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An ensemble of 88 regional climate model (RCM) simulations at 0.11° and 0.44° spatial resolutions from the
EURO-CORDEX project is analyzed for central Belgium to investigate the projected impact of climate change on
precipitation intensity–duration–frequency (IDF) relationships and extreme precipitation quantiles typically
used in water engineering designs. The rate of uncertainty arising from the choice of RCM, driving GCM, and
radiative concentration pathway (RCP4.5 & RCP8.5) is quantiﬁed using a variance decomposition technique
after reconstruction of missing data in GCM × RCM combinations. A comparative analysis between the historical simulations of the EURO-CORDEX 0.11° and 0.44° RCMs shows higher precipitation intensities by the
ﬁner resolution runs, leading to a larger overestimation of the observations-based IDFs by the 0.11° runs. The
results reveal that making a temporal stationarity assumption for the climate system may lead to underestimation of precipitation quantiles up to 70% by the end of this century. This projected increase is generally
larger for the 0.11° RCMs compared with the 0.44° RCMs. The relative changes in extreme precipitation do
depend on return period and duration, indicating an ampliﬁcation for larger return periods and for smaller
durations. The variance decomposition approach generally identiﬁes RCM as the most dominant component of
uncertainty in changes of more extreme precipitation (return period of 10 years) for both 0.11° and 0.44° resolutions, followed by GCM and RCP scenario. The uncertainties associated with cross-contributions of RCMs,
GCMs, and RCPs play a non-negligible role in the associated uncertainties of the changes.

1. Introduction
More frequent and intense occurrence of extreme precipitation
events by the end of the 21st century is expected under climate change
conditions (Willems et al., 2012a; Sunyer et al., 2012; IPCC, 2013;
Willems, 2013; Liew et al., 2014; Tabari et al., 2015; Pohl et al., 2017).
This leads to an increase in the ﬂood hazard with adverse impact on
existing water infrastructure, resulting in human harm and economic
losses. Urban water infrastructure (i.e., diﬀerent components of storm
water management systems such as sewer conduits, storm water management ponds, retention/detention basins) and ﬂood control structures (e.g., dikes, dams) are typically designed based on the properties
of extreme precipitation in the form of intensity-duration-frequency
(IDF) curves (Peck et al., 2012; Hosseinzadehtalaei et al., 2017). The
IDF curves quantify the frequency of occurrence of a storm with a
speciﬁc intensity at diﬀerent durations and its application for developing design standards has been common practice for many decades
(e.g., Willems et al., 2012b). The IDF curves are currently based on
historical precipitation statistics with a temporal stationarity
⁎

assumption for these statistics. However, climate change will change
the properties of extreme precipitation and violates this assumption.
Therefore, the current design standards based on IDF curves need to be
revised and the expected changes in precipitation properties must be
incorporated for the future infrastructure designs.
Global climate models (GCMs) have been considered as initial and
proper tools for climate change evaluation and future climate projections (Katragkou et al., 2015; Almazroui et al., 2016; Das et al., 2016;
Hosseinzadehtalaei et al., 2016; Karandish et al., 2016). However, they
have a coarse spatial resolution (mainly ranging between 100 and
500 km) at which capturing the detail of regional/local climate change
is not competently possible (Endris et al., 2013; Tabari et al., 2016;
Saeed et al., 2017). Hence, dynamically downscaled climate models to
ﬁner spatial scale (regional climate models: RCMs) have been developed to provide climate change information suitable for impact studies
(Alﬁeri et al., 2015). For the European area, the PRUDENCE
(Christensen et al., 2007; Jacob et al., 2007) and ENSEMBLES (Van der
Linden and Mitchell, 2009) projects have provided RCM simulations
nested in the Coupled Model Intercomparison Project– Phase 3 (CMIP3)
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It should be noted that the control runs of the RCA4 RCM for 0.11°
resolution and the WRF331F RCM for both 0.11° and 0.44° resolutions
do not have data for the 1960s, hence, the period 1971–2000 is used as
their control period. This diﬀerence in the time period poses no limitation to the analysis as a 30-year RCM integration just represents one
possible 30-year realization of the climate and not the actual sequence
of weather events (Maraun et al., 2010). The changes reported in this
paper are for a 110-year period (from 1961–1990 to 2071–2100) for all
the RCMs except for WRF331F and RCA4 RCMs for which the changes
correspond to a period of 100 years (from 1971–2000 till 2071–2100).
To make the changes obtained from WRF331F and RCA4 RCMs consistent with those from the other RCMs, the changes from these two
models are modiﬁed by applying a factor 110/100, hence assuming a
linear change in time.
For the future climate, the projections of the EURO-CORDEX RCMs
are available mainly for the Radiative Concentration Pathways RCP4.5
and RCP8.5, which correspond respectively to mid and high concentration scenarios of greenhouse gases in the atmosphere. In total, 88
RCM simulations including 42 runs for 0.11° ensemble and 46 runs for
0.44° ensemble are analyzed in this study.

GCMs on grid-sizes down to 0.44° and 0.22°, respectively. Recently, a
high resolution European RCM ensemble within the World Climate
Research Program Coordinate Regional Downscaling Experiment
(EURO-CORDEX) has been established using the CMIP5 GCMs as
driving models for RCMs with 0.44° and 0.11° spatial resolutions.
Regional climate models, driving GCMs, diﬀerent greenhouse gas
emission scenarios and their interactions as well as internal variability
add several sources and rates of uncertainty to extreme precipitation
projections and construction of future IDF curves. Quantiﬁcation of the
sources and rates of the uncertainties associated with the future extreme precipitation and IDF curves would be potentially helpful for
climate change adaptation strategies and risk-based decision making.
Accordingly, a number of studies have investigated the uncertainty of
hydrological design parameters in a changing climate (Thorne, 2011;
Knutti and Sedláček, 2013; Katz et al., 2013; Refsgaard et al., 2013;
Rana et al., 2014; Sarr et al., 2015; Hosseinzadehtalaei et al., 2017).
The impact of climate change on IDF relationships has also been studied
(Mailhot et al., 2007; Madsen et al., 2009; Yilmaz et al., 2014; Kim
et al., 2015); however, these studies have mostly focused on the impact
of climate change on the IDF curves without taking into account the
associated uncertainty. Hence, in this study, the total uncertainty in the
derivation of future changes in IDF relationships and the relative contribution of GCMs, RCMs and greenhouse gas scenarios in the form of
Radiative Concentration Pathways (RCPs) is investigated using a variance decomposition technique. Also, the inﬂuence of the RCM spatial
resolution is studied. The more speciﬁc research questions considered
are:

2.2. Observation data

To answer these questions, an ensemble of the EURO-CORDEX
RCMs for 0.11° and 0.44° spatial resolutions and for the future RCP4.5
and RCP 8.5 scenarios is analyzed for central Belgium.

To evaluate the model simulations for daily precipitation, the observations for the period 1961–1990 at Uccle (Brussels) station (4.4° E
and 50.8° N) operated by the Royal Meteorological Institute of Belgium
are used since this station has high quality, long rainfall records. One
might argue that the characteristics of the precipitation distribution
observed in Uccle may not be captured by the RCMs in this exact location. To address this issue, as there is no raingauge with high quality
and long precipitation data in the vicinity, the RCM simulations over a
larger domain of nine gridcells (3 × 3 matrix) are compared for possible diﬀerent extreme precipitation pattern in the neighboring gridcells
(Fig. 1). The results show a consistent pattern over the larger domain
(1.32° × 1.32° for the 0.44° runs and 0.33° × 0.33° for the 0.11° runs).
Next to the Uccle station observations, gridded daily precipitation values from the E-OBS (v12.0, Haylock et al., 2008) for the period
1961–1990, dataset from the European Climate Assessment and Data
(ECA & D: http://www.ecad.eu/download/ensembles/download.php),
for 0.5° and 0.25° spatial resolutions are used. The E-OBS data for the
closest gridcell to Uccle station are derived using the nearest neighbor
method.

2. Methodology and data

2.3. Development of IDF curves for the current and future climates

2.1. Model data

To construct the IDF curves, statistical extreme value analysis is
required. The most popular practice in extreme value analysis is to
assume that extreme values belong to the same population and follow
the same type of distribution. However, single-component distributions
may not work well for the upper tail of the distribution when extreme
precipitation arises from two diﬀerent physical mechanisms: predominantly stratiform and convective storm types. Hence, a two-component distribution is needed to properly ﬁt precipitation extremes
resulting from both micro-scale thunderstorms (convective rain cells)
and macro-scale frontal/cyclonic storms (Rulfová et al., 2016; Yan
et al., 2017). For Belgium, IDF curves have been set up by Willems
(2000), based on Peak-Over-Threshold (POT) extreme value statistics
after calibration of a two-component exponential distribution. The
distribution was calibrated by weighted regression in the exponential
quantile plot to the POT extremes extracted from the full time series. To
have a suﬃciently large set of extremes, a low threshold of 0.1 mm is
selected for the POT. The same procedure is used in this study to develop IDF curves for the simulations of the EURO-CORDEX RCMs for 1month, 1-year and 10-year return periods. Although very low return
periods are not important in design applications, the precipitation intensity of 1-month return period is analyzed to compare the climate

(i) How will the IDF curves change under climate change based on the
EURO-CORDEX RCM projections for the end of the 21st century?
(ii) How large is the relative uncertainty of GCMs, RCMs and RCPs to
the total uncertainty of climate change impact on extreme precipitation for diﬀerent durations and return periods (i.e., future
IDF relationships) using outputs from an ensemble of the EUROCORDEX RCMs?
(iii) Does decreasing the horizontal grid spacing in the EURO-CORDEX
RCMs from 0.44° to 0.11° improve their extreme precipitation simulations?

For this study, we use daily precipitation data from eight EUROCORDEX RCMs. The models are RCA4, RACMO22E, HIRHAM5,
CCLM4-8-17, WRF331F, REMO2009, ALADIN52 and RegCM4-3 whose
data are publicly available through the Earth System Grid Federation
server (https://esgf-data.dkrz.de/search/cordex-dkrz/). These high-resolution RCMs are forced by 10 CMIP5 GCMs. Daily precipitation from
historical simulations from 1961 to 1990 and climate projections from
2071 to 2100 at 0.11° and 0.44° horizontal resolutions are obtained
from the EURO-CORDEX database for the model gridcell covering
central Belgium. Simulations from a matrix of 3 × 3 EURO-CORDEX
model gridcells centered over Uccle station (main meteorological station of Belgium) are analyzed. A comparison between the extreme
precipitation simulations from the central gridcell (closest grid to Uccle
station) and its eight neighboring cells assure us that using the simulations from only the central gridcell can accurately simulate local climate information (examples are shown in Fig. 1). Nearest neighbor
method is used to get the data from the closest model gridcell (with
dimensions 0.44° × 0.44° and 0.11° × 0.11°) to the Uccle station location.
2
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Fig. 1. Comparison of precipitation simulations over a matrix of 3 × 3 EURO-CORDEX model gridcells in which the central grid is the closest to Uccle station, a: 0.11° simulations of
RCA4 RCM nested in MPI-ESM-LR GCM, b: 0.44° simulations of REMO2009 RCM nested in MPI-ESM-LR GCM.

2.4. Uncertainty analysis

change impact on more extreme precipitation with that on less extreme
precipitation. Following Willems (2000, 2013), in this study, the return
period T for independent precipitation extremes x obtained from the
POT method is deﬁned for the two-component exponential distribution
as:

T=

n
t (pa (1 − Ga (x )) + (1 − pa )(1 − Gb (x )))

The total ensemble uncertainty for climate change signals of extreme precipitation is split in the variance contributions using a variance decomposition approach. The contributions of the uncertainties in
the GCMs, RCMs and RCPs to the overall uncertainty are investigated
for each return period and duration for both RCM resolutions (0.11° and
0.44°). The total variance can be split into the above three contributors
as well as the interactions among them using the following relationship:

(1)

in which Ga(x) and Gb(x) are two diﬀerent exponential distribution
functions for subpopulations a and b that are presumed to be associated
with convective and frontal types of rain storms (Willems, 2000):

Var (T ) = Var (R) + Var (G ) + Var (S ) + Var (RG ) + Var (RS )
+ Var (GS ) + Var (RGS )

Ga (x ) = 1 − exp ⎜⎛−
⎝

x − xt ⎞
⎟
βa ⎠

(2)

Gb (x ) = 1 − exp ⎜⎛−
⎝

x − xt ⎞
⎟
βb ⎠

(3)

(4)

where Var (T) is the total variance, Var (R) is the variance associated
with the ensemble of RCMs, similarly Var (G) for the ensemble of GCMs,
and Var (S) for the RCPs and Var (RG), Var (RS), Var (GS) and Var
(RGS) are the variance associated with the interactions between the
three contributors. For instance, the full contribution of GCM uncertainty (Varf (G)) to Var (T) can be obtained by:

where n is the total length of the precipitation time series (30 years in
our case), t is the observed order of the threshold level above which the
distribution is considered, β is the distribution parameter, xt is the optimal threshold and pa represents the proportion of population a.
The IDF curves are developed in this study for a broad range of
durations from 1 up to 30 days. The studied range of durations depends
on the application. The concentration time (travel time of water from
the most remote point in a watershed to the outlet) or response time to
rainfall of the system under study, which can be a sewer system, river or
catchment runoﬀ, deﬁne the largest duration relevant for the application. The shorter durations of 1 or few days are representative for the
concentration/recession time of the runoﬀ ﬂows in Belgian catchments.
The longer durations up to 30 days are of relevance for water availability studies or soil saturation analysis. By considering the wide range
of durations from 1 to 30 days, we moreover compare the diﬀerence in
climate change impact on precipitation between small and large time
scales.
The IDF curves for the future climate are developed on the basis of a
quantile perturbation downscaling approach (Willems, 2013) by applying change factors to the extreme precipitation statistics from station
observations for each return period and duration. The change factor is
deﬁned as the ratio between the precipitation values for the scenario
period and the corresponding values in the control period. In the
quantile perturbation approach, given that the relative changes are
applied to the observations based IDF curves, bias correction is intrinsically considered. In fact, this type of methods assumes that the
bias under future climate conditions is identical to the bias in current
climate conditions. Fig. 2 summarizes the applied methodology to develop future IDF curves and to analyze the related uncertainties.

Varf (G ) = Var (G ) + Var (RG ) + Var (GS ) + Var (RGS )

(5)

In a similar procedure, the full contributions of RCM and RCP uncertainties are computed. The method was described in detail in Déqué
et al. (2007, 2012).
The variance decomposition would be a simple exercise when there
are no missing data (gaps) in the RCM-GCM matrix (Tables 1 and 2).
Tables 1 and 2 display which CMIP5 GCM is driving which EUROCORDEX RCM. The missing RCM-GCM combinations make it an unbalanced matrix. For example, for 0.11° resolution (Table 1) three
RCMs are forced by the HadGEM2-ES (r1i1p1) GCM, while only one
RCM is driven by the EC-EARTH (r1i1p1) GCM. This leads to overweighting of the HadGEM2-ES (r1i1p1) GCM in comparison to the ECEARTH (r1i1p1) GCM. A solution to avoid this biased ensemble estimation would be to reconstruct missing combinations by means of
statistical techniques such as principal component analysis (PCA). Due
to the existence of many missing combinations in our case, PCA method
can produce strange artifacts. Déqué et al. (2007, 2012), therefore,
developed an alternative method to estimate change factors for missing
combinations. As a simple example to explain how the method works,
let us consider a missing combination in the RCM-GCM matrix that is
related to RCM I forced by GCM II. The change factor for this missing
combination is estimated by assuming an additive contribution of GCM
II and RCM I. It means the mean anomaly of the change factors derived
from the GCM II-driven pairs from the overall mean of the change
factors (considering all RCMs × GCMs) and the mean anomaly of the
change factors derived from the RCM I-driven pairs from the overall
mean are added to the overall mean to estimate the missing value. The
3
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Fig. 2. Flowchart illustrating the applied methodology.

Sunyer et al., 2013), the higher values of the current IDF curves derived
from the EURO-CORDEX RCMs compared with the station observations
should be clearly interpreted as “overestimation”. Fig. 3 shows that for
the shorter durations the IDF curves for the Uccle station and E-OBS do
not show a strong agreement especially for T = 10 years for which the
spread is the largest. Nonetheless, for intermediate and long durations,
there is a strong agreement between the IDF curves from the two observation sources. For the spatial resolution of 0.11° using 14 RCM runs,
it can be seen in Fig. 3a that extreme precipitation intensity for 1-month
and 1-year return periods is mostly overestimated compared to the
Uccle station and E-OBS observations. For a 10-year return period with
daily duration, the 0.11° RCMs overestimate the precipitation intensity
with respect to the E-OBS observations and both overestimations and
underestimations are observed in comparison with the Uccle station
observations. The range of IDF curves from the ensemble of simulations
at 0.11° resolution encompasses the IDF curve derived from the observations, both for the Uccle station measurements and E-OBS in the
surrounding area. For the 0.44° RCMs (16 runs), the spread of the IDFs
from the model ensemble is quite large, especially for the 10-year and
1-month return periods, which indicate a high level of uncertainty, but
centered around the IDFs from the observations (Fig. 3b). The strongest
agreement (the least spread) for the model ensemble is for T = 1 year.
A comparison between 9 simulations at 0.11° and 0.44° resolutions
with identical combination of GCMs and RCMs indicates that the precipitation intensity simulated by the 0.11° runs is mostly higher than

method has been applied in several European studies to complete the
set of simulations by the PRUDENCE and ENSEMBLES RCMs (Vidal and
Wade, 2008; Sunyer et al., 2015). In our application, three instead of
two uncertainty contributors (GCM, RCM, RCP) are considered. The
small sample size of EURO-CORDEX RCMs is a limitation for the robustness of the uncertainty assessment.
3. Results and discussion
The IDF curves for the historical and future periods are created for
ﬁve durations (1-, 5-, 10-, 15- and 30-day) and three return periods (1month, 1-year, 10-year) and the associated uncertainty was quantiﬁed.
The results are presented in the subsequent sections.
3.1. Current climate IDF curves
Fig. 3 shows the IDF curves of the historical period for the EUROCORDEX 0.11° and 0.44° RCMs for diﬀerent durations and return periods. The performance evaluation of IDF curves is done by comparing
the simulation results with the Uccle observations. We also compare the
EURO-CORDEX results with the E-OBS gridded observations with similar grid size (E-OBS data for exactly the same grid size as that of the
EURO-CORDEX RCMs are not available). Since gridded (spatially
averaged) precipitation leads to lower values in comparison to station
precipitation values (Chen and Knutson, 2008; Hofstra et al., 2009;

Table 1
The EURO-CORDEX 0.11° RCM × driving CMIP5 GCM matrix; labels Y and X indicate the availability of the corresponding RCM × GCM pair for the scenarios RCP 4.5 and 8.5,
respectively.
RCM/driving GCM

CNRM-CM5-r1i1p1

RCA4
RACMO22E
HIRHAM5
CCLM4-8-17
WRF331F
REMO2009

XY

EC-EARTH-r1i1p1

EC-EARTH-r3i1p1

EC-EARTH-r12i1p1

MPI-ESM-LR-r1i1p1

IPSL-CM5A-MR-r1i1p1

HadGEM2-ES-r1i1p1

XY

XY

XY

XY
XY

XY

XY

XY
XY
XY

XY
XY

XY
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MIROC5r1i1p1

XY

CSIRO-Mk36-0_r1i1p1_

XY

XY

XY

that of the 0.44° runs (Fig. 3c). Precipitation intensity simulated by the
RCA4 (nested in CNRM-CM5, EC-EARTH, IPSL-CM5A-MR, MPI-ESM-LR
and HadGEM2-ES) and HIRHAM5 (nested in EC-EARTH) RCMs of 0.11°
resolution is higher than that of 0.44° resolution, while for two RCM
runs (CCLM4-8-17 nested in MPI-ESM-LR and RACMO22E nested in ECEARTH) an opposite pattern is seen: lower intensities for the 0.11° runs.
The WRF331F RCM (nested in the IPSL-CM5A-MR GCM) shows a mixed
behavior. A comparison between the median of the EURO-CORDEX
0.44° and 0.11° simulations shows a larger diﬀerence between the IDF
curves of these two datasets for more extreme precipitation (Table 3).
The diﬀerence goes up to 30% for daily precipitation of 10-year return
period. In general, more intense precipitation is simulated by the 0.11°
simulations for all durations and return periods except for 15- and 30day precipitation of 1-month return period.
It can be generally inferred from the model validation analysis that
the IDF curves derived from the EURO-CORDEX simulations have a
large spread around the IDFs from observations. This indicates a high
level of uncertainty in these simulations which needs to be quantiﬁed.

XY

XY

XY

XY

Y

XY

XY

Fig. 4 shows the change factors (CFs) of extreme precipitation for
the 0.11° and 0.44° RCMs. According to the boxplots, the future extreme
precipitation quantiles will increase for most durations and return
periods based on the median of the change factors. The decrease
(CF < 1) is observed for less extreme precipitation (i.e., smaller return
periods and larger durations). For the daily time scale, the 10-year
precipitation intensity for RCP8.5 and RCP4.5 can increase up to about
70% (95th percentile of CF = 1.66) and 50% (95th percentile of
CF = 1.48) for the future, respectively (Fig. 4a and b). Considering the
RCP8.5 scenario (Figs. 4b, d and f), the amount of increase in extreme
precipitation is smaller for larger durations. However, such clear pattern is not detectable for RCP4.5, probably because the climate change
signal on precipitation is less strong. Further, by increasing the return
period, the changes in precipitation tend to intensify. Comparing the
results for RCP4.5 and RCP8.5, as expected from the literature (e.g.,
Toreti et al., 2013; Donat et al., 2017), RCP8.5 mostly indicates larger
changes in precipitation intensity. Generally, the results show that the
projected changes in extreme precipitation intensity do depend on return period, duration and the RCP scenario.
A comparison between the change factors of precipitation intensity
for the 0.11° and 0.44° runs with identical combination of GCMs and
RCMs is shown in Fig. 5. Taking the 95th percentile of the change
factors, the 0.11° RCMs project a larger future change compared with
the 0.44° RCMs for both RCP4.5 and RCP8.5, while such pattern is not
seen for the 1-year return period considering the median of the change
factors. Also, the largest diﬀerence between change factor distributions
for the ensemble of simulations is for the largest return period considered (T = 10 years).
The projected IDF curves for the future based on all 0.11° and 0.44°
RCMs are shown in Fig. 6a and b, respectively. Both ensembles of RCMs
show a general tendency to increase precipitation intensities for different return periods and durations, locating the future IDF curves
higher than the observed ones from Uccle station for the present climate. This means that hydraulic structures designed based on the current climate IDF relationships may not be suitable for the future intensiﬁed precipitation extremes. When the future IDF curves derived
from the 0.11° RCMs are compared with those from the 0.44° RCMs
(Fig. 6c and d), the 0.11° RCM projections for more extreme precipitation further emphasize the necessity to revise the existing IDF
curves. Main question here is whether further increase of the climate
model resolution would further increase the extreme precipitation
changes; see also the debate by Willems et al. (2012a), Arnbjerg-Nielsen
et al. (2013), Casanueva et al. (2016), Lind et al. (2016), Prein et al.
(2016), Rummukainen (2016) and Tabari et al. (2016) on this.

XY

XY
XY

XY
Y
RCA4
ALADIN52
RACMO22E
HIRHAM5
CCLM4-8-17
WRF331F
RegCM4–3

X

CNRM-CM5r1i1p1

EC-EARTHr1i13p1

EC-EARTHr3i1p1

EC-EARTHr12i1p1

MPI-ESMLR-r1i1p1

IPSL-CM5AMR-r1i1p1

HadGEM2ES_r1i1p1

CanESM2r1i1p1

3.2. Future climate IDF curves

RCM/Driving
GCM

Table 2
The EURO-CORDEX 0.44° RCM × driving CMIP5 GCM matrix; labels Y and X indicate the availability of the corresponding RCM × GCM pair for the scenarios RCP 4.5 and 8.5, respectively.

NorESM1M-r1i1p1

GFDL-ESM2Mr1i1p1

P. Hosseinzadehtalaei et al.
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Fig. 3. Validation of the current climate IDF curves for the 0.11° (a) and 0.44° (b) RCMs based on the Uccle station and E-OBS observations for 10-year, 1-year and 1-month return periods
and (c) comparison between the 0.11° and 0.44° simulations with identical combination of GCMs and RCMs (both the vertical and horizontal axes are scaled logarithmically).

their coarse resolution, which induces a higher bias to the more extreme precipitation intensities. The RCP related uncertainty diﬀers from
3.1% for a 10-day duration and a 10-year return period to 29.1% for a
1-day duration and a 1-month return period. In general, the choice of
RCM is the dominant source of uncertainty for shorter durations of 1and 5-day precipitation, while there is no clear pattern for larger
durations.
In the case of the RCMs of 0.44° resolution (Fig. 8), the largest
uncertainty for 60% of the durations and return periods comes from the
RCMs. For the rest of the cases (1- and 5-day durations of 1-month and
1-year return periods, 10-day duration of 1-month return period and
30-day duration of 1-year return period), the GCM source shows larger
uncertainty. For 1-, 5- and 10-day durations, the amount of GCM uncertainty decreases with increasing return period. In the case of RCM
uncertainty, the uncertainty increases with return period for 1- and 5day durations. It's worthwhile to note that strong uncertainty in the
RCP component hardly occurs for the 0.44° RCMs, similar to the 0.11°
RCMs. This is partly due to the unavailability of precipitation data for
RCP2.6 and RCP6.0 especially for the former RCP in the EUROCORDEX RCM dataset, which leads to an underestimation of the RCP
variance and the related uncertainty.
The overall results for both ensembles of RCMs indicate that RCMs
play the main role in the uncertainty of the projected changes in more
extreme precipitation for construction of IDF curves. For less extreme
precipitation, the dominate source varies very much according to
duration. The RCM uncertainty is because of diﬀerent techniques used
by the models to discretize the diﬀerential equations and to represent
subgrid physical processes (Déqué et al., 2012).
For some cases, especially for the 0.11° RCMs, the uncertainty

Table 3
Precipitation intensity diﬀerence (%) between the median of EURO-CORDEX 0.44° and
0.11° simulations (0.44°–0.11°) for diﬀerent return periods and durations.
Duration/return period

10 years

1 year

1 month

1 day
5 days
10 days
15 days
30 days

30.30
16.31
14.76
17.36
17.30

24.64
18.06
25.73
17.84
14.06

19.22
15.13
10.60
−7.20
−7.21

3.3. Uncertainty analysis of projected changes in IDF statistics
Since assessment of uncertainty in climate change projections is
essential for any application, quantiﬁcation of the diﬀerent sources of
uncertainty in the projected changes in extreme precipitation quantiles
is intended. In the following, the uncertainty of RCMs, driving GCMs,
RCPs and the interaction between them are presented. An unbiased
uncertainty analysis is performed once a balanced matrix of
RCM × GCM is created by ﬁlling the missing combinations.
Fig. 7 shows the respective uncertainty of RCMs, GCMs and RCPs for
diﬀerent return periods (1-month, 1-year, 10-year) and durations (1-,
5-, 10-, 15- and 30-day) for the RCMs of 0.11° resolution. Based on the
results, the uncertainty in the RCM results is in 53% of the cases larger
than the other uncertainty components. When comparing RCM and
GCM uncertainties, the RCM uncertainty in 80% of the cases is larger
than the GCM uncertainty. In the case of 10-day duration of 1- and 10year return periods and 15-day duration of 1-year return period, GCMs
produce larger uncertainty compared to RCMs. This is probably due to
6
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Fig. 4. Change factors of the EURO-CORDEX RCMs for extreme precipitation for 10-year (a, b), 1-year (c, d) and 1-month (e, f) return periods and under RCP4.5 (a, c, e) and RCP8.5 (b, d,
f) scenarios (Box deﬁnes interquartile range with its top and bottom corresponding to the 25th and 75th percentiles, respectively; horizontal red line inside the box represents the median
(50th percentile); whiskers represent the 5th and 95th percentiles, respectively; outliers are depicted as red crosses). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

contribution, uncertainty rates for two cases (daily precipitation with
T = 10 years and monthly precipitation with T = 1 month) with high
amount of cross uncertainty (HCU) are compared with those for two
cases (daily precipitation with T = 1 month and 10-daily precipitation
with T = 1 year) with low amount of cross uncertainty (LCU) (Fig. 9).
From a mathematical point of view, the value for the cross-contribution

analysis indicates small contributions of RCMs, GCMs and RCPs and
large cross-contribution. It can be ascribable by internal variability.
According to Mearns et al. (2013), large values of cross term compared
to other components, can be related to (i) large internal variability of
the climate system or (ii) similar response of RCM-GCM combinations
to the climate change. To investigate the reason for the large cross7
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Fig. 5. Comparison between change factors of the EURO-CORDEX simulations of 0.11° and 0.44° resolutions with identical combination of GCMs and RCMs for extreme precipitation
under RCP4.5 (a) and RCP8.5 (b) scenarios, combining all durations (Box deﬁnes interquartile range with its top and bottom corresponding to the 25th and 75th percentiles, respectively;
horizontal red line inside the box represents the median (50th percentile); whiskers represent the 5th and 95th percentiles, respectively; outliers are depicted as red crosses). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

between 6% and 22%. This highlights the importance of considering the
interactions among individual uncertainty sources especially for ﬁner
resolution RCMs: neglecting the interaction term would lead to overestimation of the uncertainty rates associated to individual sources.
As the results of the variance decomposition analysis may be inﬂuenced by the method used to ﬁll the matrix (Sunyer et al., 2015),
another method (linear equation system: LES) is also used to reconstruct the missing combinations in the RCM–GCM matrix. The LES
method is based on solving the linear equation system of the ANOVA

uncertainty is high when the values for the other three components are
low. The analysis shows that the uncertainty rates of the GCM, RCM and
RCP components in the HCU cases are not lower than those for the LCU
cases. Hence, HCU is because of the large rate of the total uncertainty
rather than the small rates of the other components, suggesting the
large internal variability as the reason. Generally, the interactions between the uncertainty sources for the 0.11° RCMs account for about
6%–65% of the total ensemble uncertainty, which is larger than the
contribution of the interaction term for the 0.44° RCMs ranging

Fig. 6. Projected IDF curves for all 0.11° (a) and 0.44° RCM (b) runs for 10-year, 1-year and 1-month return periods and (c, d) comparison between the 0.11° and 0.44° simulations with
identical combination of GCMs and RCMs for RCP4.5 (c) and RCP8.5 (d) (both the vertical and horizontal axes are scaled logarithmically; current climate IDF curves based on the Uccle
station observations are shown in black colour in the sub-plots a and b).
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5-day
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(caption on next page)
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Fig. 7. Variance decomposition results for the total uncertainty in the change factors computed using the EURO-CORDEX 0.11° RCMs for extreme precipitation after missing data
construction in RCM × GCM combinations: percentage of total variance explained by GCMs, RCMs, RCPs and cross-terms components.

GCMs. On average, the uncertainty rate of the GCM component for the
0.44° (0.11°) RCMs increases from 34% (24%) in the constructed
missing value case to 48% (31%) in the unconstructed case. Generally,
the results show that the biases in using an unbalanced RCM × GCM
matrix can be quite large, leading to a misconclusion for uncertainty
analysis.

design matrix which diﬀers from the iterative linear reconstruction
method developed by Déqué et al. (2007). The uncertainty analysis (not
shown) by the variance decomposition approach after reconstructing
the missing combinations by the LES method shows very similar results
to those obtained from the iterative linear reconstruction method.
Next to the uncertainty analysis of changes in extreme precipitation
after reconstructing missing values in the RCM × GCM combinations,
uncertainty analysis is also performed using original data (without reconstruction) to ﬁnd out the bias involved with the uncertainty results
in the latter analysis (Figs. S1 and S2). The results of this analysis for
both the 0.11° and 0.44° RCMs attribute the largest uncertainty to the

T=1 month

4. Conclusions
This study aims to develop precipitation IDF curves for central
Belgium using new high resolution simulations from the EURO-

T=1 year

T=10 years

1-day

5-day

10-day

15-day

30-day

10

Fig. 8. Variance decomposition results for the
total uncertainty in the change factors computed
using the EURO-CORDEX 0.44° RCMs for extreme precipitation after missing data construction in RCM × GCM combinations: percentage of
total variance explained by GCMs, RCMs, RCPs
and cross-terms components.
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Fig. 9. Comparison of total variance contributions between two cases with high and two
cases with low amount of cross term (HCU: high amount of cross uncertainty; LCU: low
amount of cross uncertainty).

CORDEX for two radiative concentration pathways (RCP 4.5 & RCP 8.5)
and to assess the possible impact of climate change on the IDF curves. A
comparative assessment between the RCMs of 0.11° and 0.44° grid
spacing along with an analysis of the associated uncertainties are performed for precipitation of 1-month, 1-year and 10-year return periods
and durations ranging between 1 and 30 days. Based on the validation
results, the 0.11° RCMs generally overestimate historical precipitation
intensities compared to the Uccle station and E-OBS observations, while
the simulations for the 0.44° RCMs lie mostly between the Uccle station
and E-OBS observations, implying higher precipitation intensities by
higher resolution runs. Similarly, the climate projection ensemble with
RCMs at 0.11° resolution shows a larger increase in precipitation than
with RCMs at 0.44° resolution for the end of the 21st century, at the
region of interest in central Belgium. In the case of the daily duration,
based on the 0.11° RCMs the 10-year precipitation intensity for RCP4.5
and RCP8.5 can increase up to around 50% and 70% respectively,
whereas smaller increases are projected for the 0.44° RCMs: 25% and
50% for RCP4.5 and RCP8.5, respectively.
The uncertainty in the extreme precipitation changes is, however,
large in all cases. The highest contribution to this uncertainty for more
extreme precipitation is the RCM uncertainty. For the 0.11° ensemble,
the choice of RCM roughly contributes between 17% and 50% to the
total uncertainty, while the RCM contribution for the 0.44° ensemble
peaks up to 69%. This means that one can give slightly higher trust to
the higher changes obtained from the higher resolution RCMs than from
the coarser models. The uncertainty analysis also reveals a greater role
of the boundary forcing (i.e., GCM) compared to the future greenhouse
gas scenario (i.e., RCP). The uncertainties associated with cross-contributions of RCMs, GCMs and RCPs are also of the same order of
magnitude or higher than the primary source of uncertainty, for the
majority of cases considered.
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