting to investigate how these drier conditions
can affect the parameters related to wet and dry events identified from 1906 to 2010
(Fig. 5-40) The same number of dry and wet events is determined in the time series
associatedo the South-western pattern. In total, 134 events; 67 are wet events and 67
are referred to droughts. Six events reach the category of extremely wet (greater or
equal to +2 in SPEI categoriasble 4-5 in 1910, 1967, 1976, 1989, 1996 and 2010,
while five events reach the extremely dry category (less or equal to -2 in SPEI
categories) in 1973, 1990, 1994, 1998 and 2005. Note that the extremely wet and
extremely dry events are concentrated basically during the last four decades of the time-
series. The wettest event occurred between 1910 and 1913 reached the extremely wet
category during a few months and, in average, it is considered a severely wet event
during 26 consecutive months. Otherwise, the longest wet event was detected between
1967 and 1972 reaching also the extremely wet category and, in average, the severely
wet category during 54 consecutive montiisble 5-14) However, the driest event
occurred betwen 1994 and 1995 reaching the extremely dry category and, in average,
the severely dry category during 22 consecutive months. Furthermore, the longest
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drought was identified between 1931 and 1936 and prolonged during 58 consecutive
months, but it does not reach the extremely dry category, just the severely dry category
during a few months.
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Figure 5-40 Dry andwet events detected in the time-series associated to the South-western pattern
(1906-2010) using 12-month SPEI. Black bars refer to the maximum monthly index value
(maximum severity) recorded for each event, while grey bars indicate the average index value
for each event. The duration in months for each event is represented in the x axis: bars’ widths
are proportional to duration.

The fluctuatons of the magnitude of wet and dry events (accumulated SPEI for a
particular duration) are shown in figure 5-41. As shown, the highest magnitudes are
recorded in wet events in early-1910s, late-1930s, early-1940s, early-1960s, early and
late-1970s, in early and late-1990s and late-2000s. Otherwise, the highest magnitudes in
droughts appear in early-mid-1930s, mid-1940s, mid-1970s, early-mid-1980s, mid-
1990s and early-mid-2000s.

In this way, table 5-14 shows the major wet and dry events detected in the time-series
associated to the South-western pattern in terms of magnitude, maximum severity
reached, averaged severity and duration in months. The major wet event occurred
between 1967 and 1972 reaching the maximum magnitude of the time series promoted
by 54 consecutive months remaining in wet conditions, although this was not the most
severe wet event. Otherwise, the major drought was detected between 1931 and 1936
during 58 consecutive months, but it was not also the most severe drought. In both

cases, major extreme events coincide with the longest events, but not with the most
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severe ones, demonstrating that the duration of wet and dry events plays an important
role when computing magnitudes in the South-western pattern. Other major events are
shown in table 5-14 jointly with their magnitude, severity and duration in months.
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Figure 5-41 Magnituce of wet and dry events identified in the time-series associated to the South-
western pattern (1906-2010) using 12-month SPEI. Red bars refer to the accumulated SPEI
severity (magnitude) recorded for each event related to the duration in months represented in
the x axis: bars’ widths are proportional to duration.

Major Maxim_um Averaged Duration in Magnitude
events severity severity months
1910-1913 2.57 1.54 26 40.08
1939-1942 1.84 0.98 28 27.32
Wet 1961-1964 1.87 141 36 50.60
1967-1972 2.22 1.03 54 55.39
1996-1998 2.27 1.59 34 54.18
1931-1936 1.54 0.89 58 51.86
1943-1946 1.93 1.32 31 41.06
Dry 1990-1994 2.17 1.09 39 42.43
1994-1995 2.85 1.71 22 37.68
1998-2000 2.15 1.28 26 33.31

Table 5-14 The most remarkable wet and dry events detected in terms of maximum severity reached for
each even averaged severity and magnitude in absolute values. Duration in months is also shown.

Some basictatistics are computed to see the main characteristics of dry and wet events
in terms of maximum severity reached in a single month, averaged severity, magnitude
and duration in months for the South-western pattesbie 5-15) Similar statistics are

found comparingdry and wet events caused basically by the standardized drought
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index, but the main difference detected in the South-western pattern is that duration of
droughts lasts, more or less, 1 month more in average than duration in wet events (9.84
and 8.97 months respectively).

Finally, linear trends and their statistical significance are computed to identify
variations on the behaviour of wet and dry evemasle 5-15) The maximum severity
reached in aingle month, the averaged severity, duration in months and magnitude of
wet events show an increasing trend, but statistically non-significant at the 95% level.
However, the same parameters computed in droughts experience a statistically
significant increase at the 99% level except the magnitude that does it at the 95% level.
In summary, the time-series associated to the South-western pattern shows changes on
the behaviour of all main parameters related to droughts, while wet events do not
present significantly variations.

Parameter s Mean Maximum STD Linear trend

1) Max. Severity 0.83 2.85 0.68 0.136 SPEI/10 events
GC; Avg. Severity 0.49 1.71 0.37 0.071 SPEI/10 events
2 Duration (months) 9.84 58 11.33 | 1.163 month/10 events
a Magnitude 7.66 51.86 11.98 0.735 SPEI/10 events
g Max. Severity 0.80 2.57 0.72 0.021 SPEI/10 events
g Avg. Severity 0.50 1.82 0.44 0.012 SPEI/10 events
% Duration (months) 8.97 54 9.95 0 month/10 events

= Magnitude 7.66 55.39 12.78 0.036 SPEI/10 events

Table 5-15: Summary tatistics of all dry and wet events detected in the time-series associated to the
South-western pattern from 1906 to 2010. Maximum severity reached for each event, averaged
severity, magnitude and duration in months are the parameters analyzed and the mean, maximum
value, standard deviation, linear trend and its statistical significance (linear trend calculated for
each 10 events) are the statistics in absolute values. Bold (ltalic) values are referred to statistical
significant trends at 99% level (95%).

Finally, seaonal distribution of the onset and offset of identified droughts and wet
events are also assessed in the time series associated to the South-western pattern
together with the season in which dry or wet events reached their maximum severity.
Figures 5-42 and 5-43 show the seasonal distribution of the percentages related to the
onset, offset and maximum severity reached in (®igt 5-42) and dry eventgFig. 5-43)

for the South-wstern pattern from 1906 to 2010. Note that the coldest colours in the
plots are referred to the parameters about wet events meanwhile the warmest ones

represent the parameters related to droughts.
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Figure 5-42: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by wet events in the time-series associated to the South-western pattern. Seasons are
shown in the y axis; where DJF is referred to winter, MAM to spring, JJA to summer and SON
to autumn. Seasonal percentages for each parameter are also included inside the bars.
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Figure 5-43: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by droughts in the time-series associated to the South-western pattern. Seasons are
shown in the y axis; where DJF is referred to winter, MAM to spring, JJA to summer and SON
to autumn. Seasonal percentages for each parameter are also included inside the bars.

As shown in figue 5-42, almost the 33% of wet events began in winter, around 30% did

it in spring and autumn while just the 7.5% started in summer. Moreover, the 42% of
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wet events reached their maximum severity in winter, the 25.4% did it in spring and
autumn, but the 7.5% in summer. Finally, the 42% of wet events ended in winter, the
27% in spring, the 19.4% in autumn and the 12% in summer. As identified, winter is the
season in which the highest percentage of wet events started, ended and reached the
maximum severity in the South-western pattern. This fact can be related to the winter
maxima in the annual cycle of precipitation which characterizes the south-west of the
Iberian Peninsula. For this reason, winter is more conducive to accumulate onsets,
offsets and maximum severities reached by wet events. However, the driest and
warmest season (summer) plays a minor role in terms of the onset, the offset and
maximum severity reached by wet events in the South-west of the Iberian Peninsula.
Similar results are found in spring and autumn related to the onset and the maximum
severity reached by wet events, but the percentage about offsets of wet events is greater
in spring than in autumn. It means that wet events tend to end basically in winter, but if
it is not so, probably it will be finished in spring.

Furthermore, almost the 39% of droughts began in winter, the 27% in spring, the 21%
in autumn and the 13.4% in summer in the inspection of figure 5-43. Moreover, the
32.8% of droughts reached their maximum severity in autumn, the 28.4% in winter, the
24% in spring and the 15% in summer. Finally, the 32.8% of droughts ended in autumn,
almost the 30% did it in winter and spring while just the 7.5% finished in summer.
Droughts tend to start in winter or spring (followed by autumn), while they tend to
reach maximum severity in winter or autumn (followed by spring). Similar results are
obtained in winter, spring and autumn related to the end of droughts, although the
percentages are slightly greater in autumn. Finally, as shown in wet events, summer is
the season that has less weight on the behaviour of droughts in terms of the onset, the
offset and maximum severity reached in the South-western pattern.
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5.5.2.2. The North-western pattern

The time series associated to the North-western pattern did not show a significant trend
(at the 95% level) in dry conditions across time when it was computed in previous
section. Despite it will also be interesting how the main parameters related to wet and
dry events are distributed in the time-series from 1906 to 2010. In total, 161 extreme
events are found in the North-western pattern of which 80 are wet events and 81 are
droughts. Six wet events reach the extremely wet category (greater or equal to +2 in
SPEI categories) and occurred in mid-1930s, early-1940s, early-1960s, mid-1960s, late-
1970s and early-2000s. Otherwise, five droughts reach the extremely dry category in
SPEI values and occurred in mid-1900s, late-1940s, late-1980s, early-2000s and mid-
2000s(Fig. 5-44) The wettest event was identified between 1959 and 1962 when the
SPEI indexreached +3 in a few single months and it was considered severely wet in
average during 42 consecutive months. In this case, the wettest event (the most severe)
coincides with the longest wet event for the North-western pattern. On the other hand,
the driest event was identified between 1989 and 1991 when the maximum severity
reached -3 in SPEI index and the averaged severity remained severely dry during 26
consecutive months. In this case, the driest event does not coincide with the longest one,
because the longest occurred between 2004 and 2007 and lasted 39 months becoming an
extremely drought.

The fluctuations in magnitude of wet and dry events found in the time-series associated
to the North-western pattern for the period 1906-2010 are shown in figure 5-45. The
highest magnitudes identified in wet events were recorded in 1930s, early-1940s, early-
1960s, mid-1960s and late-1970s, while the highest magnitudes detected in droughts
were observed in mid-1900s, early-1920s, late-1940s, early-1990s and mid-2000s.
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Figure 5-44 Dry andwet events detected in the time-series associated to the North-western pattern
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(1906-2010) using 12-month SPEI. Black bars refer to the maximum monthly index value
(maximum severity) recorded for each event, while grey bars indicate the average index value
for each event. The duration in months for each event is represented in the x axis: bars’ widths
are proportional to duration.
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Figure 5-45 Magnituce of wet and dry events identified in the time-series associated to the North-

western pattern (1906-2010) using 12-month SPEI. Red bars refer to the accumulated SPEI
severity (magnitude) recorded for each event related to the duration in months represented in
the x axis: bars’ widths are proportional to duration.

The major vet events and major droughts are shown in table 5-16 taking into account

the magnitude of each event, the maximum severity reached, the averaged severity and
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duration in months for the North-western pattern. In this way, the major wet event
occurred between 1959 and 1962 promoted by the highest severity reached during 42
consecutive months under wet conditions. In contrast, the major drought was identified
between 1948 and 1951 reaching the highest magnitude of droughts, but it was not the
most severe and the longest of the records too. A high severity during 35 consecutive
months characterizes this drought as the largest in the North-western pattern time-series.

Other major wet and dry events can also be consulted in table 5-16.

Major Maxim_um Averaged Duration in Magnitude
events severity severity months
1935-1937 2.04 1.06 24 25.42
1940-1942 2.14 0.99 25 24.68
Wet 1959-1962 3.02 1.64 42 68.71
1965-1967 2.39 1.54 17 26.24
1977-1980 2.21 1.27 38 48.45
1906-1908 2.25 1.00 32 31.92
1948-1951 2.73 1.66 35 57.94
Dry 1989-1991 3.01 1.78 26 45.74
1991-1993 1.80 0.90 24 21.52
2004-2007 2.14 1.02 39 39.61

Table 5-16 The most remarkable wet and dry events detected in terms of maximum severity reached for
each even averaged severity and magnitude in absolute values. Duration in months is also shown.

The main sthstics (Table 5-17)of the parameters related to wet and dry events show the
severity andduration are slightly higher in dry events, but the magnitude of wet events

is slightly higher than in droughts. However, linear trends show an increasing in
severity, duration and magnitude in wet events and droughts simultaneously, but they
are statistically non-significant at the 95% level in all cases. The results demonstrate
that the time-series associated to the North-western pattern is not experiencing linear
changes on the behaviour of wet and dry events, but the fluctuations of drought time-
series is just the result of the temporal variability without clearly trends recorded in the
main drought parameters.

On the other hand, seasonal distribution of the onset and offset of identified droughts
and wet events are also determined in the time series associated to the North-western
pattern together with the season in which dry or wet events reached their maximum
severity. Figures 5-46 and 5-47 show the seasonal distribution of the percentages related
to the onset, offset and maximum severity reached inAkeB-46)and dry eventgrig.

5-47) for the North-western pattern from 1906 to 2010. Note that the coldest colours in
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the plots are referred to the parameters about wet events meanwhile the warmest ones
represent the parameters related to droughts.

Parameters Mean Maximum STD Linear trend
1) Max. Severity 0.79 3.01 0.68 0.019 SPEI/10 events
§ Avg. Severity 0.45 1.78 0.37 0.014 SPEI/10 events
°>{ Duration (months) 7.89 39 8.68 0.031 month/10 events
o Magnitude 6.12 57.94 10.47 0.241 SPEI/10 events
*8 Max. Severity 0.74 3.02 0.72 0.032 SPEI/10 events
g Avg. Severity 0.44 1.64 0.40 0.012 SPEI/10 events
% Duration (months) 7.75 42 9.00 0.132 month/10 events
= Magnitude 6.20 68.71 10.99 0.173 SPEI/10 events

Table 5-17: Summary tatistics of all dry and wet events detected in the time-series associated to the
North-western pattern from 1906 to 2010. Maximum severity reached for each event, averaged
severity, magnitude and duration in months are the parameters analyzed and the mean, maximum
value, standard deviation, linear trend and its statistical significance (linear trend calculated for
each 10 events) are the statistics in absolute values. Bold (ltalic) values are referred to statistical
significant trends at 99% level (95%).
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Figure 5-46: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by wet events in the time-series associated to the North-western pattern. Seasons are
shown in the y axis; where DJF is referred to winter, MAM to spring, JJA to summer and SON
to autumn. Seasonal percentages for each parameter are also included inside the bars.
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Figure 5-47: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by droughts in the time-series associated to the North-western pattern. Seasons are
shown in the y axis; where DJF is referred to winter, MAM to spring, JJA to summer and SON
to autumn. Seasonal percentages for each parameter are also included inside the bars.

As shown in fgure 5-46, the 31.3% of wet events began in winter and autumn, the
22.5% in spring and the 15% in summer. Moreover, the 32.5% of wet events reached
maximum severity in autumn, the 28.8 % in winter, the 22.5% in spring and the 16.3%
in summer. Finally, the 33.8% of wet events ended in winter, the 31.3% in autumn, the
27.5% in spring and just the 7.5% in summer. As occurred in the case related to the
South-western pattern, winter and autumn are the most conducive seasons to
accumulate the highest percentages related to the onset, the offset and maximum
severity reached in wet events in the North-western pattern. These results are similar
results to those previously obtained for the South-west of the Iberian Peninsula taking
into account that winter and autumn tend to accumulate the highest amount of
precipitation of the year in the North and North-western area of the Iberian Peninsula.
More or less precipitation in autumn or winter can determine a change on the behaviour
of a particular wet event in the region under study. Otherwise, summer has not a
remarkable role in the North-western pattern too.

On the other hand, the 33.3% of droughts began in winter, the 32.1% did it in autumn,
the 27.2% in spring and the 7.4% in sumn@Ey. 5-47) Moreover, the 32.1% of

droughts redted maximum severity in winter, the 25.9% did it in autumn, the 24.7% in
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spring and the 17.3% in summer. Finally, the 32.1% of droughts ended in winter, the
30.9% did it in autumn, the 22.2% in spring and the 14.8% in summer. The onset of
droughts tends to concentrate during winter or autumn (followed by spring) in the North
and North-west area of the Iberian Peninsula, but the maximum severity of droughts can
be reached either during winter, autumn or spring. The highest percentages of the offset
of drought are basically found during winter or autumn and followed by spring. Finally,
summer shows the lowest percentage of occurrence of onset, the offset and maximum

severity reached in the North-western pattern.
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5.5.2.3. The Mediterranean pattern

Finally, the time-series associated to the Mediterranean pattern shows a statistically
significant increase in dry conditions at the 99% level (duplicating the drying trend
computed to the South-western pattern), so from these results, it will be necessary to
find out how the drying trend is affecting on the main parameters in wet and dry events
for the period 1906-2010. Similar extreme events are found in the Mediterranean pattern
(164 events) compared to the North-western pattern (161 events) being 82 wet events
and 82 are droughts. Just four wet events reach the extremely wet category (greater or
equal to +2 in SPEI categories) and occurred in mid-1930s, early-1950s, late-1950s and
early-1970s, while seven droughts are considered extremely dry events and they were
recorded in early-1910s, early-1930s, mid-1960s, and from mid-1990s to mid-2000s.
Note the presence of driest events is concentrated during the last two decades coinciding
with the less presence of relevant wet events compared with other decades of the time-
serieg(Fig. 5-48) The wettest event is clearly identified between 1971 and 1973 when the
SPEI indexreached +3 in the extremely wet category and it prolonged during 31
consecutive months reaching the severely wet category in average. But the longest wet
event occurred between 1974 and 1978 (53 consecutive months under wet conditions),
although it was not considered an extremely wet event, but a severely wet event during
a few months and a moderately wet event in average.

The longest and driest events are identified between 1994 and 2007 reaching the
extremely dry category with similar severities and various durations in four times
almost consecutively. This category was neither achieved in other periods of the
Mediterranean time-series nor in the other patterns.

Associated to this fact, the magnitude of wet and dry events acrosgitinse49)shows

the highesimagnitudes of wet events in mid-1900s, late-1910s and early-1920s, mid-
1930s and 1970s and the highest magnitudes of droughts from 1994 to 2007, obviously
coinciding with the driest events across the different patterns.
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Figure 5-48 Dry andwet events detected in the time-series associated to the Mediterranean pattern
(1906-2010) using 12-month SPEI. Black bars refer to the maximum monthly index value
(maximum severity) recorded for each event, while grey bars indicate the average index value
for each event. The duration in months for each event is represented in the x axis: bars’ widths
are proportional to duration.
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Figure 5-49 Magnituce of wet and dry events identified in the time-series associated to the
Mediterranean pattern (1906-2010) using 12-month SPEI. Red bars refer to the accumulated
SPEI severity (magnitude) recorded for each event related to the duration in months
represented in the x axis: bars’ widths are proportional to duration.
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Table 5-18 shows the major droughts and wet events of the time-series associated to the
Mediterranean pattern together with the maximum severity reached, the averaged
severity, duration in months and the magnitude of each one. The major wet event
occurred between 1971 and 1973 reaching the maximum magnitude accumulated during
31 consecutive months, but the major drought was found between 1997 and 2002
reaching the maximum severity of the SPEI series, maximum magnitude and maximum

duration (55 consecutive months).

Major Maxim_um Averaged Duration in Magnitude
events severity severity months
1906-1909 1.98 1.10 47 51.73
1917-1920 1.62 0.79 41 32.27
Wet 1932-1934 2.16 121 29 34.95
1971-1973 3.02 1.86 31 57.52
1974-1978 1.74 0.90 53 47.70
1911-1913 2.36 1.14 18 20.49
1994-1996 2.69 1.58 35 55.47
Dry 1997-2002 2.81 1.62 55 89.27
2003-2004 241 1.40 15 20.94
2005-2007 2.71 1.48 31 45.86

Table 5-18 The most remarkable wet and dry events detected in terms of maximum severity reached for
each even averaged severity and magnitude in absolute values. Duration in months is also shown.

Parameters Mean Maximum STD Linear trend
% Max. Severity 0.75 2.81 0.72 0.020 SPEI/10 events
é Avg. Severity 0.46 1.62 0.39 0.011 SPEI/10 events
‘; Duration (months) 7.34 55 9.26 0.633 month/10 events
a Magnitude 6.14 89.27 13.13 1.202 SPEI/10 events
g Max. Severity 0.68 3.02 0.66 -0.010 SPEI/10 events
g Avg. Severity 0.41 1.86 0.37 -0.003 SPEI/10 events
% Duration (months) 8.05 53 10.35 -0.752 month/10 events
= Magnitude 6.14 57.52 11.59 -0.700 SPEI/10 events

Table 5-19: Summary tatistics of all dry and wet events detected in the time-series associated to the
Mediterranean pattern from 1906 to 2010. Maximum severity reached for each event, averaged
severity, magnitude and duration in months are the parameters analyzed and the mean, maximum
value, standard deviation, linear trend and its statistical significance (linear trend calculated for
each 10 events) are the statistics in absolute values. Bold (ltalic) values are referred to statistical
significant trends at the 99% level (95%).

The statists of the main paramete(Fable 5-19)show the mean severity is slightly

higher in droufts than in wet events, the mean magnitude is the same for both and the
duration of wet events is slightly higher than in droughts. Despite the remarkable and
significant linear trend computed for the Mediterranean time-series, the recent linear

trends re-computed for the main parameters of wet and dry events show a non-
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significant increase of severity and duration of droughts (95% level), but a statistically
significant increase of magnitude at the 95% level. It means that the magnitude of
droughts is increasing significantly +1 accumulated SPEI value every 8 droughts in the
Mediterranean time-series. Otherwise, the evolution of main parameters of wet events
experiences a non-significant decrease at the 95% significance level.

Finally, seasonal distribution of the onset and offset of identified droughts and wet
events are also detected in the time series associated to the Mediterranean pattern
together with the season in which dry or wet events reached their maximum severity.
Figures 5-50 and 5-51 show the seasonal distribution of the percentages related to the
onset, offset and maximum severity reached in (Rigt 5-50)and dry eventgFig. 5-51)

for the Medierranean pattern from 1906 to 2010. Note that the coldest colours in the
plots are referred to the parameters about wet events meanwhile the warmest ones

represent the parameters related to droughts.
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Figure 5-50: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by wet events in the time-series associated to the Mediterranean pattern. Seasons are
shown in the y axis; where DJF is referred to winter, MAM to spring, JJA to summer and SON
to autumn. Seasonal percentages for each parameter are also included inside the bars.
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Figure 5-51: Seasonatlistribution of the percentages referred to the onset, offset and maximum severity
reached by droughts in the time-series associated to the Mediterranean pattern. Seasons are
shown in the y axis; where DJF is referred to winter, MAM to spring, JJA to summer and SON
to autumn. Seasonal percentages for each parameter are also included inside the bars.

As shown in fgure 5-50, the 35% of wet events began in autumn, the 22.5% did it in

summer and spring and the rest of 20% in winter. Moreover, the 28.8% of wet events

reached maximum severity in autumn, the 26.3% did it in summer, the 23.8% in winter

and the rest of 21.3% in spring. Finally, the 35% of wet events ended in autumn, the
27.5% did it in spring, the 21.3% in summer and the 16.3% in winter. The highest

percentages related to the onset, the offset and maximum severity reached by wet events

are exclusively concentrated during autumn in the Mediterranean region. Similar results

are obtained during summer or spring meanwhile the season in which wet events

present lower percentages is winter.

Figure 5-51 shows the 34.1% of droughts started in autumn, the 28% did it in spring, the

20.7 in summer and the rest of 17.1% in winter. Moreover, the 29.3% of droughts

reached maximum severity in autumn, the 26.8% did it in spring, the 24.4% in summer
and the 19.5% in winter. Finally, the 32.9% of droughts ended in autumn, the 25.6% did

it in spring, and the 20.7% during summer or winter. Similar results are obtained from

wet events and droughts in the Mediterranean region highlighting that the season which

has the most important role related to the parameters analyzed is unquestionably

autumn. However, winter is the season in which the beginning and ending of droughts

and wet events is less prominent in the Mediterranean region.
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5.5.3. Changes in severity, magnitude and duration for different periods

This section shows the changes identified in terms of severity, magnitude and duration
of droughts and wet events for the whole Iberian Peninsula and also for the spatial-
temporal patterns found at annual time-scale. The common periods 1921-1950, 1951-
1980 and 1981-2010 are used to find out changes in drought parameters. Tables 5-20, 5-
21 and 5-22 represent the values of averaged severity, averaged magnitude and
averaged duration of droughts and wet events respectively for each time-period and for
each region or pattern. All regions show higher rates of severity, magnitude and
duration of wet events for the period 1951-1980 than in the other two time-periods
analyzed. This is consistent knowing that the decades of 1960s and 1970s were
abnormally wet according to the results described before. Otherwise, the severity,
magnitude and duration of wet events have represented similar characteristics for all
regions between the periods 1921-1950 and 1981-2010 without showing a clear increase
or decrease of these parameters. This is in good agreement with the non-significant
trends computed in section 5.5 for the same parameters referred to wet events for the
period 1906-2010.

Figures 5-52, 5-53 and 5-54 show the averaged severity, magnitude and duration of
droughts for the whole Iberian Peninsula and also for each spatial-temporal pattern

using the three 30-year periods.

Periods IP SWP NWP MedP
g 1921-1950 0.23 0.47 0.40 0.34
3| 1951-1980 0.35 0.56 0.57 0.59
= | 1981-2010 0.26 0.55 0.39 0.33
2| 1921-1950 0.29 0.42 0.41 0.40
g 1951-1980 0.30 0.59 0.40 0.44
S| 1981-2010 0.49 0.70 0.51 0.55

Table 5-20: Averaged everity (in SPEI values) of droughts and wet events for the whole Iberian
Peninsula (IP), for the South-western pattern (SWP), for the North-western pattern (NWP) and for
the Mediterranean pattern (MedP) using the periods 1921-1950, 1951-1980 and 1981-2010.
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Periods IP SWP NWP MedP
£ | 1921-1950 3.06 5.22 5.21 4.00
3| 1951-1980 7.58 12.79 11.00 10.86
= | 1981-2010 2.19 7.34 3.97 2.14
2 | 1921-1950 3.76 7.06 5.70 3.91
2| 1951-1980 2.50 8.39 4.33 4.74
5| 1981-2010 9.77 13.43 7.24 10.89

Table 5-21: Averaged magnitude (accumulated severity in SPEI values) of droughts and wet events for
the whole Iberian Peninsula (IP), for the South-western pattern (SWP), for the North-western
pattern (NWP) and for the Mediterranean pattern (MedP) using the periods 1921-1950, 1951-1980
and 1981-2010.

Periods I P SWP NWP MedP
% 1921-1950 6.3 7.6 7.4 6.5
§ 1951-1980 10.5 14.4 11.2 11.2
2 1981-2010 5.4 6.8 5.9 4.7
2 1921-1950 7.6 7.6 7.0 6.1
g’ 1951-1980 5.8 12.2 6.8 7.2
O] 1981-2010 13.2 15.1 8.4 9.8

Table 5-22: Averaged dration (in months) of droughts and wet events for the whole Iberian Peninsula
(IP), for the South-western pattern (SWP), for the North-western pattern (NWP) and for the
Mediterranean pattern (MedP) using the periods 1921-1950, 1951-1980 and 1981-2010.

The averagedeverity of droughts has experienced a clear increase in all regions for the
period 1981-2010 relative to other periods. The South-western area already had a
considerably increase in drought severity for the period 1951-1980 relative to 1921-
1950 while the other regions have shown similar severity of droughts among both
periods, although the Mediterranean region experienced a slight increase.

The averaged magnitude of droughts have had different behaviour than severity
however they have coincided showing the highest rates of average magnitude of
droughts for the period 1981-2010. This parameter has decreased in the whole Iberian
Peninsula and in the North-western area in 1951-1980 relative to 1921-1950. In
opposite, the South-western Iberia and the Mediterranean region have had an increase of
magnitude for the period 1951-1980 that was more prominent during 1981-2010.
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Figure 5-52: Averageddrought severity (in SPEI values) for the whole Iberian Peninsula (IP), for the
South-western pattern (SWP), for the North-western pattern (NWP) and for the Mediterranean
pattern (MedP) using the periods 1921-1950, 1951-1980 and 1981-2010.
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Figure 5-53: Averageddrought magnitude ( accumulated severity in SPEI values) for the whole Iberian
Peninsula (IP), for the South-western pattern (SWP), for the North-western pattern (NWP) and

for the Mediterranean pattern (MedP) using the periods 1921-1950, 1951-1980 and 1981-
2010.
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Figure 5-54: Averageddrought duration (in months) for the whole Iberian Peninsula (IP), for the South-
western pattern (SWP), for the North-western pattern (NWP) and for the Mediterranean
pattern (MedP) using the periods 1921-1950, 1951-1980 and 1981-2010.

The averageduration of droughts has shown similar behaviour rather than magnitude
with a remarkable increase in the South-western area in 1951-1980 that continued
during the last three decades of the time-series. In fact, droughts lasted almost twice in
average for 1981-2010 relative to 1921-1950. Moreover, figure 6-50 shows that the
duration of droughts for the period 1981-2010 lasted more than twice relative to 1951-
1980 for the whole Iberian Peninsula. The duration also increased in the North-western
area and in the Mediterranean region, but with lower rates of change.

In summary, the drought severity, magnitude and duration have experienced a
remarkable increase in the entire Iberian Peninsula but especially in the south-western
area for the period 1981-2010 relative to 1951-1980 while the same parameters for wet

events have not experienced significantly changes.
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5.5.4. Summary

Severity, magnitude and duration of droughts and wet events are analyzed for the whole
Iberian Peninsula and also for the spatial-temporal patterns found at annual time-scale
for the period 1906-2010 in this section. Moreover, other interesting parameters are also
studied, such as the seasonal distribution of the onset, offset and the period of the
maximum severity reached by dry or wet events.

From the results, we can conclude that the severity, magnitude and duration of droughts

are having a remarkable increase over the entire Iberian Peninsula and also in the south
western region while only drought magnitude is changing significantly in the
Mediterranean region mainly related with the major droughts occurred in the last
decades. The North-western Iberia is the exception of the drying trend found in most of
the studied area, since the behaviour of drought parameters is not changing across time.
The same parameters computed for wet events have not shown significantly changes
over the Iberian Peninsula along th&'2@ntury and the first decade of thé'2&ntury.

From the jont analysis of severity-duration and magnitude-duration of droughts, we can
affirm that the accumulative character of droughts can be identified by noting that when
the duration of a given drought event increases so does its severity and, consequently,
its drought magnitude too.

The onset, offset and maximum severity of droughts and wet events are mostly
produced in winter, autumn and spring while summer shows a much lower number of
starts/ends. The same results are found related to the South-western pattern and the
North-western pattern while the equinoccial seasons have a major role in the
Mediterranean pattern in detriment of winter and summer to produce an onset, offset
and maximum severity reached in dry or wet events indistintely.

Finally, after the comparisons between the averaged drought severity, magnitude and
duration for the common periods 1921-1950, 1951-1980 and 1981-2010, we can
conclude that drought parameters mentioned above have experienced a clear increasing
for the entire Iberian Peninsula, but especially in the south-western area, for the period
1981-2010 relative to 1951-1980, while the same parameters analyzed for wet events

have not been affected significantly according to the established 30-year periods.

216



UNIVERSITAT ROVIRA I VIRGILI

DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014



UNIVERSITAT ROVIRA I VIRGILI
DROUGHT VARIABILITY AND CHANGE ACROSS THE IBERIAN PENINSULA
Joan Ramon Coll Benages

DL: T 955-2014

Chapter 6

SUMMARY

After the eposition of our results, this chapter will discuberh. At the end of the

Chapter, final conclusions will be drafted.
6.1 Discussion

This studyprovides a comprehensive analysis about drought variability and trends over
the lberian Peninsula across théhmntury and the first decade of thé'2entury. The
Sc-PDSI, 12-ranth SPI and 12-month SPEI are computed in a monthly basis using a
high quality dataset to assess the spatial-temporal evolution of hydrological droughts
and wet events at annual and seasonal time-scales, taking into account the severity,
magnitude and duration of these extreme events. From the results, a drying trend is
detected for most of the Iberian Peninsula along tHec2@tury except in the western

and in the north-weern area, where a wetting trend is identified.

For this study, the compilation and use of the Monthly Iberian Temperature and
Precipitation Series (MITPS) ensures consistency and reliability on the identified
drought conditions over the area of interest. A dataset of 24 long temperature and
precipitation time series regularly spread over the Iberian Peninsula and extending from
the mid-nineteenth century to the present is used. Monthly means derived from the
Spanish Daily Adjusted Temperature/Precipitation Series (SDATS, S[BAR&et al.

2006, 207) and 2 Portuguese time series obtained from Climatology and Climate Change
Research Giup of the Instituto Dom Luiz (Lisbon University) are required.

The use of a limited number of observatories could produce some uncertainties in terms
of data representativeness for the whole region. However, this study is focused in a
regional perspective since drought is considered as a regional phenomenon because the
main causes that can produce it also affect a regional (slegbeet al.,2011) Probnged
droughts occuwhen large-scale anomalies in atmospheric circulation patterns persist

for months or seasons (or longer) extending the persistence of high pressure beyond
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their climatological normals. This is most prominent when we are referred to
hydrological droughts because the fluctuations of this kind of drought are highly
dependent on regional climate patterns among other anthropogenic (auvses-
Lacruzet d., 2012) Some studies of drought variability used a few observatories to detect
drought conditiongcross wide regions highlighting the longevity and the quality of the
time-series prior to the density of the network. For example, Szehedl., (1999)
analyzed drought trends in Hungary using 15 long-term stations spread over the
country; Briffaet al., (2009) detected dry and wet summers in Europe using 22 long-
term series to explain the evidence of increasing drought; etaak, (2009) used 29
observatories to demonstrate the precipitation variability in Volta Basin (West Africa);
and Potop (2011) assessed drought variability in the Czech Republic using 15
meteorological stations. Moreover, it is crucial to have time-series as long as possible
since this study is focused on drought evolution across time. The temporal character of
droughts requires long-term series to quantify reliable observed trends. For example,
van der Schrieet al., (2011) computed global drought trends for the period 1901-2006,
while Souseet al., (2011) did it across the Mediterranean region for the period 1901-
2000. Furthermore, the difficulty of having a great number of long-term and high
guality precipitation and temperature series must be considered. A quality controlled
and homogenized dataset can provide robust climate results temporally and spatially
comparables among other regions. For this reason, projects focused on data rescue,
quality control and time-series homogenisation are crucial to ensure high-quality results
on climate analysis.

The selected dataset fulfils the main requirements to be potentially used for drought
analysis over the region under study; it is a high quality dataset, long-term records of
temperature and precipitation are provided to get reliable trends, and a great spatial
coverage over the region is ensured involving the main climate characteristics found in
the Iberian Peninsula. Unfortunately, most of the long-term climatological time series
are affected by a number of non-climatic factors that make these data unrepresentative
of the actual climate variation across time. All of these inhomogeneities can bias a time
series and lead to misinterpretations of the studied climate. It is important, therefore, to
remove the inhomogeneities or at least determine the possible error they may cause
(Aguilar et al.,2003) Thus Daily maximum, minimum, derived daily mean temperatures
and daily preipitation of mainland Spain had been adjusted by the Centre for Climate

Change (C3) for the period 1850-20Qfrunet et al., 2006) The series were quality
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controlled (QC) following Aguilaret al., (2002) and were homogenized applying the
Standard Normal Homogeneity Test (SNHAexandersson and Moberg, 199loreover,
SDATS and SBBPS have been updated to 2010 directly from the AEMET servers, after
applying the pertinent QC procedures. Updated SDATS and SDAPS are pending of re-
homogenisation for the period 2005-2010, although basic data analysis suggest that no
large homogeneity problems were present in this segment. The two Portuguese series
(Lisboa and Porto) were subjected to quality control procedure of raw data and tested in
a monthly scale using SNHT to maintain spatial and temporal consistency with
SDATS/SDAPS time-series for the whole period. As example, Br&tdal, (2009)

used SNHT method to homogenize monthly temperature and precipitation time-series
before detecting drought variability in the Czech Republic.

But, time-series of observed data are often affected by missing values due to directly
non-observation or gaps produced by removed outliers during the QC procedure among
others. In this study was crucial to fill these gaps to ensure temporal continuity in time-
series avoiding drought indices interruption. Thus, punctual monthly missing values
were completed using multiple linear regressions with respective reference series.
Vicente-Serrancet al, (2005) and (2006) applied this method to complete missing
values in 51 Iberian precipitation series from 1910 to 2000 in order to provide
continuity in time-series before computing SPI to detect drought conditions over the
Iberian Peninsula. Unfortunately, Pamplona and San Sebastian observatories could not
be included in our study due to excessive missing data found in both time-series. The
results confirm that the low percentage of monthly missing data filled on the original
dataset has an inappreciable impact on temperature and precipitation time-series in the
Iberian Peninsula.

However, the analysis of the time-series using various lengths of records could affect
negatively the reliability of the results taking into account the regional character of this
work. Therefore, the comparisons between different regions under study could be
erroneous. Furthermore, the needed to have simultaneous temperature and precipitation
records to compute drought indices for each location is crucial to obtain drought
conditions. For all these reasons, it is needed to fix the common period 1906-2010 in all
dataset to solve this issue according to the availability and continuity of the records.

The creation of MITPS dataset ensures maximum continuity and reliability in monthly
temperature and precipitation for the 22 time-series across Iberian Peninsula using the
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common period 1906-2010. Thus, the simultaneous availability of monthly long-term
temperature and precipitation data guarantees the continuity of drought severity values
across time, which affects positively the final quality and reliability of the results related
to drought detection in the Iberian Peninsula.

The variability and trends of temperature and precipitation data are computed for the
whole Iberian Peninsula (1906-2010) at annual and seasonal time-scale. This climate
analysis provides crucial information related to the behaviour of the main climate
variables under climate change conditions. From the results, annual temperature
anomalies computed for the whole Iberian Peninsula (1906-2010) shows a clear
increase of 0.13°C/decade while seasonal temperature anomalies also increase
significantly. This is consistent with the Spanish temperature increase described by
Brunetet al, 2006for the period 1850-2003. Other regional studies show a qualitative
concordance ith this one (e.g. for the interior of Valencnai¢ et al., 2006 Castilla-

Ledn, del Rioet al., 2005 Andalucia,Castro-Diezet al., 207 and CataloniaMartinezet al.,

2009).

Otherwse, anual precipitation anomalies are dominated by a high inter-annual
variability accompanied by a slight non-significant increg®easonal precipitation
anomalies shova slight increasing trend in winter and autumn precipitation while a
slight decreasing trend is detected in spring and summer precipitation. These findings
are consistent with Trenberit al, (2007), who did not detect a generalized and
significant decrease of precipitation in the Mediterranean basin including the Iberian
Peninsula. Other studies which dealt the evolution of the precipitation during "the 20
century or bore concluded that annual precipitation do not show appreciable changes
in a secular time scaleana and Burguefio, 2000; Llasat and Quintas, 2004; Saladié, 2004; Barrera-
Escoda, 208; CLIVAR, 2010) Being consistent with the observed trends, climate models
project a lage increase in temperatures and also a decrease in precipitation of roughly
20% in southern Europe at the end of'2&ntury(Salomonet al., 2007) including the

whole Iberiam PeninsulaSanchez, 2009; Gémez-Navared al., 2010; Rodriguez-Pueblat al.,

2010; Alvarezet al.,2011; Jereet al.,2012a and 2012c)

The most widly used drought indices (the Sc-PO®klis et al., 2004) the SPI(McKee et

al., 1993)and the SPE{vicente-Serranet al., 2010)) are computed to identify hydrological
droughts acrosdberian Peninsula using the common period 1906-2010. A wide
temporal window of analysis in SPI and SPEI (12 months) is preferred for this study,

since it is more suited to identify hydrological than agricultural droughts in the Iberian
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Peninsula(Hayeset al., 1999 andVicente-Serrano, 2006)The Sc-PDSI is used instead the
original PD3 because it is more appropriate for geographical comparison of climate in
diverse regiongvan der Schrieet al.,2006a).

The estimabn of Potential Evapotranspiration (PET) is required to compute the Sc-
PDSI and the SPEI drought indices. There are various methods to compute potential
evapotranspiration (Thornthwaite, Penman-Monteith, Hargreaves,...) and multiple
algorithms and variables can be implied depending on the selected method. The use of
one or another PET estimation method strongly depends on the long-term available data
to compute them. Generally, PET estimation methods that require greater amount of
data to compute PET are physically more realistic than others which less amount of data
are neededai, 2012 and Sheffielét al., 2012). For this study, the unique method to be
applied to esthate PET is Thornthwait@hornthwaite, 19485ince there are not available
long-term sees of observed wind speed, relative humidity, solar radiation and cloud
cover for the period under study (1906-2010). Therefore, other more robust methods
like Penman-Monteith unfortunately cannot be applied in this case. As is shown,
Thornthwaite’s method was formulated in 1948 and it is based on the assumption that
radiation is the main driver of temperature variability. Therefore, the Thornthwaite’s
method estimates the radiation based on the temperature. This assumption could be
valid under the climate conditions in 1948, but under the current global warming
conditions, the temperature increase is not driven by increased radiation but it is caused
by increased greenhouse gasses emisggunsnonet al., 2007; Fielcet al., 2012). In this

way, the Thorrttwaite’s approach is currently overestimating PET since the method is
overestimating solar radiation, which is not increasing in parallel to the temperature
increase. Thus, the PET estimation method chosen here could introduce possible
limitations on drought detection, especially when computing observed drought trends,
which could be affected in some way by the method applied.

The results related to drought time-series show that the three drought indices represent
similar variability of wet and dry conditions for the whole Iberian Peninsula across
time. The decades of 1940 and 1950 were abnormally dry in average while the decades
of 1910, 1930, 1960 and 1970 were abnormally wet in all drought indices. A high
variability of wet and dry conditions were found in 1920s while mostly dry conditions
were detected in 1980s, 1990s and 2000s, especially using the Sc-PDSI and the 12-
month SPEI due to the impact of the evapotranspiration rate on the drought series under
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global warming. Furthermore, all drought indices identified clearly the most important
droughts in 1945, 1995 and 2005, which were thoroughly validated using documental
sources. Similar results were found for the entire Mediterranean (Basiéki et al, 2004;

Trigo et al.,2006; and Souset al.,2011) whom detected severe droughts in 1920s, 1940s and
mostly dry onditions since 1980s while Vicente-Serragtoal., (2006) found similar
drought variability using SPI in the Iberian Peninsula. It means that 12-month SPEI and
12-month SPI are able to provide similar results rather than Sc-PDSI with less data
requirements (just monthly precipitation (in the case of 12-month SPI) and monthly
precipitation and temperature (using 12-month SPEI)). Otherwise, Sc-PDSI
computation requires monthly precipitation, temperature and Available Water Content
of the soil. Available information on soil water content is not easy to find in most
regions around the world and it is often a local and fixed value normally associated with
current soil conditions, knowing that soil properties may change acrosg\itaee-
Serrancetal., 2011) It could lead the use of inaccurate values when applying Sc-PDSI in
the Iberian Bninsula.

Nevertheless, 12-month SPEI and 12-month SPI show better calibration in terms of the
frequency distribution of values into drought categories than the Sc-PDSI over the
Iberian Peninsula. Despite Wels al., (2004) solved most of the calibration problems
from the original PDSI, making the index more suitable for drought quantification and
monitoring (Sc-PDSI), some calibration problems appear in the computation of Sc-
PDSI over the Iberian Peninsula. The 12-month SPEI maintain robust units with
statistical consistency obtained from cumulative antecedent climate conditions and it
provides more drought reliability than Sc-PDSI in the region under study. These
differences in drought index calibration could be explained knowing that SPI and SPEI
are purely statistical, and their purpose is not related to reproduce the water balance of
any particular system as Sc-POtente-Serranet al.,2011).

Otherwise, i drought indices are able to identify similar surface area affected by dry
conditions in the Iberian Peninsula across time. Moreover, the driest periods detected
before in terms of severity are found again as the driest periods in terms of affected area
too. All drought indices coincide to attribute the driest conditions (in terms of severity
and area affected by drought) to years 1945, 1995 and 2005 over the Iberian Peninsula
along the 20 century. These findings are in good agreement with Vicente-Segtano

al., (2006), vinom found a high inverse correlation between severity and area affected

by drought over the Iberian Peninsula.
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Despite the similar results found in terms of drought variability and area affected by
drought among all drought indices, some differences in trends are identified in both;
individual and regional time-series. In general, all drought indices identify a drying
trend in the Pyrenees, Ebro basin, central Iberia and in the south, south-western and
south-eastern area while a wetting trend is focused in the western and north-western of
the Iberian Peninsula. These results are consistent with 8oada (2011) using the
Sc-PDSI, Vicente-Serranet al., (2011), using SPI and SPEI indices, and Lorenzo-
Lacruz et al., (2012) using stream-flow data, whom detected that droughts increased
over most of the Iberian Peninsula with the exception of the north-west area of the
region for the 28 century. Sc-PDSI and 12-month-SPEI show a non-statistically
significant drying trend while a non-significant wetting trend is obtained using 12-
month SPI (all at the 95% level) for the whole Iberian Peninsula. The results obtained
are in good agreement with other drying trends found using the Sc-PDSI across

southern-EuropDai, 2011 and 2012; Sheffielet al., 2012), (Brazdil et al., 2008 (for the Czech
Republic) Mavromatis 2007 (for Greece), Brifit al., 2009 (for Europe in summer), and Soesal.,
2011 (for the Mediterranean basihin fact, an increase of drought conditions can be expected

in the Mediteranean basi(Blekinsopet al.,2007; Plantoret al., 2008; Mariottiet al.,2008; Mata,

2008; Dai, 2011 and 2012; Fiedd al.,2012)and also over the Iberian Peninsula under climate
change conditins(Benistonet al.,2007; Ralriguez-Pueblat al.,2010; Alvarezt al.,2011; Sanchez

et al.,2012)

The annual ends are larger in drought indices which include temperature in their
computation (the Sc-PDSI and 12-month SPEI) than in those where the only driver is
precipitation (such as 12-month SPI). The Sc-PDSI and SPEI indices represent better
drought conditions under global warming than other indices since evapotranspiration
process is included in their algorithmdcente-Serrancet al., 2010 and 2011, Dai 2004 and

2011, Van der Schriest al.,2006 and 2011)There is general agreement on the importance of
precipitationin explaining drought variability, but the observed and predicted global
warming by IPCC AR4 (Solomon et al., 2007) have important implications for
evapotranspiran processes, increasing the influence of this parameter on drought
severity (Vicente-Serranoet al., 2a0). Nevertheless, the use of Thornthwaite PET
estimation nethod could have exacerbated the drying trends found in the Sc-PDSI and
12-month SPEI across Iberian Peninsula since this parameterization tends to
overestimate PET. Multiple studies tested the effect of the PET on the SgvRD&r
Schrieretal., 2011; Dai, 2010, 2011 and 2012howing similar results in global drought trends
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using different PET estimation methods, however, a current study showed that
Thornthwaite PET estimation produces higher rates of PET than other parameterizations
as Penman-Monteith around the wodtleffieldet al.,2012) This study reported that the
increase irglobal drought was overestimated because the PDSI used a simplified model
of PET (referred to Thornthwaite method) causing large uncertainties on drought
conditions under global warming. More realistic estimations of PET (referred to
Penman-Monteith method) suggested a little change in drought over the past 60 years.
For this reason it is interesting to assess the role of temperature in drought indices
(between SPI and SPEI) and the impact of global warming on drought trends (in the
case of Sc-PDSI and SPEI) over the Iberian Peninsula.

The results confirm that the Sc-PDSI and the 12-month SPEI-all forcing show higher
severity of droughts compared with the Sc-PDSI and the 12-month SPEI-without
temperature changes due to the increase of PET caused by global warming. Moreover,
12-month SPEI-all forcing shows higher severity of droughts compared with the 12-
month SPI due to the role of temperature, which enhances the role of PET leading an
increase of drought severity under global warming. As mentioned before, a non-
significant drying trend (at the 95% level) is found for the whole Iberian Peninsula
(1906-2010) using the Sc-PDSl-all forcing and 12-month SPEI-all forcing, but these
trends become slightly wetter when using drought indices without temperature changes
(Sc-PDSI and 12-month SPEI) or without temperature in its algorithm (12-month SPI).
All wetting trends are statistically non-significant at the 95% level. The results suggest
that precipitation variability is the main driver of droughts, but temperature (and derived
PET) has an important role (in terms of drought severity) to explain drought trends over
the whole Iberian Peninsula. Moreover, the increase in PET during last decades
reinforces the drying trend found under climate change conditions. The high probability
that PET is overestimated in this study caused by the use of Thornthwaite method
instead other more realistic PET estimation methods must be considered. Thus, the
drought trends computed for Sc-PDSI and 12-month SPEI could also be affected by
PET overestimation. Van der Schradral., (2011) and Dai, (2011) assessed the role of
PET in the global Sc-PDSI finding slight differences in drought trends when comparing
both PET estimation methods. This statement is not in agreement with those studies
probably caused by the geographical location of the Iberian Peninsula in a subtropical
climate where the evapotranspiration rate has a major role than in other regions. From

the results, it is crucial to use an accurate PET estimation method in drought indices
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when computing them in the Iberian Peninsula due to the importance of PET on drought
trends in this region. Nevertheless, the indices and PET estimations used to monitor
droughts are still affected by large uncertainties leaded by the complexity of drought
phenomenon and by the multiple factors and feedbacks implie¢siitieldet al.,2012).
Therefore, #ort-term temperature anomalies are likely to be a response to drought
rather than a factor in forcing drought.

From the main results obtained using different drought indices, we can conclude that the
12-month SPEI is the most suited drought index to identify wet and dry conditions over
the Iberian Peninsula along the™€entury. This drought index is able to show similar
drought conditiongboth in terms of severity and area affected by drought) rather than
other more complex drought index (such as Sc-PDSI) has fewer data requirements and
includes the role of evapotranspiration in its algorithm (in detriment of SPI). Moreover,
12-month SPEI shows statistical consistency and robustness thanks to better calibration
than the other indices allowing the detection of a drying trend in most of the Iberian
Peninsula also observed by other studies already mentioned. Thus, the analysis of the
spatial-temporal patterns of droughts and the univariate performing of severity, duration
and magnitude of droughts and wet events are carried out using only the 12-month
SPEI.

But, before that, drought conditions are inspected since the mid-nineteenth century
using 12-month SPEI for only a few observatories which data are available for this
period (Cadiz, Madrid, Lisboa, Murcia and Huesca). The results show wet conditions in
mid-1850s, mid-1860s, all the 1880s and in most of the 1910s while dry conditions are
focused in early-1870s, late-1890s and in most of the 1900s. Riifid., (2009)
analyzed 22 long-term time-series for Europe using the Sc-PDSI to detect drier or
wetter summers across time. Unfortunately, the results from that study cannot be
compared to the time-series mentioned above because there is not any station located in
the Iberian Peninsula, only the summer drought variability detected in Marseille is
similar to the Iberian drought variability found in late™@entury.

In this stug, Principal Component Analysis (PCA) is applied at annual and seasonal
time-scale to the 12-month SPEI time-series for the common period 1906-2010 in order
to detect spatial-temporal variations of droughts across tH& @mtury. The
regionalizaion shows three different spatial-temporal drought behaviours in the Iberian
Peninsula called as the South-western pattern, the North-western pattern and the
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Mediterranean pattern. A clear drying trend is found in the South-western pattern and in
the Mediterranean pattern while the North-western pattern does not show a significant
trend in drought conditions. It means that the south and south-west of the Iberian
Peninsula (South-western pattern) are suffering drier conditions currently than before,
but the Mediterranean region does it duplicating the drying trend, caused basically by
the driest last decades observed in this region. Similar behaviour of drought patterns is
also found at seasonal time-scale. These results are in good agreement with Vicente-
Serrancet al., (2011) whom found that dry conditions did not increase in the north-west
of the Iberian Peninsula between 1930 and 2006 using SPI and SPEI drought indices.
Souseaet al., (2011) have also shown that the north-west of the Iberian Peninsula is an
exception to the predominant trend in thé"2@ntury towards drier conditions using
PDSI, whichwere detected for most of the western Mediterranean. In the same way,
Lorenzo-Lacruzet al., 2012 showed a drying trend over most of the Iberian Peninsula
analyzing stream-flow data, while a wetting trend was detected in the north-west area
from the Iberian regionalizatiofLorenzo-Lacruzet al., 2013). This contrasts with the
general tends found in other Iberian regions, in which dry conditions have increased
(Vicente-Serrano 2006a and Lorenzo-Lacetial., 2012). On a regional scale, there is evidence

of a signifcant increase in the severity of drought in the Ebro b@siante-Serrano &
Cuadrat-Pats 2006, Vicente-Serrano & Lopez-Moreno 2Q0a®pme areas of the Valencia region
(Vicente-Serranet al.,2004) and in the Tagus basjorenzo-Lacruzt al.,2010).

Otherwise, he characteristics and trends of the main parameters related to dry and wet
events (severity, duration and magnitude) are analyzed for the whole Iberian Peninsula
and for the spatial-temporal patterns found at annual time-scale. The accumulative
character of droughts can be identified by noting that when the duration of the drought
increases so does the severity drawing a logarithmic distribution. In summary, droughts
have changed their behaviour in terms of severity, duration and magnitude over the
whole Iberian Peninsula from 1906 to 2010, while wet events do not present
significantly variations over the analysed parameters. The time-series associated to the
South-western pattern shows significant changes on the behaviour of all main
parameters related to droughts, while wet events do not present significantly variations.
The results demonstrate that the time-series associated to the North-western pattern is
not experienced changes on the behaviour of wet and dry events, but the fluctuations of
drought time-series is only the result of the temporal variability without clearly trends

observed in the main drought parameters. Finally, the Mediterranean pattern shows a
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non-significant increase of severity and duration of droughts, but a clear increase of
drought magnitude. Otherwise, the evolution of main parameters of wet events
experiences a non-significant decrease. Furthermore, the severity, magnitude and
duration of droughts have a remarkable increase especially in the entire Iberian
Peninsula and in the south-western area for the period 1981-2010 relative to 1951-1980
while the same parameters for wet events do not experience significantly changes.
These findings are consistent with Lorenzo-Lactial., (2013), whom found a clear
increase in drought duration and magnitude in the central-eastern Iberian Peninsula for
the period 1975-2005 relative to 1945-1974 while a decrease of the same drought
parameters were found in the north-west area of the region using stream-flow data.
However, a clear decrease in drought duration and magnitude was detected in the north-
west of the Iberian Peninsula for the period 1980-2005 relative to 1930-1955 using SPI
and SPE|Vicente-Serranet al.,2011).

Finally, winter, autumn and spring are the seasons in which most of droughts and wet
events began, reached their maximum severity and ended for the whole Iberian
Peninsula while summer has a low weight related to this kind of parameters. Therefore,
winter and autumn are the seasons in which most of droughts and wet events began,
ended and reached the maximum severity in the South-western and North-western
pattern. Otherwise, the season which has the most important role related to the
parameters analyzed is unquestionably in autumn. However, winter is the season in
which the beginning and ending of droughts and wet events is less prominent in the
Mediterranean region. These less relevant findings are strongly related with the seasonal
precipitation variability across Iberian Peninsula.

As mentioned above, a clear increase in drought conditions can be expected in most of
the Iberian Peninsula along the®2¥ntury according to the future projections since the
drying trend detected across the 2@entury not only in this study. Therefore, the
availability of water resources for consumption, irrigation and tourism among others
could be worsening in this area leading unknown socio-economical and environmental
impacts actually not easy to solve. Nevertheless, the application of effective water
management strategies, strongly related to water policies, together with a general
consensus about saving water will be crucial to minimize the impact of the hydrological

droughts over the Iberian Peninsula across time.
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6.2. Further work

The robustnessf the results obtained about drought variability and trends in the Iberian
Peninsula along the 20century could surely get more reliability including more
observatoriesin this analysis. Despite the station network selected for this study
represents the main climate characteristics of the region, an extended station network
could produce more accurate results especially in terms of spatial drought distribution
and impact over the region of interest. Nevertheless, the crucial importance of long and
high quality time-series must be prior to the increase of the network density.

There are many homogeneity tests that could be applied to the dataset used in this study
in order to improve the consistency of the main variables related to drought. The field
related to data treatment is in constant progress in climatology and new robust
homogeneity software packages were developed during the last years. It will be
interesting to test them together with the SNHT to ensure that the evolution of climate
variables is only influenced by the climate variability. This experiment would probably
provide more reliability on drought results.

Unfortunately, the uncertainties on results not only depend on the quality of the input
data, but the drought index computations are still affected by some limitations. It is
widely known that drought indices are not able to reproduce accurately the actual
drought conditions of any region since drought is a complex phenomenon in which
many distinct variables and feedbacks are involved. Thus, the improvements in drought
indices are highly required to monitor more reliable drought variability especially under
climate change conditions.

Moreover, the results related to drought variability and trends carried out in this study
are strongly influenced by the use of a weak PET estimation method (Thornthwaite).
The known limitations of this method to compute PET should be considered in future
works and the results obtained through this method should be compared to other
drought results computed using more physically realistic PET estimation methods. This
iIs a great issue to solve in the case of the Iberian Peninsula, where the
evapotranspiration rate could have an important role on drought worsening under global
warming.

This study could be complemented analyzing various kinds of drought (meteorological
and agricultural drought) because only the hydrological drought is assessed here. This
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could be figured out using different time-scales on drought index computation. This
experiment could provide more information about the behaviour of short-term and mid-
term droughts over the region of interest. Furthermore, once the univariate analysis of
the main parameters related to drought (severity, duration and magnitude) is carried out
in this study, it could be interesting to analise all these parameters together to get an
accurate characterization of droughts. The multi-variate analysis could be computed
using Copulas model method in order to figure out the return periods for various
categories of drought taking into account a given magnitude and/or duration using the
severity-frequency-duration curves.

Finally, it might be worth to project precipitation, temperature and derived drought
conditions over the Iberian Peninsula across tfiec2itury taking into account various

IPCC climde change scenarios. The temporal evolution of the main variables that
explain drought could be analyzed using drought indices from different Regional

Climate Models across the 2tentury to give us an approach about drought variability

and change into theifure.
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6.3. Conclusions

The evaluation and analysis of the spatial and temporal variability of hydrological
droughts arearried out across the Iberian Peninsula along tHece@tury and the first
decade of the1™ century in this study. The Sc-PDSI, 12-month SPI and 12-month
SPEI are omputed in a monthly basis by using a long-term high quality and adjusted
dataset (MITPS) to assess the evolution of hydrological droughts and wet events in

terms of severity, magnitude and duration at annual and seasonal time-scales.

Once the results have been thoroughly described and analyzed, the main conclusion of
this Ph.D. Thesis can be summarized as:
- A drying trend is found for most of the Iberian Peninsula, especially in the
south and south-eastern region, but a wetting trend is identified in the

western and in the north-western area.

But other specific conclusions are also extracted:

- Annual and seasonal temperature anomalies computed for the whole Iberian
Peninsula (1906-2010) show a significantly increase while annual precipitation
anomalies are dominated by a high inter-annual variability accompanied by a
slight non-significant increas&easonal precipitation anomalies show a slight
increasingtrend in winter and autumn precipitation while a slight decreasing

trend is identified in spring and summer precipitation.

- The three drought indices tested in this study represent similar variability of wet
and dry conditions for the whole Iberian Peninsula across time. The analysis of
temporal evolution of droughts confirms that dry conditions dominated in 1920s,
1940s and in 1950s while wet conditions were present in 1930s, 1960s and in
1970s. The last three decades of the time-period (1980-2010) were abnormally
dry mainly due to less precipitation than normal.

- Drought conditions inspected since the mid-nineteenth century show wet
conditions in mid-1850s, mid-1860s, all the 1880s and in most of the 1910s
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while dry conditions are focused in early-1870s, late-1890s and in most of the
1900s.

The most important droughts occurred in 1945, 1995 and 2005 in terms of
drought severity and area affected by drought, which were thoroughly validated

using documental sources.

All drought indices identify a drying trend in the Pyrenees, Ebro basin, central
Iberia and in the south and south-eastern area while a wetting trend is focused in

the western and north-western of the Iberian Peninsula.

Annual trends are larger in drought indices which temperature is included in
their computation than in which the main driver of drought variability is only
precipitation. Nevertheless, the use of Thornthwaite PET estimation method
must be considered because it could have exacerbated the drying trends found
across the Iberian Peninsula since this parameterization tends to overestimate
PET.

Precipitation variability is the main driver of droughts, but temperature (and
derived PET) has an important role (in terms of drought severity) to explain
drought trends over the whole Iberian Peninsula. This fact highlights the
importance of including evapotranspiration in the evaluation of droughts while,
at the same time, it warns that the use of unsuitable methods to estimate PET

could compromise the final results.

The severity and duration of dry conditions were reinforced during the last three
decades caused by the increase of the evapotranspiration rate coinciding with the
maximum increase of temperatures in the Iberian Peninsula in a climate change

context.
The 12-month SPEI is the most favoured drought index to identify hydrological

wet and dry events over the Iberian Peninsula. This drought index is able to
show similar drought conditions rather than other more complex drought index
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(as Sc-PDSI) with less data requirements and also including the role of
evapotranspiration in their algorithm (in detriment of SPI). Moreover, 12-month
SPEI shows statistical consistency and robustness thanks to better calibration
than the other indices allowing the identification of a drying trend in most of the

Iberian Peninsula.

Three different drought patterns have been found in the Iberian Peninsula. A
clear drying trend is identified in the south and south-western Iberian Peninsula
and also in the Mediterranean region while the north-western area does not show
a significant trend in drought conditions. Similar behaviour of drought patterns

is also found at seasonal time-scale.

The accumulative character of droughts can be identified by noting that when
the duration of the drought increases so does the severity.

The severity, magnitude and duration of droughts have a remarkable increase
especially in the entire Iberian Peninsula and in the south-western area for the
period 1981-2010 relative to 1951-1980 while the same parameters for wet

events do not experience significantly changes.

The onset, offset and maximum severity of droughts and wet events are mostly
produced in winter, autumn and spring while summer has a less role related to
this kind of parameters for the whole Iberian Peninsula. The same results are
found related to the south-western Iberia and the north-western area while the
equinoccial seasons have a major role in the Mediterranean region in detriment
of winter and summer to produce an onset, offset and maximum severity reached

in dry or wet events indistintely.

Future projections indicate a clear increase in hydrological drought conditions in most

of the Iberian Peninsula along the*2tentury mainly caused by a decrease of

precipitaton together with an increase of water demand for consumption or human

activities among others. Thus, water saving and the application of effective water

management strategies will be crucial to minimize the impact of the hydrological

droughts over the Iberian Peninsula across time.
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