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ABSTRACT: The evaluation of the possible climate change influence on extreme precipitation is very interesting in
the Mediterranean area due to the usual and characteristic high intensities of its rainfall pattern. This analysis is also
very important in urban zones, especially those densely populated with complex sewer systems, generally vulnerable to
torrential rainfall. In this work, a total of 114 simulated daily rainfall series, 84 for the period 2000-2099 and 30 for the
control period 1951-1999, have been analysed. These series were obtained for six thermo-pluviometric stations located
in the metropolitan area of Barcelona using the information provided by five general circulation models under four future
climate scenarios of greenhouse gas emissions and applying statistical downscaling methods. The potential changes in the
intensity —duration—frequency relationships due to climate change have been investigated. For the last third of the 21st
century, under A1B, A2 and B2 climate scenarios, an increase of at least 4% has been found on the expected daily rainfall
with return period longer than 20 years. Using a temporal downscaling based on scaling properties of rainfall, future hourly
extreme rainfall has been estimated. For almost all the scenarios and periods considered, the increase on the expected
hourly rainfall has resulted slightly higher than the corresponding daily rainfall. The greatest differences between the future
hourly and daily rainfall estimated have been found in the second third of the century under scenarios A1B (8%) and A2
(9%). Copyright © 2013 Royal Meteorological Society
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1. Introduction Thus, the report assessing Regional Climate Change pre-
pared by researchers from the CLIVAR-Spain network
(Pérez and Boscolo, 2010) concludes that annual precip-
itation in the Iberian Peninsula in the last three decades
has decreased significantly compared to the 1960s and
1970s, with the most important decrease observed at the
end of winter. In spite of this decrease in total precipita-

tion, an increase of extreme rainfall has been observed.

The effects of climate change on hydrology and
the potential intensification of the hydrological
cycle have to be considered in order to prevent
future problems in the urban drainage systems. The
intensity—duration—frequency (IDF) curves, a very
important tool used in the design and construction of
different hydrological structures in water management,

could be altered by a presumed increase of intense
rainfall caused by climate change. A comprehensive
view of the state of this concern was presented by
Willems et al. (2011).

Contrary to mid- to upper latitude regions of the world
in which an increase in total rainfall was reported, over
the Mediterranean area several studies show a dominant
decreasing trend during the last decades (IPCC, 2007).
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Simulations for the 21st century using climate models
forecast also important decreases in total precipitation
in the Mediterranean area, and in the Iberian Penin-
sula in particular, whereas some results from regional
model projections show possible increases in torren-
tial rainfall (Christensen and Christensen, 2003), with
shorter and more intense episodes of precipitation. For the
north-western Mediterranean region, Hertig and Jacobeit
(2008) found an increase in precipitation in winter for
the period 2071-2100 under scenario B2, while precip-
itation decreases in autumn and spring. An increase in
anti-cyclonic conditions in the transition seasons (autumn
and spring) in the Mediterranean region seems to be the
cause of this reduction in precipitation. The increase in
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precipitation in winter would be due to an increase in
the cyclonic conditions, particularly in December and
January.

Buonomo et al. (2007) found that changes in extreme
rainfall values become greater as both the return period of
the rainfall becomes longer and the duration that is con-
sidered becomes shorter. Thus, for the European region
on average, 24-h rainfall with a return period of 20 years
increases by 18% by the end of the 21st century, while
for a return period of 2 years the average increase is only
13%. The increases are less when durations of more than
24h are considered. In general, an increase in extreme
rainfall is observed which is opposed to a reduction in
the average annual precipitation. This indicates a change
in the climate in the future with a substantial reduction
in episodes of light to moderate rainfall and an increase
in episodes of intense rainfall. In terms of the climate
change factor, Larsen et al. (2009) found values gen-
erally above one for hourly rainfall in Europe under the
scenario A2 for the period 2071-2100. For Spain, the cli-
mate change factor calculated was around 1.2 for return
periods between 5 years and 100 years.

The evaluation of the possible climate change influence
on extreme rainfall intensities is very interesting in
the Mediterranean area, especially in densely populated
urban zones with complex sewer systems, generally
vulnerable to torrential rainfall. In this work, simulated
daily rainfall series for the period 2000—-2099 have been
obtained for six pluviometric stations located in the
metropolitan area of Barcelona. Four climate change
scenarios (B1, B2, A1B and A2) have been considered.
Changes in the current IDF relationships in the region
have been calculated for every climate scenario using
two different temporal downscaling methods: the first
one assumes that the relative variations between the
present and the future rainfall are the same for any
duration shorter than 24 h, while the second one, which
is based on the scaling properties of rainfall, estimates
these variations depending on duration.

2. Obtention of simulated daily rainfall series for
the period 2000-2099

Different downscaling techniques are commonly used to
infer information at regional scale from climate output
at large scale provided by the general circulation models
(GCMs). In the statistical approach (Wilby et al. 2004;
Imbert and Benestad, 2005) high-resolution predictands,
as rainfall, are obtained by applying relationships identi-
fied in the observed climate between these predictands
and large-scale predictors, as atmospheric geostrophic
fluxes, to the GCM output.

Using a statistical downscaling technique, daily rain-
fall series for the period 2000—2099 have been simu-
lated by the Fundacion para la investigacion del Clima
(FIC, Foundation for Climate Research). The develop-
ment of the statistical downscaling method and the selec-
tion of predictors are based on the conceptual framework
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Figure 1. Thermo-pluviometric stations of the Spanish Meteorology

Agency (AEMET) in the metropolitan area of Barcelona employed

in this study. 0200E corresponds to the Fabra Observatory, where the
Jardi gauge is located.

presented by Ribalaygua et al. (2013). The information
provided by five GCMs, four from Fourth Assessment
Report AR4 (EGMAM, CNCM3, ECHAMS and BCM2)
of the Intergovernmental Panel on Climate Change
(IPCC, 2007) and one from Third Assessment Report
AR3 (CGCM2) has been downscaled to generate sim-
ulated series corresponding to six thermo-pluviometric
(TP) stations that belong to the Spanish Meteorology
Agency (AEMET) installed in the metropolitan area of
Barcelona (codes 0199, 0200, 0201, 0202, 0200E and
0200I in Figure 1). More than 20 years of observed daily
rainfall data are available from these stations.

For verification of the methodology, data from the
ERA-40 Reanalysis have been considered. The ERA-40
dataset cover the period from 1 September 1957 through
31 August 2002 at a resolution of 1.125° x 1125° over
the whole Earth’s surface, four times daily (every 6h).
However, this spatial and temporal high resolution
should be relaxed to the GCM resolution (from 2° to
3° and generally daily data). The geographical limits of
the atmospheric window used are 30°N to 55°N latitude
and 27.5°W to 15°E longitude. This window covers the
geographic area under study and the surrounding areas
which have a meteorological influence. Different weights
have been assigned to the grid points depending on their
influence on the study area (Ribalaygua et al., 2013).

Three scenarios of greenhouse gas emissions, AlB,
A2 and B1, and a control period from 1951 to 1999
have been considered for models EGMAM, CNCM3,
ECHAMS5 and BCM2. Two scenarios, A2 and B2, and a
control period from 1961 to 1999 have been considered
for model CGCM2 (IPCC, 2000).

The downscaling method used (Ribalaygua et al.,
2013) estimates high-resolution surface meteorological
fields for a day ‘x’ (the problem day), in two steps:
the first step is an analogue technique (Zorita and von
Storch, 1999), and in the second step high-resolution sur-
face information is estimated for precipitation using a
probabilistic approach. This procedure assumes that the
relationships between predictors (large-scale atmospheric
variables) and predictands (small-scale surface variables)
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will not vary in the future under climate change condi-
tions. In the first step, like other analogue downscaling
methods, for every day of the climate models outputs
the most similar meteorological situations observed from
past historical series are searched, using the atmospheric
geostrophic fluxes as the relevant data for criteria of sim-
ilarity. These fluxes determine the synoptic forcing that
causes the air rises or descends, leading to cloud for-
mation and precipitation. In addition, flow at 1000 hPa
provides information about the surface wind direction,
which is very useful to study the effect of topography
on the cloudiness and precipitation spatial distribution.
Among the different algorithms which have tradition-
ally been used to assess similarity between fields, the
pseudo-Euclidean distances method (Kruizinga and Mur-
phy, 1983; Martin et al., 1997) performed better. The
similarity between the two days is calculated by deter-
mining (and standardizing) independently their likeness
with respect to each of the four final predictor fields:
the speed and direction of the geostrophic wind at 1000
and 500 hPa. The unlikeness of days x; and x;, for each
predictor field ‘P’, is calculated as a pseudo-Euclidean
distance according to Equation (1):

(Pikpjk)2 - Wi

M=

k=1

Dp ()Ci,Xj) = (1)

M=

Wi

\ k=1

where Pj; is the value of the predictor ‘P’ of the day x;,
at the grid point k; Wy is the weighting coefficient of the
k grid point; and N is the number of grid points of the
atmospheric windows (55°N—-30°N; 27.5°W—-15°E) with
resolution (2.5° latitude x 2.5° longitude).

The calculated pseudodistances corresponding to every
predictor have to be standardized before they can be
combined to obtain a final measure of similarity. The
standardization is carried out by substituting D, (x;, x;) by
the dimensionless magnitude centp, which is the closest
centile of the reference population of Euclidean distances
among predictor fields ‘P’ to the D,(x; x;) value. The
centile values are previously determined, independently
for each ‘P’ predictor field, over a reference population
of more than 1000000 values of D,. The reference
population is calculated by applying Equation (1), with
the same W; values, to randomly selected pairs of days.
The final similarity measure, sim(x;,x;), between days x;
and x; is given by the inverse of a weighted average of
the centp(x;,x;) for the four ‘P’ predictors (Equation (2)):

4

-1
sim (xi,xj) = (Z wpcentp (xl-,xj)> 2)

P=1

where wp is the weighting coefficient of the predictor
field ‘P’. Finally all predictors were considered equally
important for the diagnosis of precipitation, so a value of
wp =0.25 was assigned for all of them.
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The second step in the Ribalaygua er al. (2013) proce-
dure is the determination of some relationships between
large-scale atmospheric variables and the smaller-scale
surface variables of interest, and its validation against
observations. Future precipitation is estimated as the
averaged precipitation observed for the most similar days
found to each day to be downscaled. From the set of
analogous days to the problem day ‘x;” found in the first
step, a subset of the most similar K is selected. Similarity
in this second step is determined considering predictors
related to precipitation, as moisture, flow convergence,
thermal and moisture advection or stability. Every prob-
lem day x; has K analogues a; , each with a certain
similarity sim(x;, a;) and an observed precipitation p;.
Then, precipitation p; for each problem day x; is esti-
mated according to Equation (3).

K
E} Pj sim (x,-, aj)
= 3

1 sim (x,-, aj)

™M=

J

Verification of the downscaled climate model results
under the present climate has been done calculating two
errors: on the one hand the downscaled values of daily
precipitation obtained from the European Reanalysis
ERA40 data are compared to the observed data, and
on the other hand the ERA40 data are compared to the
simulated data obtained by regionalization of the GCM
control period. The first error has been calculated to
correct the biases introduced by the downscaling method,
whereas the second one corrects the GCM results. Both
errors have been calculated as the ratio between the
two compared values for each day of the year and TP
station and for 20 intensity quantiles, the upper quantile
representing the heaviest precipitation. Multiplying both
errors, the bias of the simulated daily precipitation series
has been corrected for the control period (1951-1999).
For the climate simulation period (2000-2099) the same
bias correction has been considered, and every future
day has been corrected using the factor calculated for
the corresponding intensity quantile and day of the year.
Compared to observations, the simulated series obtained
after this verification process underestimate in general
the expected rainfall amount for all seasons except
in summer, where it tends to overestimate them. The
greatest differences are observed in autumn. As known,
due to their spatial and temporal resolution, the GCMs
do not solve many short and small atmospheric structures
and therefore do not properly simulate some atmospheric
phenomena as the convective mechanisms. Thus, results
are clearly worse at months with a significant fraction of
convective precipitation in the region (autumn).

3. Analysis of the daily rainfall series simulated for
the period 2000-2099

A total of 114 corrected and verified simulated series
for the six TP stations have been obtained: 84 of these
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series correspond to the four future climate scenarios
considered in the study (24 series for A1B and B1, 30 for
A2 and 6 for B2), and the remaining 30 correspond to the
control periods for the five general circulation models.
The cumulative frequencies of the future daily rainfall
series have been calculated for three 33-year periods, i.e.
from 2000 to 2032, from 2033 to 2065 and from 2066
to 2099. Following the methodology described in Casas
et al. (2004), their distribution tails have been fitted by
the empirical potential-exponential function with three
free parameters expressed by Equation (4),

Fx)=1—mx"e™

“4)

where x is the precipitation. Parameters m, n and p have
been determined by the least-squares method for every
series. Considering the fitted functions as cumulative
frequency distribution functions of the daily rainfall,
Equation (4) provides the x value for each return period
required, just introducing the corresponding cumulative
frequency. Daily rainfall for return periods of 0.2, 0.5,
1, 2, 5, 10, 20, 50, 100, 200 and 500 years has been
calculated for each of the 114 series mentioned above.
To check the results, IDF relationships calculated for
the control period have been compared to those based
on historical rainfall observations (Willems and Vrac,
2011). Figure 2 shows the comparison between the
historical intensity—frequency curve for 24h obtained
from the Jardi gauge located in the Fabra Observatory
of Barcelona (1927-1991, 0200E in Figure 1) and the
intensity—frequency points obtained from the climate
models for the control period, averaged for the six
TP stations, for return periods from 1 to 500 years.
Differences have resulted lower than 10%.

Expected daily rainfall for return periods from 0.2
to 500 years calculated for the 84 series corresponding
to the six TP stations and the four future climate sce-
narios considered has resulted highly variable depend-
ing on the general circulation model used, as it has
been previously referred (Ntegeka and Willems, 2008).
Results for the six TP stations show some dispersion

10
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Figure 2. Current intensity—frequency curve for 24h in Barcelona

(continuous) compared to the intensity—frequency points obtained for

the CGMs control periods considered: ECHAMS (triangle), CNCM3
(circle), BCM2 (square), EGMAM (cross) and CGCM2 (diamond).
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Figure 3. Relative difference between the expected daily rainfall with

return periods from 0.2 to 500 years for the period 2066—2099 and for

the control period calculated from 24 series (6 TP stations x 4 CGMs)
under climate scenario A1B.

also, despite their proximity comparing to the climate
models resolution, indicating a strong dependence of
the downscaling method with initial conditions. As an
example, Figure 3 shows the relative difference between
the expected daily rainfall for the period 2066—2099 and
the control period calculated for 24 series corresponding
to A1B scenario. For a return period of 1 year, variations
from 6% decrease to 20% increase in daily rainfall inten-
sities can be found, while for a return period of 10 years
variations have resulted between 17% decrease and 31%
increase. In spite of this dispersion it is possible to
extract some first conclusion: it is remarkable that in most
cases relative variations between the future and the cor-
responding control period daily rainfall are negative for
return periods shorter than 1 year. This result is accord-
ing to recent studies obtaining lower frequencies of the
future low and moderate rain intensity values than those
recorded in the last decades (Olsson et al., 2009). More-
over, a clear tendency has been found towards increased
extreme daily rainfall. Thus, for the second and the last
third of the 21st century and return periods longer than
50years, daily rainfall increases for more than 60% of
the cases: for the last third, increase is higher than 10%
in more than 40% of the cases for scenarios A1B and
A2, whereas for the second third increase is higher than
10% in 50% of the cases for A1B scenario.

The climate change factor Cr (Arnbjerg-Nielsen, 2012)
is defined as the ratio between the rainfall intensity
with a return period 7 and duration d for a future
climate scenario (/(7,d)pywre) and the corresponding
rainfall intensity in the present climate (/(7,d)present 0

Equation (5)).
o I (T, d)Future

Cf I (T’d)Present (5)

From the simulated daily rainfall series (future climate)
and those corresponding to the control period (present
climate) climate change factors for each return period
considered have been calculated using Equation (5).
Table I shows these factors under the four climate change
scenarios used, for the periods 2000-2032, 2033-2065
and 2066-2099. The climate change factors consigned in
this table are the average values obtained for the different

Int. J. Climatol. (2013)
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Table I. Climate change factors for the expected daily rainfall in

IDF CURVES OF BARCELONA (SPAIN)

the 21st century with return periods from 1 to 500 years under

the four climate change scenarios considered.

2000-2032 Return period (years)

Scenario 1 5 10 20 50 100 500
AlB 1.02 1.02 1.03 1.03 1.03 1.03 1.03
A2 1.00 0.99 0.98 0.98 0.98 0.98 0.97
Bl 1.04 1.03 1.03 1.03 1.02 1.02 1.02
B2 0.99 1.02 1.02 1.03 1.04 1.04 1.05
2033-2065

AlB 1.00 1.03 1.04 1.05 1.06 1.06 1.08
A2 1.00 1.00 1.01 1.01 1.01 1.01 1.02
Bl 1.01 1.02 1.02 1.03 1.03 1.04 1.05
B2 1.00 1.01 1.01 1.01 1.02 1.02 1.03
2066-2099

AlB 1.04 1.05 1.05 1.05 1.05 1.05 1.06
A2 1.00 1.02 1.03 1.04 1.05 1.06 1.07
B1 0.99 1.00 1.00 1.00 1.00 1.01 1.01
B2 1.00 1.05 1.07 1.08 1.10 1.11 1.14

CGMs and the six TP stations considered. Figures 4 and 5
show the factors corresponding to the second and last
thirds of the century, together with their 68% and 95%
confidence intervals. Extreme daily rainfall increases
with a probability of 95% under scenarios A2 and B2
in the period 2066—2099. In almost all scenarios and
periods the average climate factor has resulted higher
as longer the return period is. The highest values (more
than 1.1 for return periods longer than 50 years) have
been obtained under scenario B2 in the last third of the
century. However, results for scenario B2 could be less

1:2

significant as those obtained for the rest since only one
model contributes to B2 as opposed to the other scenarios
for which four or five models have been considered.
The last third is also the period in which the greatest
increases have resulted under scenario A2, with slightly
lower values (from 1.05 to 1.07 for return periods of
between 50 and 500 years). The highest values obtained
under scenarios A1B and Bl have been obtained in the
second third of the century, with average climate factors
between 1.03 and 1.08 for the same return periods. Only
during the period 2000—2032 the average climate factor

AlB

Climate change factor

T 10

B2

Climate change factor

0.9
|

10
Return period (year)

106

Figure 4. Average climate change factor (continuous) for daily rainfall,
uncertainty due to sampling variability is shown in
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period 2033-2065 and scenarios A1B, A2, Bl and B2. The statistical
the 68% and 95% confidence limits (dotted lines).
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Figure 5. Average climate change factor (continuous) for daily rainfall, period 2066—2099 and scenarios A1B, A2, Bl and B2. The statistical
uncertainty due to sampling variability is shown in the 68% and 95% confidence limits (dotted lines).

slightly decreases with increasing return periods: from
1.04 to 1.02 in the return period interval considered under
scenario B1, and from 1 to 0.97 under scenario A2.

4. Generating IDF curves for the different future
climate scenarios in the metropolitan area of
Barcelona

In Section 3, the expected daily rainfall values for sev-
eral return periods under the different climate scenarios
considered were estimated for the area of Barcelona.
To plot the intensity—duration—frequency curves from
the daily rainfall values it is necessary to apply some
temporal downscaling techniques or hypothesis to
estimate rainfall intensities for durations shorter than
24 h, i.e. sub-daily durations. Here, we have tackled the
problem using two different approaches.

4.1.

The straightforward approach to the problem consists of
assuming that the relative variations between the present
and future rainfall intensity is the same for any duration
shorter than 24 h. Assuming then that climate change
factors are invariant with respect to the duration, the
future rainfall intensities corresponding to any duration
d, I(T,d)puure, can be estimated by applying Equation
(5) where I(T,d)present 1S determined using the updated
generalized expression in Equation (6) of the current
IDF curves for the city of Barcelona (Casas et al.,
2004). Table II shows the I(T,I)pyure Values, which
mean estimated intensities for a duration of 1h, for the

Invariance of climate change factors

Copyright © 2013 Royal Meteorological Society

same climatic scenarios and return periods considered in
Table 1.

9.5 log (T) + 12.5

IDF(T, d) =

60

[mm/h] (6)

4.2. Scaling invariance of rainfall

An alternative temporal downscaling technique in order
to estimate sub-daily extreme rainfall intensities from
daily extreme rainfall intensities and generate future IDF
curves is to use fractal properties of rainfall, i.e. scale
invariance. The concepts of simple and multiple scaling
to characterize the probabilistic structure of the precip-
itation process were introduced by Gupta and Waymire
(1990). Burlando and Rosso (1996) demonstrated that
a power law form of depth—duration—frequency can
be derived theoretically from the scale invariance
concept. Koutsoyiannis and Foufoula-Georgiu (1993)
used a scaling model to predict storm hyetographs.
Benjoudi et al. (1997) derived the equations of
intensity —duration—frequency curves from the scale
invariant relationship of multifractals. The scaling
properties of maxima daily rainfall have been analysed
in previous works. Menabde ef al. (1999) developed a
simple scaling methodology to use maxima daily rainfall
statistics to infer the IDF curves for rainfall duration
shorter than 1d. Nguyen efr al. (2002) used temporal
downscaling procedure to describe the relationships
between daily extreme precipitations with sub-daily
extreme precipitations using the scaling general extreme
value probability distributions. Yu et al. (2004) devel-
oped regional IDF curves for non-recording sites based

Int. J. Climatol. (2013)
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Table II. 1-h Rainfall intensity (mm/h) for several return periods and climate scenarios, considering climate change factor invariant
with duration.

2000-2032 Return period (years)

Scenario 1 5 10 20 50 100 500
AlB 33 50 58 65 75 83 101
A2 32 48 55 62 72 79 95
Bl 33 51 58 65 75 82 99
B2 32 50 58 66 76 84 103
2033-2065

AlB 32 50 58 67 77 86 106
A2 32 49 57 64 74 82 99
Bl 32 50 58 65 76 84 103
B2 32 49 57 65 75 83 101
2066-2099

AlB 33 51 59 67 77 85 103
A2 32 50 58 66 77 86 105
Bl 32 49 56 64 74 81 98
B2 32 51 60 69 81 90 111

on the simple scaling theory combined with Gumbel
distribution. Other authors who adopt the simple scaling
methodology to derive IDF curves are Nhat et al. (2007),
Desramaut (2008) and Bara ef al. (2009).

The annual maximum intensity Iz, for a duration
dp can be related to the corresponding intensity I; for
another time scale d by a factor that is a power function
of the scale parameter A, which is the ratio of the two
scales (d = A dp), considering Equation (7) as an equality
between probability distribution functions.

I =20 Iy, (7)

The scale invariance of the distributions results in the
Equality as in Equation (8) of their moments of order
q. If the scale function K(g) is linear, K(g)=Bq, the
process is a simple scale process or monofractal. If not,
the process is multiscalar or multifractal.

(1) =@ {17) ®)

From the scale properties analysis of the annual
maximum daily rainfall series simulated for the period
2000-2099, the maximum rainfall intensities for sub-
daily durations higher than 1h have been obtained.
Previously, it is necessary to ensure that the durations
from 1 to 24h belong to the same scale regime. With
this purpose, the scale analysis of the annual maximum
rainfall series recorded by the Jardr gauge in the Fabra
Observatory of Barcelona (Burguefio ef al., 1994; Casas
et al., 2004) has been done. Results show the same scale
regime for durations between 1 and 30h. Figure 6(a)
shows the statistical moments for different values of g of
the annual maximum intensity of the Jardr series, with
straight lines fitted to indicate scale invariance over the
range from 1 to 30h. The slopes of these straight lines
determine the scale function K (g). Figure 6(b) shows the

Copyright © 2013 Royal Meteorological Society

linear relationship found between K(g) and the order ¢
of the statistical moments. Therefore, the simple scaling
can be assumed for these series, with a scaling exponent
B that can be estimated from the slope of the linear
regression. The slope value (—0.781 in Figure 6(b)) is
comparable to the exponent calculated for the power
function that expresses the dependency on duration in
the current IDF curves for Barcelona (Equation 6).

In an analogous way, the scale behaviour of the
statistical moments of the annual maxima of future
precipitation has been studied, for durations of between
1 and 32d. To do this, a process of aggregation has been
used to generate rainfall series with durations from 2 to
32d. In that case (I N > in Equation (8) is the average value
of the g-order moment of the rainfall over the six TP
stations of Barcelona for a time scale d. For all circulation
models and scenarios used in the simulation, the results
show the existence of a single scale regime throughout
the whole range of durations studied (from 1 to 32d).
As an example, Figure 7 shows the results obtained for
BCM2 and scenario A1B in the last third of the century.
From this analysis and the former one performed on the
Jardr series, one single scale regime in the time range
from 1 h to 32 d can be inferred. Considering these scaling
properties the expression of the IDF relationship can be
expressed as Equation (9).

I1(T,d) =f(T) d’ )

Applying Equation (8) for each model, scenario and TP
station considered, the exponent of the power function
that expresses the dependence on duration d of the
IDF curves for the control period and for the future
period has been obtained. The average exponent for the
control series has resulted 8 = —0.83 while for the four
scenarios (A1B, A2, Bl and B2) the exponent resulted
slightly higher. The scaling exponents obtained for the
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Figure 6. (a) Statistical moments for different values of ¢ of the annual

maximum intensity of the Jardi series, as a function of the duration

(between 5Smin and 30h). The fitted straight lines indicate scale

invariance over the range from 1h to 30h. Their slopes determine

the scale function K(g). (b) Linear regression between K(q) and the
order ¢ of the moments.
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Figure 7. (a) Statistical moments (1 j ) of the annual maximum intensity

series from BCM2 under scenario A1B, as a function of the duration d

(between 1d and 32d), for several values of ¢. The fitted straight lines

indicate scale invariance over the range from 1h to 30 h. Their slopes

determine the scale function K (¢). (b) Linear regression between K (q)
and the order ¢ of the moments.
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Figure 8. IDF curves estimated for the period 2066—-2099 under
scenarios A2 and B2 (continuous lines) considering scaling invariance
of rainfall, compared to the current IDF (dashed lines).

different models and scenarios in every climate periods
(Table III) are very similar to those found by other
authors, as Bara et al. (2009) in Slovakia. From Equation
(9) the relationship between the daily and the sub-daily
intensities for every return period can be easily obtained
(Equation 10).

d B
1 (T, d)=1(T,24) (—) (10)

24

Equation (10) has been applied to obtain future rainfall
intensities for durations between 1 and 24 h and several
return periods, i.e. future IDF points under the assumption
of scaling invariance of rainfall. Figure 8 shows the
generated IDF data for climate change scenarios A2 and
B2 compared to the present IDF curves (Equation 6).

The climate change factors corresponding to the esti-
mated hourly intensities have been determined using
Equation (5). These factors are consigned in Table IV for
every period and every change climate scenario. Figures 9
and 10 show the factors corresponding to the second and
last thirds of the century together with their 68% and 95%
confidence intervals. The climate change factors obtained
for all models and scenarios and the three climate periods
considered are in most of the cases slightly higher than
those calculated considering them invariant with rainfall
duration (Table I). The largest differences are obtained
for scenarios A2 (9%) and A1B (8%) for the period
2033-2065. Table V shows the hourly rainfall inten-
sity for several return periods obtained for all the climate
change scenarios and periods considered in this study.

A clear tendency has been found towards increased
extreme 1 h-rainfall for all the three thirds of the 21st
century and all scenarios. For the period 2000-2032,
the extreme 1 h-rainfall increases with a probability of
95% under scenario B2. For the period 2033-2065, it
increases with a probability of 95% under scenarios A1B
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Table III. Scaling exponents (0.3% error) obtained for every climate period considered.

2000-2032 BCM2 CNCM3 ECHAMS EGMAM CGCM2 Mean
Control —0.821 —0.841 —0.838 —0.829 —0.841 —0.834
AlB —0.846 —0.828 —0.798 —0.855 —0.832
A2 —0.859 —0.835 —0.830 —0.850 —0.865 —0.876
Bl —0.855 —0.856 —0.821 —0.807 —0.835
B2 —0.855 —0.855
2033-2065

CONTROL —0.821 —0.841 —0.838 —0. 829 —0.841 —0.834
AlB —0.863 —0.846 —0.878 —0.829 —0.854
A2 —0.863 —0.870 —0.863 —-0.870 —0.847 —0.862
B1 —0.820 —0.861 —0.842 —0.827 —0.838
B2 —0.825 — 0.825
2066—2099

Control —0.821 —0.841 —0.838 —0.829 —0.841 —0.834
Al1B —0.830 —0.849 —0.804 —0.827 —0.828
A2 —0.835 —0.873 —0.852 —0.827 —0.880 —0.853
B1 —0.875 —0.849 —0.848 —0.819 —0.848
B2 —0.858 —0.858

and A2. For the period 2066-2099, it increases with
a probability of 95% under scenarios A2, B1 and B2.
The greatest value of the climate change factor, more
than 1.12 for return periods longer than 10years, has
been obtained under scenario B2 in the climate period
2066-2099. Anyway, as commented before, results for
scenario B2 are not as significant as the rest due to the
only contribution of one climate model to the analysis.
For the same climate and return periods, the values of the
climate change factor vary between 1.10 and 1.13 under
scenario A2, whereas Larsen et al. (2009) found a value
of 1.2 for return periods longer than 20years. In fact,
Larsen et al. (2009) concluded that a 1-h precipitation
event with a 20-year return at present in Spain will
become a 10-year event at the end of the 21st century.
According to our results under A2, at the last third of the
century a return period of 11 years will be assigned to
a present 20-year hourly rainfall amount. Under Al1B,
the highest values are reached in the second third of
the century, varying from 1.12 to 1.17 for return periods
from 10 to 500 years. It is remarkable that these climate
factors have resulted greater than in the last third of
the century, as found by Gregersen et al. (2011). This
result can be related to the greenhouse gas emissions
decrease under A1B scenario in the end of the century
(IPCC, 2000). Under scenario B1, the highest values are
similar in the second and last third, between 1.04 and 1.07
for return periods from 10 to 500 years. Climate change
factor values have resulted generally lower for the first
third of the century. Average climate factor decrease with
increasing returns periods in the same two cases found
in Section 3 for extreme daily rainfall.

5. Conclusions

A total of 114 simulated daily rainfall series for six TP
stations located in the metropolitan area of Barcelona,
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84 for the period 2000-2099 and 30 series for the
control period 1951-1999, have been analysed in order
to investigate the effects of climate change on hydrology
in this area. Results show a considerable variation that
depends on the general circulation model used and on the
TP station that is referred to. Despite this, there is a clear
tendency for the expected extreme rainfall to increase.
A remarkable result is that extreme daily rainfall will
increase with a probability of 95% under scenarios A2
and B2 in the period 2066—-2099.

The average climate change factors calculated from
the daily rainfall series increase with increasing return
period in almost all the climate scenarios and periods
considered. The highest climate change factors, of more
than 1.10 for return periods longer than 50 years, have
been obtained under scenario B2 in the climate period
2066—-2099 (1.14 for 500 years), being around 1.06 under
scenarios A2 and A1B. Thus, in the last third of the 21st
century under the climate scenarios A1B, A2 and B2,
the expected precipitation with return periods between
10 and 500years will exceed the current IDF values
for Barcelona in percents varying from 3% to 14%, the
greatest always under B2. Anyways, it should be noted that
only one climate model contributed to results for scenario
B2, whereas a combination of four or five models were
considered for the rest of scenarios. Even though percents
have resulted generally lower for the first and the second
third of the century, under scenarios A1B and B1 the
highest values of the climate change factor for return
periods longer than 50 years have been reached in the
climate period 2033-2065, varying from 1.03 to 1.08.

Two temporal downscaling methods have been applied
to obtain sub-daily rainfall data from the simulated daily
rainfall series. First method assumes the invariance of
the climate change factor for any time interval shorter
than 24 h. The second method is based on the scaling
properties of rainfall. A simple scale regime from 1h to
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Table IV. Climate change factors for the expected hourly rainfall in the 21st century with return periods from 1 to 500 years

under the four climate change scenarios considered, obtained by downscaling fractal analysis.

2000-2032 Return period (years)
Scenario 1 5 10 20 50 100 500
AlB 1.01 1.02 1.02 1.02 1.02 1.03 1.03
A2 1.04 1.03 1.03 1.03 1.02 1.02 1.02
Bl 1.05 1.04 1.04 1.04 1.03 1.03 1.03
B2 1.03 1.06 1.07 1.08 1.08 1.09 1.10
2033-2065
AlB 1.08 1.11 1.12 1.13 1.14 1.15 1.17
A2 1.09 1.09 1.10 1.10 1.10 1.10 1.11
Bl 1.03 1.03 1.04 1.04 1.05 1.06 1.07
B2 0.95 0.96 0.96 0.97 0.97 0.98 0.98
2066-2099
AlB 1.02 1.03 1.04 1.04 1.04 1.04 1.05
A2 1.06 1.09 1.10 1.10 1.11 1.12 1.13
B1 1.05 1.05 1.05 1.05 1.05 1.05 1.06
B2 1.05 1.11 1.12 1.14 1.16 1.17 1.20
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Figure 9. Average climate change factor (continuous) for hourly rainfall,

1 10 100

Return period (vear)

period 2033-2065 and scenarios A1B, A2, Bl and B2. The statistical

uncertainty due to sampling variability is shown in the 68% and 95% confidence limits (dotted lines).

32d has been observed, with a scaling exponent slightly
higher for future series than for control series. Using this
scaling method the extreme 1 h-rainfall has been found
to increase with a probability of at least 68% for almost
all the climate change scenarios and periods considered.
The greatest climate change factor, of more than 1.12 for
return periods longer than 10years, has been obtained
under scenario B2 in the climate period 2066-2099.
For the same climate and return periods, the values of
the climate change factor vary between 1.10 and 1.13
under scenario A2. Under A1B, the highest values have

Copyright © 2013 Royal Meteorological Society

been reached in the second third of the 21st century,
varying from 1.12 to 1.17 for return periods from 10
to 500 years. Under scenario B1, the highest values are
similar in the second and the last third of the century,
between 1.04 and 1.07 for return periods from 10 to
500 years. Climate change factor values have resulted
generally lower for the first third of the century. The
climate change factors obtained for hourly rainfall are
in most of the cases slightly higher than those calculated
for daily rainfall. The greatest differences between the
climate factors obtained for hourly and daily rainfall

Int. J. Climatol. (2013)



INFLUENCE OF CLIMATE CHANGE ON IDF CURVES OF BARCELONA (SPAIN)

Climate change factor

Climate change factor

0.9

1.3

13 r

B1

B2

L i

T
.

0.9 )

10 100

1 10

100

Return period (year)

Return period (vear)

Figure 10. Average climate change factor (continuous) for hourly rainfall, period 2066—2099 and scenarios A1B, A2, Bl and B2. The statistical
uncertainty due to sampling variability is shown in the 68% and 95% confidence limits (dotted lines).

Table V. 1-h Rainfall intensity (mm/h) for several return periods and climate scenarios, calculated by downscaling fractal analysis.

2000-2032 Return period (years)

Scenario 1 5 10 20 50 100 500
AlB 32 50 57 65 75 83 100
A2 33 51 58 65 75 82 100
B1 34 51 59 66 76 83 100
B2 33 52 60 68 79 88 107
2033-2065

AlB 35 54 63 72 84 93 114
A2 35 54 62 70 81 89 108
B1 33 51 59 67 77 85 105
B2 30 47 54 61 71 79 96
2066-2099

AlB 33 51 58 66 76 84 102
A2 34 53 62 70 82 90 110
B1 33 52 59 67 77 85 103
B2 34 54 63 73 85 95 117
have been found in the second third of the century for References

scenarios A1B (8%) and A2 (9%).
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