
A Statistical Adjustment of Regional Climate Model Outputs
to Local Scales: Application to Platja de Palma, Spain

A. AMENGUAL

Grup de Meteorologia, Departament de Fı́sica, Universitat de les Illes Balears, and Departament de Recerca en Canvi Global,

Institut Mediterrani d’Estudis Avancxats, Palma de Mallorca, Spain

V. HOMAR AND R. ROMERO

Grup de Meteorologia, Departament de Fı́sica, Universitat de les Illes Balears, Palma de Mallorca, Spain

S. ALONSO

Grup de Meteorologia, Departament de Fı́sica, Universitat de les Illes Balears, and Departament de Recerca en Canvi Global,

Institut Mediterrani d’Estudis Avancxats, Palma de Mallorca, Spain

C. RAMIS

Grup de Meteorologia, Departament de Fı́sica, Universitat de les Illes Balears, Palma de Mallorca, Spain

(Manuscript received 21 December 2010, in final form 29 July 2011)

ABSTRACT

Projections of climate change effects for the System of Platja de Palma (SPdP) are derived using a novel

statistical technique. Socioeconomic activities developed in this settlement are very closely linked to its cli-

mate. Any planning for socioeconomic opportunities in the mid- and long term must take into account the

possible effects of climate change. To this aim, daily observed series of minimum and maximum temperatures,

precipitation, relative humidity, cloud cover, and wind speed have been analyzed. For the climate projections,

daily data generated by an ensemble of regional climate models (RCMs) have been used. To properly use

RCM data at local scale, a quantile–quantile adjustment has been applied to the simulated regional pro-

jections. The method is based on detecting changes in the cumulative distribution functions between the

recent past and successive time slices of the simulated climate and applying these, after calibration, to the

recent past (observed) series. Results show an overall improvement in reproducing the present climate

baseline when using calibrated series instead of raw RCM outputs, although the correction does not result in

such clear improvement when dealing with very extreme rainfalls. Next, the corrected series are analyzed to

quantify the climate change signal. An increase of the annual means for temperatures together with a decrease

for the remaining variables is projected throughout the twenty-first century. Increases in weak and intense

daily rainfalls and in high extremes for daily maximum temperature can also be expected. With this in-

formation at hand, the experts planning the future of SPdP can respond more effectively to the problem of

local adaptation to climate change.

1. Introduction

Observations show that the global mean surface

temperature has increased notably during the twentieth

century. In fact, the second half of the twentieth century

has been the warmest period for at least the last 1300 yr

in the Northern Hemisphere (Solomon et al. 2007).

According to the National Oceanic and Atmospheric

Administration (NOAA)’s National Climatic Data

Center (Smith et al. 2008), the 14 warmest years in the

instrumental record have been observed during the

1995–2009 period. The rate of global surface warming

from 1979 to 2005 is estimated at 0.278C decade21.

Furthermore, the estimated trends at regional scale for

this interval show high spatial variability and, for the
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Mediterranean area as a whole, the Intergovernmental

Panel on Climate Change (IPCC) shows this trend is

between 0.25 and 0.358C decade21 (Solomon et al. 2007).

Associated with this global warming, a redistribution of

the rainfall and other atmospheric variables (e.g., pressure,

wind, cloudiness) has been observed with even higher

spatial variability than for temperature. For the whole

Mediterranean region, observations indicate a decrease

in the precipitation amounts estimated between 5% and

20% from 1901 to 2005. This reduction has appeared

with decreases below 3% during the 1979–2005 period

(Solomon et al. 2007). However, the robust detection

of precipitation trends is always problematic owing to

their high spatial and temporal variability (Huntington

2006).

The study of climate change from instrumental records

aggregated in databases of regional range—for example,

the Mediterranean Basin—can inevitably mask local fea-

tures. Being aware of this problem, Homar et al. (2010)

carried out a study of the recent trends in rainfall and

temperatures for the Balearic Islands. The results of their

study indicate a decrease in annual rainfall amounts

at a rate of 16.6 mm decade21 for the second half of

the twentieth century. Autumn and winter decreases are

responsible for most of the decline in precipitation. The

extreme of daily precipitation—that is, either the smallest

or largest values—are becoming more frequent together

with a decreasing contribution of the intermediate amounts

to the total accumulations. Furthermore, the study reveals

that minimum and maximum temperatures over the last

decades of the twentieth century have risen at a rate of

0.518 and 0.488C decade21, respectively. This regional

warming is most evident for springs and summers.

The Consortium of Platja de Palma—an agreement

signed by the Balearic Islands’ government and the

Ministry of Industry, Tourism and Trade of the Spanish

government for the redesign and suitability to the needs

of the twenty-first century of this important tourist resort—

was set up with the aim of restructuring the tourist in-

dustry for the System of Platja de Palma (SPdP). This

emplacement is one of the major resorts in the whole

Mediterranean region, and it is entirely devoted to a

mass tourism model (Fig. 1; further information at http://

consorcioplayadepalma.es). The consortium has geared

its work toward configuring a different vision and con-

templating a new tourist model suitable to the needs of the

twenty-first century. Major guidelines for the consortium

include as key issues sustainability, climate and global

change, and social and residential cohesion. Therefore, the

assessment of the consequences of climate change and the

subsequent implementation of adaptation strategies has

become one of its main concerns. Within this framework,

we explore future climate projections, and specifically, the

projected changes of the most relevant meteorological

parameters for carrying out suitable sun, sea, and sand

(3S) leisure activities. Specifically, we explore the shifts in

the future annual and seasonal mean regimes as well as the

changes in the extreme climatic events. Both topics have

a high social and economic interest, since the productive

enterprise developed in tourist regions are strongly linked

to its climatology, being extremely sensitive to extreme

weather impacts as well (Amelung and Viner 2006).

Atmosphere–ocean general circulation models

(AOGCMs) constitute the primary tool to produce future

climate projections. AOGCM simulations have been run

under a wide range of scenarios for greenhouse gas emis-

sions and aerosols [Special Report on Emissions Scenarios

(SRES); Nakicenovic et al. 2000). These scenarios describe

plausible evolutions for these emissions depending on so-

cioeconomic conditions and world development guide-

lines. The A1B scenario has widely been adopted in the

latest climatic simulations, since it is halfway between

the most unfavorable (A2) and optimistic (B1) scenarios

(see http://www.iiasa.ac.at/web-apps/tnt/RcpDb/dsd?

Action5htmlpage&page5welcome).1 Although these

models are suitable to provide future global climate

scenarios, their coarse spatial resolutions are not appro-

priate to evaluate most regional and local impact studies.

Although climate change is a problem of global causes

and consequences, its impacts become apparent locally.

Climate change analysis at regional and local scales,

such as an increase in the frequency and/or intensity of

extreme events, requires quantitative estimations at in-

creased spatial and temporal resolutions.

Dynamical downscaling applied to AOGCM outputs

attempts to account for the effects of mesoscale forcings

and other subgrid-scale features by nesting increased-

resolution regional climate models (RCMs) in large-scale

meteorological fields generated by general models

(Giorgi and Mearns 1999; Denis et al. 2002; Beck et al.

2004). For the western Mediterranean area, regional ef-

fects exert a particularly strong influence on the distribu-

tion of meteorological variables owing to the characteristic

configuration of land and sea and complex orography

(Fig. 1; Amengual et al. 2007). Although regional climate

modeling often improves the performance from AOGCMs

at regional scales, the resolution still remains inadequate to

address uncertainties arising from several sources. We

present a new statistical approach based on the appli-

cation of a quantile–quantile (Q–Q) adjustment to sev-

eral projections of RCMs to better assess climate change

impacts over the SPdP. Simulated daily data have been

1 Note that the global climate modeling community is currently

using the representative concentration pathway (RCP) scenarios.
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provided by a set of regional climate models run under

the A1B emissions scenario.

The rest of the paper is structured as follows: section 2

contains a brief description of the study area, addressing

the main environmental, social, and economic issues; sec-

tion 3 describes the observed and simulated databases that

have been used, as well as the proposed empirical correc-

tion method and it presents the results of a validation test

applied to this adjustment technique; section 4 discusses

the projected annual and seasonal variations of the mean

and extreme regimes for the parameters of interest; and

finally, section 5 provides an assessment of the imple-

mented approach and its later applications.

2. Overview of the study area: Climatic
characteristics and economic activities

The climate of the Balearic Islands is characteristic of

the western Mediterranean region. It is associated with

a wide range of synoptic flows and is strongly influenced

by the Mediterranean Sea, which is the main source of

moisture for the region. In summertime, the Azores’s

high pressure system dominates the synoptic situation,

producing a sustained increase of the air and sea surface

temperatures together with a period of reduced precipi-

tation. When the eastward extension of the Azores high

pressure system moves equatorward in early autumn, it

facilitates the arrival of mid- to upper-level Atlantic cold air

masses. Given the presence of moist and warm Medi-

terranean air at low levels in autumn, relatively high sea

surface temperatures, and the complex orography of the

region, this is when heavy rainfalls are most common

(Tudurı́ and Ramis 1997; Romero et al. 1999; Amengual

et al. 2008).

The northern side of Mallorca can be affected by intense

northerly to westerly flows linked to the passage of mid-

latitude fronts, mostly in winter. This area also has the

largest number of days in Mallorca with strong winds,

cloudiness, and rain (the mean annual precipitation

amounts are about 600–700 mm). In contrast, moist

easterly flows produce most of the rainy days (typically

convective in character) in the southern part of the island,

which can result in very high precipitation rates, principally

in autumn, but with occasional events in spring and winter

(Romero et al. 1999).

Furthermore, Mallorca constitutes a perfect example of

a region with complex topography. The island is charac-

terized by an irregular distribution of mountainous ranges

FIG. 1. Geographical location for the SPdP in the western Mediterranean region. Major topographic features for the entire area and

Mallorca Island are shown. Also displayed is the location of the automatic weather station (LEPA).
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and plains. The highest elevations are in the northwestern

mountainous region—the Tramuntana range—with

elevations close to 1500 m (Fig. 1). Mallorca’s rugged

relief together with an irregular coastline and its inherent

insular characteristics (e.g., evident in the summer sea-

breeze regimes) result in large climatological diversity

(Guijarro 1986). For example, mean annual rainfall

amounts in the Serra de Tramuntana can range from

1000 to 1500 mm, whereas in the southern coastline only

50 km away the amounts barely exceed 350 mm. For the

Balearics, the mean annual rainfall amount is roughly

560 mm (Homar et al. 2010). Also, temperatures strongly

depend on elevation and distance from the sea. Likewise,

the western Mediterranean area is quite often affected by

the incursion of Siberian and Saharan—and occasionally

Arctic—air masses, resulting in severe cold and heat waves.

Mean annual minimum and maximum temperatures in the

Balearic Islands are 12.88 and 21.88C, respectively (Homar

et al. 2010).

The SPdP is located in the southwestern coast of

Mallorca, neighboring the city of Palma (Fig. 1). It is the

main tourist region in the Balearics and is situated within

the municipalities of Palma and Llucmajor. The average of

nights per year spent by visitors in the entire Palma county

was more than 8 million during the 1999–2008 period

(taking into account hotels and tourist apartments; INE

2010). In particular, the SPdP can host 40 000 visitors

per night with a total amount of 1.2 million nights spent

per year. Its main socioeconomic activities rely on beach-

based tourism, although it is also an important residential

area—34 000 permanent inhabitants—owing to be a dor-

mitory town of the main city of the Balearics (Fig. 1). It has

10-km coastline, mainly consisting of sand beaches, and

the dominant holiday activities are those related to the sun,

sea, and sand tourism mass model.

3. Database and methods

a. Input data and quantile–quantile adjustment

Observations were obtained from the automatic

weather station deployed in 1973 by the Spanish Mete-

orological Agency [Agencia Estatal de Meteorologı́a

(AEMET)] at Palma’s international airport (denoted as

LEPA; 39.378N, 2.438E). No significant construction has

been undertaken near this station, located at the head of

the first runaway, far from any urban development

(Fig. 1). Therefore, local effects from urbanization, such

as heat island warming or precipitation sheltering, are

safely negligible (Gual et al. 2002). Besides, its proximity

to the SPdP—less than 4 km—makes it an ideal dataset to

address the objectives of this work. To characterize the

evolution of the meteorological variables over the SPdP,

complete daily series of 2-m minimum and maximum

temperatures, accumulated precipitation, 2-m mean relative

humidity, mean cloud cover, and 10-m mean wind speed for

the entire 1973–2008 period (36 yr) have been used.

Regarding the future projections, we use the regional

simulations database available from the ENSEMBLE-

based predictions of climate changes and their impacts

(ENSEMBLES) European project (Table 1; Hewitt 2004;

further information at http://ensembles-eu.metoffice.com).

These models were nested within four different driving

general circulation models and were run from 1951 to 2100

under the SRES A1B scenario. The experiments were

performed using a 25-km horizontal grid-length resolution

that spans Europe and includes the eastern part of the At-

lantic, northern Africa, and western Asia. Daily-averaged

simulated variables for each model have been bilinearly

interpolated to LEPA from the four nearest grid points

(Akima 1978, 1996).

Even if dynamical downscaling improves the repre-

sentation of regional features in climate projections,

some important local inaccuracies still remain owing to

insufficient resolution and the uncertainties in the rep-

resentation of small-scale forcings and processes (e.g.,

clouds, convection, boundary layer, radiative transfer).

Several procedures exist to adjust RCM projections,

taking local forcings into consideration. Two straight-

forward corrections consist of (i) adding the climatological

difference between future and control climate scenario

simulations to an observed baseline (the so-called delta

method) and (ii) removing the bias from future simu-

lation by applying the climatological difference between

the observed and control data (the unbiasing method;

Déqué 2007). These techniques assume that the vari-

ability in the climate scenario remains unchanged in the

first case and that the RCM variability is perfect in the

TABLE 1. List of transient RCM experiments driven within the

ENSEMBLES European project for the 1951–2100 period. Note

that all the models have a spatial resolution of 25 km and have been

run under the SRES A1B.

Driving GCM RCM Acronym Institute

ECHAM5 RCA3 C4IRCA3 C4I

ARPEGE HIRLAM DMI-HIRLAM5 DMI

ECHAM5 HIRLAM DMI-HIRLAM5 DMI

BCM HIRLAM DMI-HIRLAM5 DMI

HadCM3 CLM ETHZ-CLM ETHZ

ECHAM5 RegCM ICTP-REGCM ICTP

ECHAM5 RACMO KNMI-RACMO KNMI

HadCM3 HadRM3Q0 METO-HC-HadCM3Q0 HC

HadCM3 HadRM3Q3 METO-HC-HadCM3Q3 HC

HadCM3 HadRM3Q16 METO-HC-HadCM3Q16 HC

BCM RCA SMIRCA SMHI

ECHAM5 RCA SMIRCA SMHI

HadCM3 RCA SMIRCA SMHI
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second case, two important assumptions. The application

of the quantile–quantile mapping transformation is more

flexible than the previous methods and is a procedure that

has been widely used for correcting biases in the simulated

meteorological variables (Wood et al. 2004; Reichle and

Koster 2004; Déqué 2007; Boé et al. 2007). Within this

context, we present a new quantile–quantile calibration

method based on a nonparametric function that amends

mean, variability, and shape errors in the simulated cu-

mulative distribution functions (CDFs) of the climatic

variables.

The procedure consists of calculating the changes,

quantile by quantile, in the CDFs of daily RCM outputs

between a 15-yr control period and successive 15-yr fu-

ture time slices. These changes are rescaled on the basis

of the observed CDF for the same control period, and

then added, quantile by quantile, to these observations

to obtain new calibrated future CDFs that convey the

climate change signal. We have chosen periods of 15 yr

owing, first of all, to the temporal limitation of the ob-

served database (36 yr): we have split the daily series

into an early control period for the calibration task

(1973–87; baseline) and a later interval for validation

purposes (1994–2008); the remaining years (i.e., 1988–

93) are used to perform a robustness test of the method

(section 3b). Second, we consider a length of 15 yr to be a

compromise between series large enough to have clima-

tological meaning—the statistical sample is N 5 5478—

and short enough to permit, by comparing the simulated

CDFs of successive 15-yr intervals starting in 2010, an ef-

fective isolation of any climate change signal along the

twenty-first century.

Recalling that our control period extends from 1973 to

1987 and that the future periods comprise all subsequent

15-yr intervals after 2010, the statistical adjustment

(developed in detail in the appendix) can be written as

the following relationship between the ith ranked value

pi (projected or future calibrated), oi (control observed

or baseline), sci (raw control simulated), and sfi (raw

future simulated) of the corresponding CDFs (Fig. 2):

pi 5 oi 1 gD 1 f D9i, (1)

where

Di 5 sfi 2 sci, (2)

D 5

�
N

i51
Di

N
5

�
N

i51
(sfi 2 sci)

N
5 Sf 2 Sc, and (3)

D9i 5 Di 2 D, (4)

and

g 5

�
N

i51
oi

0
@

1
A N

,

�
N

i51
sci

0
@

1
A N

, 5
O

Sc

and (5)

f 5
sO

sS
c

5
IQRjO
IQRjS

c

. (6)

As surrogates of the population variability, IQRjO and

IQRjSc
in (6) are the interquartile ranges of the observed

and raw control simulated data, respectively—that is, the

parametric difference between the 75th (P75) and 25th

(P25) percentiles for all the considered variables, except

for the precipitation for which we used the 90th (P90) and

10th (P10) percentiles owing to the highly asymmetrical

gamma-type distribution of this variable, with a high pro-

portion of nonrainy days. In the equations, Di is the dif-

ference between the future and control raw ith quantiles

(Fig. 2). Therefore, it can be expressed as the sum of the

mean regime shift (D) plus the corresponding deviation D9
i

from this shift [Eqs. (2)–(4)].

In Eq. (1), omission of g and f parameters (i.e., g 5 f 51)

would be the special case in which Di is simply added to

FIG. 2. Graphical sketch of the Q–Q adjustment. The CDFs of

the mean temperatures are shown for the observed control (OBS

1973–87), raw control (RCM 1973–87), and future (RCM 2085–99)

simulated, and calibrated or projected (PRJ 2085–99) data. The

statistical correction is illustrated between the 15-yr past (1973–87)

and future (2085–99) periods. Vertical lines denote mean values for

raw control (Sc) and future (Sf ) simulated periods.
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the local control baseline without any further adjustment.

Therefore, g is a factor that modulates the variation in the

mean state D, while f calibrates the change in variability

and shape expressed by D9i. The use of g and f parameters

serves to reconcile the RCM with the observed climate:

a parameter value greater (smaller) than 1 would act to

inflate (deflate) an otherwise too low (high) contribution

to the change of the corresponding climate attribute (i.e.,

mean regime or spread). While the f parameter is used for

all variables (minimum and maximum temperatures,

precipitation, relative humidity, cloudiness, and wind

speed), for temperatures the g parameter is not applied

(i.e., g 5 1). This means that changes in the modeled

temperature mean states are counted in absolute terms

(D), whereas for the remaining variables, relative

changes (gD) are employed instead, as widely applied in

climate literature (see the appendix).

A difficulty arises for precipitation since RCMs tend

to overestimate the number of days resulting in trace

values but also to underestimate the number of nonrainy

days, thus resulting in an unrealistic probability of pre-

cipitation in the simulations. To overcome this problem

while respecting the internal dynamical evolution of the

modeled climate scenario when dealing with the drying

or moistening of the rainfall regimes, we impose an ad-

ditional constraint: the ratio of nonrainy days between

future and control simulated raw data is maintained for

the calibrated versus observed series, which is

nzp 5
nzs

f

nzs
c

nzo, (7)

where nzp, nzo, nzs
c
, and nzs

f
are the number of zeros in

the projected, observed, simulated control, and simu-

lated future series, respectively.

b. Validation of the quantile–quantile adjustment

The use of a multimodel strategy—that is, a collection

of different GCMs—attempts to encompass the uncer-

tainties arising from model errors and boundary conditions

provided by different GCMs (Table 1). We have first

evaluated the performance of the multimodel mean by

comparing the raw and calibrated data percentiles against

the observed ones. Figure 3 shows their cumulative distri-

bution functions for the 15-yr validation period (1994–

2008). Table 2 displays the results of the quantile-wise mean

absolute error (MAE) and root-mean-square error

(RMSE) to evaluate the raw and calibrated CDFs. MAE

and RMSE scores reveal an overall improvement of the

calibrated versus uncalibrated CDFs for all the atmospheric

parameters, with the exception of the RMSE for the pre-

cipitation. It is worth noting that large discrepancies ob-

tained for extreme rainfall events and outliers that are due

to the long-tailed distribution of this variable are especially

penalized with the RMSE.

We also carry out a test to assess the sensitivity of the

quantile–quantile correction to small variations in the

training data. To this end, a bootstrap approximation is

used by varying the control period of the statistical ad-

justment. We consider 1000 different 15-yr control intervals

by randomly selecting—without repetition—groups of

those years included within the 1973–93 interval (21 yr).

The 95% confidence interval is obtained as the 2.5 and

97.5 percentiles of the 1000 repetitions. The improve-

ments observed in the MAE and RMSE for the refer-

enced calibrated series are all robust to changes in the

training set at the 5% significance level. Again, pre-

cipitation shows a degradation attributable to under-

sampled extreme events.

Figures 3a and 3b provide evidence that the application

of the quantile–quantile correction results in a cooling and

warming of the raw minimum and maximum tempera-

tures, respectively. For the rainfall amounts, the method

corrects the overestimation of the multimodel mean for

trace values and the underestimation for medium and high

rainfall thresholds (Fig. 3c). The relative humidity is also

corrected by the approach, accounting for the fact that the

multimodel mean shows an overall underestimation for

this atmospheric parameter over the SPdP (Fig. 3d). Re-

garding cloud cover, the calibration only partially allevi-

ates the overestimation in the number of almost-clear days

simulated by the models, although it significantly amends

the overestimation in the number of overcast days as well

(Fig. 3e). Figure 3f shows that the uncalibrated multimodel

mean results in wind regimes stronger than observed.

Although these inaccuracies are amended for moderate

and large wind speeds, the quantile–quantile technique

still yields an underestimation of the small values. After

all, the net result of applying the calibration is clearly

beneficial (Table 2). Note that the uncertainty range

due to intermodel differences is also reduced by the

adjustment.

Q–Q plots emphasize the benefits of the statistical cor-

rection as well (Fig. 4). As expected, temperatures follow

the most linear behavior and the calibrated data are barely

diverted from the diagonal. To a lesser extent, this behavior

is also found for the relative humidity and wind speed re-

gimes. For precipitation, the quantile–quantile adjustment

depicts improvements for most events up to 50 mm but

produces an oversampling of calibrated extreme values as

well. Regarding cloud cover, the method still yields an

overestimation for small cloud fractions: it seems that

RCMs strongly overrate the number of days with low

cloud cover (Fig. 4e). Moreover, Figs. 4c and 4f also show

the problems found when dealing with the precipita-

tion and wind speed extremes. As mentioned earlier,
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the temporal limitation of our observed database could

entail that the underlying distributions of both pa-

rameters might not be well sampled over 15-yr periods,

thus creating uncertainties in the tails when applying

the quantile–quantile correction. These biases would

be partially reduced by using longer observed daily

series.

c. Additional tests and comments

Since biases in RCMs’ distributions of daily variables

could depend on the season, it is unclear whether the

quantile–quantile adjustment ought to be applied annually

or seasonally for the SPdP. Furthermore, we are interested

in studying not only the annual changes in mean and ex-

treme regimes but also their seasonal shifts, which may be

sensitive to the application of such seasonal correction for

our study area. To clarify these issues, an intercomparison

between annual and seasonal calibrations has been carried

out for our observed control baseline (i.e., 1973–87). Thus,

the quantile–quantile adjustment has also been performed

by using daily observed and simulated data for each season

independently. For the sake of simplicity, we have defined

seasons as winter ranging from December to February

(DJF), spring spanning March–May (MAM), summer

TABLE 2. MAE and RMSE statistical indices for the 1994–2008 raw and calibrated multimodel mean CDFs for the indicated atmospheric

parameters. Also shown between brackets are the 5% significance intervals for the calibrated CDFs.

Variable MAE raw MAE calibrated RMSE raw RMSE calibrated

Min temperature (8C) 2.59 0.98 [0.74, 1.02] 2.86 1.03 [0.77, 1.07]

Max temperature (8C) 1.84 0.39 [0.25, 0.48] 1.87 0.45 [0.31, 0.54]

Precipitation (mm) 0.34 0.29 [0.22, 0.33] 1.20 3.59 [2.58, 4.42]

Relative humidity (%) 3.84 1.79 [1.64, 3.36] 3.94 2.37 [2.30, 3.84]

Cloudiness (%) 9.86 6.29 [5.37, 6.49] 11.41 6.72 [5.96, 6.99]

Wind speed (m s21) 0.75 0.30 [0.25, 0.36] 0.83 0.34 [0.30, 0.38]

FIG. 3. Observed, raw, and calibrated multimodel mean CDFs for all the meteorological variables and the 1994–2008 validation period.

It is worth noting that observed and calibrated minimum and maximum temperatures appear staggered owing to the effect of the nu-

merical truncation to the nearby integer for the first years of measurements. Multimodel means and their standard deviation are shown.
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covering June–August (JJA), and autumn extending from

September to November (SON). The results do not depict

any relevant improvement by conducting the adjustment

for each season separately over the SPdP: the benefits of

considering a seasonal instead of an annual calibration

depends on the variable and the season (Table 3). In

addition, the aforementioned sampling limitation in our

observed database would be accentuated by introducing

seasonal-dependent correction functions. However, these

conclusions cannot be extrapolated to other locations

and climates, and it would be generally desirable to test a

seasonal-dependent quantile–quantile adjustment and

its possible benefits.

We have also carried out an intercomparison between

the quantile–quantile adjustment presented in this work

and the scheme used by Wood et al. (2004) and Boé et al.

(2007; denoted herein as the SPdP and WB methods,

respectively). To illustrate the differences between both

corrections, we use the Weibull distribution to generate

a set of theoretical probability distribution functions

(PDFs) and associated CDFs for the daily atmospheric

parameters. Figure 5a shows the performance of both

methods when only small changes in means are found

among the observed, control, and future simulated

theoretical distributions. For this case, both corrections

adjust identically the projected climate. When small dif-

ferences among distributions are not only attributable to

shifts in the mean state but also to variability and distri-

bution shape, both adjustments yield very similar pro-

jected distribution functions (Fig. 5b). However, when

these changes are either not so small or the distributions

are not so well behaved, the SPdP and WB methods

clearly differ (cf. CDFs and PDFs in Fig. 5c).

To further assess the differences between the SPdP and

WB corrections when changes in the CDFs are expected to

be more remarkable, we perform an additional test. The

best model among available RCMs, in terms of simulating

the daily atmospheric variables for our 15-yr observed

control baseline, has been selected [Regional Climate

Model (RegCM) in Table 1]. Then, we have considered

raw RegCM data from the control baseline (i.e., 1973–87)

and a future 15-yr period (2084–98) as the ‘‘observations’’

for calibration and validation purposes. That is, the re-

maining RCMs have been calibrated by applying the SPdP

and WB adjustments on the basis of these raw model

data for the control and future periods. Then, raw and

FIG. 4. Raw and calibrated multimodel mean Q–Q plots for all the meteorological variables. It is worth noting that observed and

calibrated minimum and maximum temperatures appear staggered owing to the effect of the numerical truncation to the nearby integer

for the first years of measurements. Multimodel means and their standard deviation are shown.
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calibrated multimodel mean data have been validated

against the ‘‘observed’’ future. Table 4 depicts the re-

sults of the quantile-wise MAE and RMSE for the fu-

ture validation period. The SPdP correction appears to

be more accurate for most variables, although no sig-

nificant improvements are found for precipitation and

relative humidity when comparing both quantile–quantile

adjustments.

A sensitivity test of the SPdP method to the g and f

parameters has also been conducted. To this aim, an ad-

ditional experiment has been performed either consider-

ing or not (i.e., g 5 f 5 1) both factors when calibrating the

theoretical distributions. Recall that g is the term that

regulates the variation in the mean state, while f accounts

for the change in the variability and shape among the

observed and simulated CDFs. Figure 5d depicts the im-

pact of including these parameters. The use of g and f

clearly prevents the contamination of the projection with

the excessive error found in the mean state and spread of

the simulated control data in comparison with the ob-

served baseline.

Finally, the quantile–quantile adjustment applied on

bounded variables could produce anomalous behavior

in certain situations. Specifically, projected quantiles

should always remain nonnegative, but admittedly this

requirement cannot be generally guarantied from Eq. (1).

For example, negative winds or negative rainfalls have no

physical sense and must be avoided. Similarly, projected

quantiles of relative humidity and cloudiness should not

exceed their upper bounds. We have checked these pos-

sible anomalies of the adjustment. Out of the total sample

of 426 933 projected daily values for each physical vari-

able (considering the whole set of RCMs and the full

2010–99 period), no negative values were found for pre-

cipitation. For wind, only 0.19% of the data was negative,

but with the largest negative value not exceeding 20.1

m s21. With regard to relative humidity, neither negative

values nor values greater than 100% were detected. For

cloudiness, 1.58% of the sample was negative, never be-

low 21% of cloud cover, and only 0.01% of the values

became greater than 100%, by less than two-tenths.

When these infrequent pathologies occur in the method,

we simply round unphysical values to the corresponding

lower or upper bound.

4. Results and discussion

a. Changes in annual regimes

Once RCM outputs have been adjusted statistically

to the SPdP, we analyze the climate change signal by

studying the changes obtained from the 1973–2002 ob-

served time slice (present) and the multimodel means of

three future 30-yr time slices: 2010–39 (early twenty-first

century), 2040–69 (mid-twenty-first century) and 2070–99

(late twenty-first century). It is worth noting that the 30-yr

future periods have been obtained as simple aggregations

of successive 15-yr future calibrated data periods. Table 5

displays the changes in the climatic annual mean regimes

for the parameters of interest together with their associ-

ated uncertainties. An overall increment of the minimum

and maximum temperatures in the SPdP can be expected

during the twenty-first century. Solomon et al. (2007)

points out, under the A1B scenario, an annual mean

warming between the 1980 and 1999 and 2080 and 2099

periods varying from 2.28 to 5.18C in the southern Europe

and Mediterranean (SEM) region. We have obtained for

the latter twenty-first century, annual mean regime shifts

for minimum and maximum temperatures roughly of 2.78

and 3.08C, respectively. Therefore, the projections for the

SPdP indicate a rise in temperatures slightly above the

lower limit of the expected change for the SEM area. This

fact can be due to the dominant maritime characteristics of

the SPdP insular environment. Note that the growth of the

TABLE 3. MAE and RMSE statistical indices for the 1994–2008

calibrated multimodel mean CDFs for the indicated atmospheric

parameters. The adjustments have been conducted by using daily

annual data, later divided into seasons, and by using daily seasonal

data. Best scores are highlighted in bold.

Variable

MAE

annual

MAE

seasonal

RMSE

annual

RMSE

seasonal

Winter

Min temperature (8C) 0.87 0.53 0.90 0.60

Max temperature (8C) 0.29 0.33 0.35 0.45

Precipitation (mm) 0.30 0.40 1.73 3.14

Relative humidity (%) 1.33 0.67 1.59 0.92

Cloudiness (%) 6.61 5.71 6.96 6.20

Wind speed (m s21) 0.57 0.37 0.60 0.42

Spring

Min temperature (8C) 1.61 1.41 1.68 1.43

Max temperature (8C) 1.00 1.27 1.03 1.29

Precipitation (mm) 0.54 0.56 2.55 2.23
Relative humidity (%) 3.14 2.86 4.08 3.51

Cloudiness (%) 7.78 3.04 8.05 3.31

Wind speed (m s21) 0.34 0.38 0.40 0.40

Summer

Min temperature (8C) 1.20 1.31 1.23 1.36

Max temperature (8C) 0.44 0.56 0.48 0.63

Precipitation (mm) 0.10 0.35 1.52 5.53

Relative humidity (%) 2.67 1.74 3.05 2.05
Cloudiness (%) 4.77 6.80 5.27 7.21

Wind speed (m s21) 1.07 0.39 1.10 0.43

Autumn

Min temperature (8C) 0.27 0.79 0.45 0.97

Max temperature (8C) 0.39 0.52 0.49 0.67

Precipitation (mm) 0.46 0.51 5.53 4.22

Relative humidity (%) 1.13 1.50 1.51 1.75

Cloudiness (%) 6.21 9.88 7.33 10.36

Wind speed (m s21) 0.28 0.46 0.36 0.47
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mean maximum temperatures is projected to be faster

than for the daily minima, which would denote a further

expansion of the diurnal temperature range (DTR) in the

SPdP.

Projections obtained from several AOGCMs point out

a decrease in precipitation ranging from 24% to 227% in

the SEM region for the same period (Solomon et al. 2007).

For the SPdP, annual rainfall amounts are projected to rise

FIG. 5. Performance of the SPdP and WB corrections for (a) changes only in mean and (b),(c) changes in mean,

variability, and shape of the PDFs and CDFs. (d) Performance of the SPdP technique by considering or not the f and g

parameters.
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into the early twenty-first century, and then fall by about

27% by the end of the century (Fig. 6a). Again, the drop

in the annual accumulation is found around the lower limit

of the decrease projected by the IPCC for the SEM region.

For the remaining parameters, a fall in their annual means

can be anticipated. Even if a straightforward relationship

between both variables is delusive, the drop in the mean

cloud cover at a faster rate than the annual precipitation

might reveal an extension of the past and present detected

trend in the Mediterranean Basin: an increase of extreme

daily rainfall despite the fact that total rainfall amounts

decrease (Alpert et al. 2002). Furthermore, a reduction of

windiness into the first decades with respect to the present

climate is projected to maintain after a steady evolution in

the course of the century (Table 5; Fig. 6a). For this pa-

rameter, the change in the large-scale atmospheric circu-

lation, as the northward shift in cyclone activity over

Europe found in many climate simulations, is a key

factor (Räisänen et al. 2004; Leckebusch et al. 2006).

With regard to the extreme values, 5% and 95% (P05

and P95, respectively) observed percentiles are defined

as the thresholds for which we define a low and high

extreme event, except for the low rainfall extreme, which

is more properly defined as a nonrainy event (Table 6).

Note that we define high rainfall extremes as the 95th

rainfall thresholds, well below the problematic outlier

values, and so their degrading impact on the results is al-

legedly small. In the Mediterranean climate, daily tem-

peratures present a characteristic bimodal distribution

owing to four distinct seasons: cold winters, cool to mild

springs, temperate autumns, and hot summers. Recall

that the seasons have been defined as: DJF: winter,

MAM: spring, JJA: summer, and SON: autumn. We

have calculated the climatic average annual number of

projected days that are expected to fall outside the pre-

defined thresholds to study the changes in their fre-

quencies for each future time slice. As an example, Fig. 7

illustrates the temporal evolution of the distribution for

the minimum temperature, revealing the shift of the

histogram toward higher temperatures across the future

time slices.

Regarding daily precipitations, a constant rise in the

annual number of nonrainy days as well as a very slight

growth in the frequency of extreme daily amounts can be

expected (Figs. 6b and 6c). As mentioned, this fact appears

to be consistent with the current observed trends for

the Mediterranean Basin. These trends reveal an increase

in the annual frequency of extreme rainfalls (i.e., an in-

creasing frequency of weak and heavy precipitations). A

notable and persistent fall in the annual number of very

humid days is also detected, together with a slight growth

in the number of days per year with relatively low humidity

from midcentury. The multimodel mean also projects

a rise in the annual number of clear days and a decrease

in the number of overcast ones. Finally, the frequency

of strong winds could slightly diminish in the future time

slices, but a considerable growth in the frequency of weak

wind regimes is also found (Figs. 6b and 6c).

b. Changes in seasonal regimes

With regard to the projected seasonal results, the

change in mean regimes would indicate an overall rise of

the minimum temperature for all seasons at the end of the

century, being more marked for summers and autumns

TABLE 4. MAE and RMSE statistical indices for the 2084–98 raw and calibrated multimodel mean CDFs for the indicated atmospheric

parameters. Adjusted data have been obtained by applying the SPdP and WB Q–Q techniques.

Variable MAE raw MAE SPdP MAE WB RMSE raw RMSE SPdP RMSE WB

Min temperature (8C) 2.40 0.47 0.58 2.42 0.49 0.71

Max temperature (8C) 1.15 0.30 1.05 1.51 0.36 1.13

Annual precipitation (mm) 0.13 0.10 0.09 0.13 0.29 0.27

Relative humidity (%) 3.13 1.12 1.09 4.19 1.48 1.42

Cloudiness (%) 11.48 3.26 3.68 12.96 3.69 4.13

Wind speed (m s21) 1.15 0.10 0.14 1.34 0.12 0.14

TABLE 5. Multimodel annual mean regimes of the climatic variables for the present, early, middle, and late twenty-first-century time slices.

Also shown between brackets is the standard deviation of the multimodel mean regimes.

Annual Present Early Middle Late

Min temperature (8C) 10.1 10.6 [ 10.2, 11.0] 11.7 [ 11.1, 12.3] 12.8 [ 11.9, 13.7]

Max temperature (8C) 22.3 23.0 [ 22.6, 23.4] 24.1 [ 23.5, 24.7] 25.3 [ 24.5, 26.1]

Annual precipitation (mm) 463.3 496.0 [474.9, 517.1] 457.8 [419.2, 496.4] 431.5 [404.1, 458.2]

Relative humidity (%) 77.1 75.9 [ 75.2, 76.6] 74.9 [ 73.5, 76.3] 74.2 [ 72.7, 75.7]

Cloudiness (%) 43.7 40.6 [ 40.0, 41.2] 39.4 [ 38.3, 40.5] 38.5 [ 37.3, 39.7]

Wind speed (m s21) 2.9 2.7 [ 2.7, 2.7] 2.7 [ 2.7, 2.7] 2.7 [ 2.7, 2.7]
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(3.68 and 3.58C, respectively, for the late twenty-first cen-

tury; Fig. 8a; Tables 7–10). The projections point out

a general decrease in the frequency of the minimum

temperature extremes as well (see Table 6 for a revision of

the seasonal thresholds). Specifically, the extreme cold

days (i.e., Tmin in winter ,21.08C) would be less frequent

by almost 4 days per year at the end of the twenty-first

century (Fig. 9a). The seasonal maximum temperatures

show the highest growth rate in summer (3.98C for the late

twenty-first century) and, according to the results, a slight

drop of the autumn mean is obtained for the early twenty-

first century, but without a very high statistical confidence

in this shift. However, the general trend points toward

a significant increase in the seasonal mean regimes along

the century (Fig. 8b; Tables 7 to 10). The frequency of ex-

treme warm days (i.e., Tmax in summer .35.08C) is ex-

pected to steadily increase, almost achieving the 30 days per

year for the late time slice (Fig. 10b). Note also the change

in the extreme regime expected for the last decades of the

century in autumn, with an increase of more than 20 days

per year with respect to the present. Therefore, the number

of heat waves per year affecting the SPdP in summertime

could increase, although the temporal persistence of such

extreme warm days has not been examined explicitly. This

fact could result in a worsening of the thermal discomfort

situations for local residents and tourists.

FIG. 6. (a) Annual mean and (b),(c) extreme regimes

shifts of Tmin and Tmax, precipitation (pcp), relative hu-

midity (Hr), cloud cover (clt), and wind speed (wss) for

the early, middle, and late twenty-first-century time sli-

ces. It is worth noting that the changes in the number of

days are computed as the difference among the projected

and present extreme days. Multimodel means and their

standard deviation are shown.

TABLE 6. Annual and seasonal minimum and maximum extreme thresholds for all the atmospheric variables. These thresholds have been

obtained from the 5th and 95th percentiles of the 1973–2002 time slice. The thresholds remain constant for the future time slices.

Variable Annual thresholds Winter thresholds Spring thresholds Summer thresholds Autumn thresholds

5th 95th 5th 95th 5th 95th 5th 95th 5th 95th

Min temperature (8C) 0.0 19.8 21.0 11.0 0.8 14.0 12.0 21.6 3.7 19.0

Max temperature (8C) 13.2 32.6 11.0 19.6 14.0 26.8 24.0 35.0 15.8 30.0

Precipitation (mm) 0.0 24.9 0.0 19.1 0.0 18.9 0.0 35.1 0.0 30.5

Relative humidity (%) 59.5 91.2 64.6 93.4 58.7 90.4 55.5 84.9 64.0 90.7

Cloudiness (%) 5.7 85.0 12.5 88.1 10.0 88.7 1.2 70.0 11.9 83.1

Wind speed (m s21) 0.8 6.1 0.5 6.7 1.3 6.1 1.7 5.2 0.8 6.0
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In the Balearics, the largest contribution to the inland

natural water resources comes from the rainfall collected

in autumn. The projected mean seasonal rainfall regimes

indicate an increase in the autumn total amounts, most

noticeably for the early twenty-first century (120.5%;

Table 10). The spring contribution is found to increase

until the last third of the century. The winter portion to

the water storage is expected to decrease for the first third

but to increase slightly from the mid-2050s. In summer-

time, the typically scarce rainfall amounts are projected

to fall throughout the century (up to 251.5% at the end

of the century; Table 9; Fig. 8c). However, percentage

changes in precipitation amounts also present very high

uncertainties for all seasons and periods. The cause of a

substantial and widespread decrease in precipitation over

the whole Mediterranean Basin for the late twenty-first

century could be ascribed to summertime enhancement

of the anticyclonic circulation over the northeastern At-

lantic. This might indicate an increase of ridge patterns

over western Europe and trough patterns over eastern

Europe, resulting in a blocking structure that could de-

flect storms northward (Giorgi et al. 2004).

The expected changes in the mean seasonal regimes

would require new efforts by local policy makers to adapt

the present water management strategies to the new

conditions. Furthermore, the projected seasonal number

of days without precipitation is constantly increasing

(Fig. 9c), in agreement with several previous studies

(e.g., Semenov and Bengtsson 2002; Voss et al. 2002;

Räisänen et al. 2004; Frei et al. 2006). The frequency of

intense daily rainfall events is also projected to grow

steadily for all seasons; however, for summers, this rise is

FIG. 7. Histograms of the observed and projected minimum temperatures. The P05 and P95 thresholds super-

imposed in the graphs have been defined from the observed distribution: (top) (left) 1973–2002 and (right) 2010–

2030; (bottom) (left) 2040–2060 and (right) 2070–2099.
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projected to be more noticeable for the first two-thirds of

the century (Fig. 10c). Numerous works point out a sub-

stantial increase in the intensity of daily precipitation

events for the late twenty-first century—even in regions

where a decrease of precipitation is found—such as cen-

tral Europe and the Mediterranean (Christensen and

Christensen 2003; Giorgi et al. 2004; Kjellström 2004).

However, the impact over the Mediterranean during sum-

mer is not clear because of the strong convective rainfall

component and its high spatial variability (Llasat 2001).

For the relative humidity, a general decrease in the

mean seasonal values is expected, resulting in a drying of

the environment (Fig. 8d; Tables 7–10). Thus, the po-

tential consequences of all these changes for the ecosys-

tem and the environmental management of the area

should be taken into consideration as well. The frequency

of dry extremes continuously increases for summers and

autumns (close to 4 days per year for the former season in

the late twenty-first century), and a remarkable decrease

in the maximum extremes is also found (Figs. 9d and 10d).

Figure 8e depicts a steady decrease during the century for

the cloud cover fraction for all seasons. This overall

decrease in total cloudiness is consistent with the

trends found for the mean and extreme regimes (Figs.

9e and 10e).

Finally, mean wind speeds show uneven changes in

the distributions depending on the season: a notable

wind speed rise for winter, a moderate decrease during

spring and autumn, and an important drop in summertime

(Fig. 8f; Tables 7–10). For the minimum extremes, a gen-

eral increase in the seasonal number of days below the

corresponding thresholds would be expected, except for

winters (Fig. 9f). Observe the important variation—an

increase of more than 30 days—obtained for the lowest

summer wind speed regimes: this change could be a

consequence of a simulated increase in the number of

days with anticyclonic circulation over the western Medi-

terranean. However, light to moderate (i.e., ;5 m s21)

FIG. 8. Seasonal mean regimes changes with respect to present for the climate variables in the early, middle, and late twenty-first-century

time slices. Multimodel means and their standard deviation are shown.

TABLE 7. Multimodel winter mean regimes of the climatic variables for the present, early, middle, and late twenty-first-century time slices.

Also shown between brackets is the standard deviation of the multimodel mean regimes.

Winter Present Early Middle Late

Min temperature (8C) 4.3 4.5 [ 4.1, 4.9] 5.4 [ 4.9, 5.9] 6.2 [ 5.4, 7.0]

Max temperature (8C) 15.7 16.1 [15.7, 16.5] 17.1 [16.6, 17.6] 17.9 [ 17.1, 18.7]

Precipitation (mm) 122.9 116.8 [96.3, 137.3] 127.2 [92.2, 162.2] 123.3 [ 98.5, 148.1]

Relative humidity (%) 81.5 79.7 [77.9, 81.5] 79.6 [77.8, 81.4] 79.6 [ 77.9, 81.3]

Cloudiness (%) 50.2 47.3 [44.9, 49.7] 46.9 [44.2, 49.6] 47.3 [ 44.9, 49.7]

Wind speed (m s21) 2.7 3.3 [ 3.0, 3.6] 3.2 [ 2.9, 3.5] 3.2 [ 2.9, 3.5]
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summer winds in Mallorca are produced by a recurrent

and well-defined sea breeze (Ramis and Romero 1995),

but these small-scale wind regimes are beyond the current

model resolutions. Consequently, the projected frequency

of calms or light winds in the warm season might arguably

be positively biased. Figure 10f confirms moderate de-

creases of strong winds for all seasons, except for winter.

5. Conclusions and further remarks

A study of the effects of climate change over the SPdP

has been carried out in association with the Consortium

of Platja de Palma. Key issues for the consortium are

sustainability, climate and global change, and social and

residential cohesion. Therefore, the assessment of cli-

mate change over this geographical setting has turned

one of the most important concerns to address its reno-

vation and appropriateness to the social, economic, and

environmental demands of the twenty-first century. To

this aim, observed and simulated daily series of minimum

and maximum temperatures, precipitation, relative hu-

midity, cloud cover, and wind speed have been analyzed.

For the future projections, multiple RCMs have been

used to cope with the uncertainties arising from model

errors and their boundary conditions.

To exploit this regional database correctly at such

local scales, we have applied a novel quantile–quantile

adjustment to individual RCM daily outputs. The skill

of the statistical correction has been checked, first by

means of a validation test, and then by means of a ro-

bustness test. The verification process has allowed access

to the benefits of adopting such an approach. Results

show an overall improvement in reproducing the present

climate baseline (i.e., 1994–2008) when using calibrated

series instead of raw RCM outputs. Nevertheless, the

statistical correction does not result in such a clear im-

provement for the precipitation, as revealed by the

RMSE; however, this fact can be ascribed to its inher-

ent high variability—particularly in Mallorca, where the

strong dependence of rainfall amounts on local topogra-

phy is poorly represented at current RCM resolution—and

the occurrence of extreme values. Furthermore, the tem-

poral limitation of the observed control period could en-

tail that the entire rainfall distribution might not be well

sampled over 15-yr periods. If observed daily series were

long enough, then it might be possible to better encompass

these biases. Moreover, a bootstrap test has demonstrated

the robustness of the adjustment to the selection of the

training set. The method is rather insensitive to the par-

ticular sampling used to characterize the control climate.

In addition, we have carried out some additional tests.

First, annual and seasonal adjustments have been com-

pared to evaluate the benefits of using seasonal instead

of annual correction functions. No clear benefits have

been obtained by applying a seasonal rather than an

annual calibration for the SPdP. The annual adjustment

is applied locally for the entire CDFs and, as the annual

distributions of daily variables contain the seasonal cy-

cles, the adjustment implicitly accounts for biases that

could depend on each season. Furthermore, the afore-

mentioned temporal limitation is more accentuated

by conducting seasonal-dependent correction functions

for calibration purposes. It would be highly recom-

mended to further explore these issues when longer

temporal daily data series are available. Similarities and

differences between the SPdP and WB quantile–

quantile adjustments have also been evaluated. When

changes in the mean state, variability, and shape among

TABLE 8. As in Table 7, but for the multimodel spring mean regimes of the climatic variables.

Spring Present Early Middle Late

Min temperature (8C) 7.3 7.3 [6.5, 8.1] 8.2 [7.3, 9.1] 9.1 [7.9, 10.3]

Max temperature (8C) 20.0 20.5 [19.7, 21.3] 21.6 [20.7, 22.5] 22.6 [21.6, 23.6]

Precipitation (mm) 105.6 123.1 [103.5, 142.7] 110.6 [93.8, 127.4] 94.1 [77.0, 111.2]

Relative humidity (%) 76.3 76.3 [74.1, 78.5] 75.0 [72.8, 77.2] 74.2 [72.0, 76.4]

Cloudiness (%) 48.6 42.5 [41.4, 43.6] 40.8 [39.2, 42.4] 39.5 [38.1, 40.9]

Wind speed (m s21) 3.1 2.9 [2.8, 3.0] 2.9 [2.8, 3.0] 2.9 [2.7, 3.1]

TABLE 9. As in Table 7, but for the multimodel summer mean regimes of the climatic variables.

Summer Present Early Middle Late

Min temperature (8C) 16.8 17.6 [17.1, 18.1] 18.9 [18.1, 19.7] 20.4 [19.4, 21.4]

Max temperature (8C) 29.8 30.9 [30.4, 31.4] 32.3 [31.5, 33.1] 33.7 [32.8, 34.6]

Precipitation (mm) 58.6 43.8 [19.2, 68.4] 37.1 [11.7, 62.5] 28.4 [3.3, 53.5]

Relative humidity (%) 71.4 69.9 [64.7, 75.1] 68.0 [62.8, 73.2] 66.3 [60.9, 71.7]

Cloudiness (%) 30.0 28.3 [24.9, 31.7] 27.0 [23.4, 30.6] 25.6 [21.4, 29.8]

Wind speed (m s21) 3.0 2.1 [1.9, 2.3] 2.1 [1.9, 2.3] 2.1 [1.9, 2.3]
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observed and simulated CDFs are relatively small, both

methods yield almost identical results. However, when

these changes are not so small or the distributions of the

daily variables are not so well behaved, clear differences

arise between both methods and most variables are

better corrected by the SPdP adjustment.

Once RCM daily series were calibrated to the SPdP,

we analyzed the projected climate change signal. The

results have been discussed in terms of changes in the

annual and seasonal mean regimes, as well as in terms

of changes in the frequency of the extreme events.

Therefore, the impacts of climate change can be as-

sessed to guide the planning and exploitation of the

urban, environmental, and tourist activities in the area.

The projections have revealed important changes in the

temperature regimes that should help local authorities to

activate contingency plans. It would be highly recom-

mended to take precautionary measures before the pro-

jected increase in the frequency of extreme hot days

affect the SPdP in summertime. Note that the 2003 Eu-

ropean heat wave led to severe health crises in several

countries, resulting in more than 52 000 fatalities (Larsen

2010). However, it must not be forgotten that the number

of annual fatalities due to extreme cold days in central

and northern Europe is currently much higher than those

produced by extreme hot days.

The changes found in the rainfall regimes, with an in-

creased scarcity of rainfall amounts especially in the

warm season, should also imply a future update of the

current water management plans. The projected rise in

the frequency of both daily extreme—weak and intense—

rainfalls will be a challenging task for hydrologic manage-

ment as well. Intense precipitations are rather inefficient

for increasing the inland water storage. Most of the heavy

rainfall runs off and is therefore carried out to the sea by

the local drainage. Furthermore, the possible growth in

the socioeconomic losses should be considered mainly

related to flash flooding or to longer drought periods—the

TABLE 10. As in Table 7, but for the multimodel autumn mean regimes of the climatic variables.

Autumn Present Early Middle Late

Min temperature (8C) 11.9 13.0 [12.3, 13.7] 14.3 [13.5, 15.1] 15.4 [14.4, 16.4]

Max temperature (8C) 23.4 23.0 [23.5, 24.9] 24.1 [24.7, 26.3] 25.3 [25.5, 27.7]

Precipitation (mm) 176.2 212.3 [185.1, 239.5] 182.9 [146.3, 219.5] 185.7 [157.0, 214.4]

Relative humidity (%) 79.4 77.9 [77.0, 78.8] 77.1 [76.2, 78.0] 76.7 [75.9, 77.5]

Cloudiness (%) 46.3 44.7 [43.2, 46.2] 43.2 [41.5, 44.9] 42.1 [40.7, 43.5]

Wind speed (m s21) 2.7 2.6 [2.5, 2.7] 2.6 [2.5, 2.7] 2.5 [2.4, 2.6]

FIG. 9. Number of low extreme days per season for the future time slices. Thresholds used to define these extremes are obtained for the

present period and remain unchanged for the future time slices. It is worth noting that the changes in the number of days are computed as

the difference among the projected and observed extreme days. Multimodel means and their standard deviation are shown.
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2003 European heat wave combined with drought caused

a crop shortfall in southern Europe. Changes found for

the remaining climatic variables (relative humidity, cloud

cover, and wind speed) also can be taken into consider-

ation when designing urban infrastructure. As an exam-

ple, shifts in the relative humidity regimes appear to

indicate a drying of the environment, and hence these

effects should be included in the ecological management

of the area apart from more obvious effects associated

with temperature and precipitation changes.

Finally, it is important to mention a potential exten-

sion of the current research by exploring the future evo-

lution of tourism—the most important socioeconomic

asset of Platja de Palma—through the formulation of

appropriate tourism climate indices. Well-founded tour-

ism climate indices must take into account, beyond

a simple analysis of meteorological parameters, an in-

tegrated human body–atmosphere energy balance model

to calculate the thermal sensation and even aesthetic as-

pects, such as cloud cover, or physical facets, such as wind

intensity and rain occurrence. Some examples of different

tourism climate indices and their applications have been

used, for example, by Mieczkowski (1985), Becker

(1998), Harlfinger (1991), Morgan et al. (2000), Amelung

and Viner (2006), and De Freitas et al. (2008). Integration

of these tourism climate indices within the climatic sce-

narios derived from RCMs appear to be of maximum

interest for subsequent studies dealing with the future

evolution of tourism in the SPdP, the Balearic Islands,

and the whole Mediterranean region in general.
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APPENDIX

Theoretical Basis and Underlying Hypotheses
of the Quantile–Quantile Adjustment

The quantile–quantile adjustment is rooted in the

fact that the projected climate (pi) must depend on the

FIG. 10. As in Fig. 9, but for the high extreme days per season.
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observed climate (oi) and on the model-simulated change

in terms of both climatic mean (D) and specific distribu-

tion (D9
i
), where i indicates the ith quantile of the distri-

butions as shown:

pi 5 F(oi, D, D9i). (A1)

A first-order approximation to F is

pi 5 a 1 boi 1 gD 1 f D9i, (A2)

where a, b, g, and f are parameters to be determined from

desired properties of the adjustment method. In particular,

the following constraints (denoted as C) are formulated:

C.1: If no climate change was simulated by the RCM,

then the projected distribution must obviously

converge to the observed climatic distribution as

shown:

If
D 5 0

Di9 5 0
0pi 5 oi "i.

(

The unique set of a, b constants in Eq. (A2) that

satisfies this condition for all i is

a 5 0

b 5 1
.

�

Now, since the mean of Eq. (4) is zero, the mean

of the projected distribution [Eq. (A2)] becomes

P 5 O 1 gD 5 O 1 g(Sf 2 Sc) (A3)

and the deviation of each quantile is

p9i 5pi 2 P5o9i 1 f D9i 5 o9i 1 f (s9fi 2 s9ci). (A4)

C.2a: For maximum and minimum temperatures, we

follow the standard assumption that the simu-

lated shift in mean climate is a credible quantity

of RCMs. Thus, this shift must be preserved in the

projected climate as shown:

P 2 O 5 Sf 2 Sc, (A5)

yielding g 5 1 from Eq. (A3)

C.2b: For the remaining atmospheric variables, it is the

relative change in mean climate that will be pre-

served in the projected future. This is also a com-

mon hypothesis made in climate change studies,

P

O
5

Sf

Sc

. (A6)

After substitution of P from the last equation into Eq.

(A3), we obtain

g 5
O

Sc

. (A7)

C.3: Our last hypothesis, applied to the whole set of

atmospheric variables, deals with the ability of

RCMs to simulate the changes in variability.

We assume that models can reasonably capture

the relative change in variability; thus, the same

relative change will be applied to the projected

climate as shown:

p9i 2 o9i
sO

5
s9fi 2 s9ci

sS
c

. (A8)

This condition is less restrictive than those

used in previous procedures (e.g., the ‘‘delta’’ or

the unbiasing methods). Recall that the former

method considers that the variability in the fu-

ture scenario remains unchanged, while the lat-

ter states that the RCM variability is perfect.

The combination of Eqs. (A4) and (A8) yields

f 5
sO

sS
c

. (A9)

Note that the g and f parameters emerging from

hypotheses C.2a, C.2b, and C.3 make the quantile–

quantile adjustment fully scale invariant for the

whole set of atmospheric variables. That is, the

adjustment results are invariant under any linear

transformation (e.g., units change transformations,

such as from K to 8C for temperatures, from mm to

in. for precipitation, from m s21 to kt for wind).
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