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Abstract

This work presents a methodology to make robust inferences on climate change from an ensemble
of model simulations. This methodology is used to assess climate change projections and associated
uncertainties of Iberian daily-total precipitation from a reference past climate (1961 — 1990) to a
near-future (2021 — 2050) and distant-future (2069 — 2098) climates. Precipitation changes are
estimated for annual and seasonal total amounts, and for some extreme indices. Daily-total data
was obtained from the multi-model ensemble of fifteen Regional Climate Model (RCM) simulations
provided by the European project ENSEMBLES. These RCMs were driven by boundary conditions
imposed by Global Climate Models that ran under historic conditions from 1961 to 2000, and under
the A1B scenario, from 2001 to 2100, defined by the Special Report on Emission Scenarios of the
Intergovernmental Panel on Climate Change. Non-parametric statistical methods are used for
climate change detection: linear trends for the entire period (1961 — 2098) estimated by the Theil-
Sen method and tested by the Mann-Kendall test, and climate-median differences between the two
future climates and the past climate tested by the Mann-Whiteney test.

Inferences on the climate change signal are made after the non-parametric statistics of the
multi-model ensemble median, while the associated uncertainties are quantified by the spread of
these statistics across the ensemble. Robust climate change patterns are built using only the grid
points where a significant climate change is found with low uncertainties. The results highlight

the importance of taking into account the spread across an ensemble of climate simulations when
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making inferences on climate change from the ensemble-mean or ensemble-median.
Keywords: Extreme Precipitation Indices, Robust Climate Change Inferences, Regional Climate
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1. Introduction

Precipitation variability has an essential role in water management, which in turn controls
agriculture, as well as other economic activities and ultimately social development and behaviour.
It is now generally accepted that the increase of atmospheric greenhouse gas concentrations can
increase the frequency of extreme precipitation events in many regions of the globe. Increased con-
centrations of greenhouse gases in the atmosphere increase downwelling infrared radiation, and this
global heating at the surface not only acts to increase temperatures but also increases evaporation
which enhances the atmospheric moisture content. Consequently all weather systems, which feed
on the available moisture through storm-scale moisture convergence, are likely to produce corre-
spondingly enhanced precipitation rates (Trenberth, 1999). Furthermore, the moistening of the
atmosphere can result in progressively larger frequency increases at high precipitation intensities,
which can even occur in regions where the mean value decreases. Consistent with the aforemen-
tioned conceptual considerations, the frequency of extreme precipitation events has increased over
the sixty years over many areas of the globe, as a consequence of global warming (Alexander et al.,
2006; Solomon et al., 2007). Furthermore, recent global warming experiments with Global Climate
Models (GCMs) project for the twenty-first century an increase of precipitation extremes in many
regions (Wehner, 2004). Future multi-model scenarios employed in the Intergovernmental Panel on
Climate Change (IPCC) 4th Assessment Report (AR) revealed significant negative trends in the
annual mean precipitation over the Iberian Peninsula (Kharin et al., 2007). The same result was
reported by the project Climate Change in Portugal Scenarios, Impacts and Adaptation Measures
(SIAM, Santos et al. (2002)), when comparing projections for 2070-2099 with the a past climate
(1961-1990), for Portugal.

GCMs have allowed for a better scientific understanding of anthropogenic global climate change

and this led to commensurate developments of mitigation strategies. However, the horizontal
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resolution of GCMs is larger than the scale of most precipitating cloud systems. This is especially
true for highly convective storms that often produce heavy precipitation. In view of the pressing
need for regional projections, much effort has been expended in recent years on developing regional
projections through diverse methodologies. A review of the different downscaling methods can be
found in Wilby and Wigley (1997) and Giorgi et al. (2004), as well in the IPCC Third (Giorgi et al.,
2001; Mearns et al., 2001) and Fourth (Christensen et al., 2007) ARs. Dynamical downscaling,
which consists in nesting a RCM inside a GCM, is now considered to have better performances
than statistical downscaling techniques (Murphy, 1999). RCMs represent an effective method of
adding fine-scale detail to simulated patterns of climate variability and change as they resolve
better the local land-surface properties such orography, coasts and vegetation, and the internal
regional climate variability through their better resolution of atmospheric dynamics and processes
(Jones et al., 1995).

The pioneer European project PRUDENCE (Christensen and Christensen, 2007) followed by
ENSEMBLES (van der Linden and Mitchell, 2009) provided multi-model ensembles of RCM sim-
ulations for Europe which has been extensively analysed not only by the official modelling groups
but also by the word scientific community. Given the spread among RCM simulations (Déqué
et al., 2011), particularly high for precipitation, it is mandatory to take into account the uncer-
tainties when making inferences on climate change, specially for precipitation extremes. This work
presents a methodology to draw robust inferences on regional climate change from an ensemble of

model simulations.

2. Data and Methods

2.1. ENSEMBLES’ Multi-Model Ensemble

A daily-total precipitation dataset was built after the multi-model ensemble (MME) of Re-
gional Climate Model (RCM) simulations performed by the Research Teams RT3/RT2B of the
ENSEMBLES project (van der Linden and Mitchell, 2009). ENSEMBLES regional simulations
were performed by thirteen RCMs driven by at least one of six GCMs. The GCMs ran under
historic (1961 — 2000) forcing conditions and, for the period 2001 — 2050 (or 2001 — 2100), under
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the A1B (or A2) emission scenario defined in the Special Report on Emission Scenarios (SRES)
of the IPCC. The GCM outputs were then used as boundary conditions to drive the RCMs in a
European domain with a horizontal spatial resolution of approximately 25 km (and 50 km) and a
temporal resolution of 6 hours.

In this work we use the RCM-GCM pairs whose scenario simulation ran under A1B conditions
till the end of the twenty first century. The highest spatial resolution simulations are used. A total
of fifteen GCM-driven simulations results from these requirements. Table 1 shows the RCM-GCM
pair(s) used by each institution to perform the GCM-driven simulation(s). These simulations were
carried out by the modelling group of the following nine European institutions: the Community
Climate Change Consortium for Ireland (C4I); the Centre National de Recherches Météorologiques
of METEO FRANCE (CNRM); the Danish Meteorological Institute (DMI); the Swiss Federal In-
stitute of Technology in Ziirich (ETHZ); the International Center for Theoretical Physics in Trieste,
Italy (ICTP); the Royal Netherlands Meteorological Institute (KNMI); the UK Met Office of the
Hadley Centre (METO-HC); the Max Planck Institute for Meteorology in Hamburg, Germany
(MPI-M); and the Swedish Meteorological and Hydrological Institute (SMHI).

Some notes about Table 1 are worth mentioning. The RCA3 model used by SMHI and C4I must
be considered different RCMs because C4I used a modified version of the original model developed
by SMHI. METO-HC simulations form a “perturbed physics” ensemble (Murphy et al., 2004)
generated by HadCM3 and HadRM3 models, and should be considered, for the present purposes,
as simulations produced by three different RCMs, each one driven by a different GCM. Parameters
controlling the sensitivity of the models to Greenhouse Gas (GHG) emissions were perturbed in
three different ways for each RCM-GCM pair, leading to very different climate responses (Collins
et al., 2006): the standard, low and high sensitivity simulations. Note finally that, with the
exceptions of only two RCMs (DMI-HIRHAMS5 and SMHI-RCA), each one driven by three GCMs,
all other RCMs were driven by a single GCM.

Since not all simulations reach the end of 2099, all simulations were truncated at the end of the
year 2098. Finally, the data covering the IP spatial domain was selected. The resulting dataset
is a multi-model ensemble (MME) composed by fifteen GCM-driven RCM simulations (ensemble
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Table 1: Simulations, produced by ENSEMBLES’ modelling groups, analysed in this work.

Institution ‘ RCM ‘ GCM

C41 RCA3 (Jones et al., 2004) HadCM3-Q16 (Gordon et al., 2000)

CNRM | RM5.1 (Radu et al., 2008) | ARPEGE (Gibelin and Déqué, 2003)
DMI HIRHAMS5 (Christensen et al., 1996) ARPEGE (Gibelin and Déqué, 2003)
BCM (Furevik et al., 2004)
ECHAMS5-r3 (Roeckner et al., 2003)
ETHZ ‘ CLM (B&éhm et al., 2006) ‘ HadCM3-QO0 (Gordon et al., 2000)
ICTP ‘ REGCMS3 (Giorgi and Mearns, 1999) ‘ ECHAMS5-r3 (Roeckner et al., 2003)
KNMI ‘ RACMO2 (van Meijgaard et al., 2008) ‘ ECHAMS5-r3 (Roeckner et al., 2003)
METO-HC HadRM3-QO0 (Collins et al., 2006) HadCM3-Q0 (Gordon et al., 2000)
HadRM3-Q3 (Collins et al., 2006) HadCM3-Q3 (Gordon et al., 2000)
HadRM3-Q16 (Collins et al., 2006) HadCM3-Q16 (Gordon et al., 2000)
MPI-M REMO (Jacob, 2001) ECHAMS5-r3 (Roeckner et al., 2003)
SMHI RCA (Kjellstrém et al., 2005) BCM (Furevik et al., 2004)
ECHAMS5-r3 (Roeckner et al., 2003)
HadCM3-Q3 (Gordon et al., 2000)

members) of daily-total precipitation over Iberia from 1961 to 2098. We will refer to this ensemble

as the ENSEMBLES MME.

2.2. ETCCDI Multi-Model Ensembles

Several indices have been defined and used to detect and quantify historical and future cli-
mate changes in daily precipitation extremes (Frich et al., 2002; Tebaldi et al., 2006; ?; Frei
et al., 2006). A collection of these precipitation indices was assembled and proposed by the
CCI/CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices (ETCCDI) with
the purpose of establishing a standard set of indices which allows a better comparison between
different studies often based on different observed datasets or different models.

Table 2 presents the definitions of the ETCCDI precipitation indices chosen for this work.
Although PRCTOT was included in the list by the ETCCDI team, and it is used in the calculations
of some extreme indices, one should keep in mind that it is not an index of extreme precipitation.

For each member of the ENSEMBLES MME described in Section 2.1, annual and seasonal
precipitation ETCCDI indices were computed yielding annual and seasonal MMEs for each ETC-



Table 2: ETCCDI precipitation indices used in the present work. The period T represents an entire year, or one of
the four standard seasons. A wet day is defined as a day with total precipitation amount greater or equal than 1.0

min.

Acronym  Definition

PRCTOT Total amount of precipitation of the wet days in period T

CDD Maximum number of Consecutive Dry Days in period T
Rx5day Maximum of total amount of 5-consecutive wet days in period T
R95T Percentage of PRCTOT due to days with daily-total amount greater or equal than the 95th

percentile computed the with wet days of the reference climate (1961-1990)

s CDI index (ETCCDI MME). Given the chosen indices defined in Table 2, we have four ETCCDI
s MMEs: PRCTOT MME, CDD MME, Rxbday MME, and RT95 MME. Each one of these MMEs
o has five versions: one computed from annual data, and four computed from seasonal data (winter,
o spring, summer, and autumn). Note also that each member of the ensembles is a time series with
s one value per year from 1961 to 2098.

% From each ETCCDI MME, the MME Median (ETCCDI MMEM) was built by computing the
w0 median of the index, for each year, of all ensemble members. Note that ETCCDI indices are not
w1 computed directly from the ENSEMBLES” MME because the median of this ensemble cannot be
102 determined since its members have different calendars for the A1B simulation.

103 The majority of the RCMs has a rotated grid of 0.22° resolution with the north pole located
e at (39.25N, 162W). For the RCMs with different grids, the ETCCDI time-varying fields were
105 interpolated to this grid.

ws  2.3. Climate change detection methods

107 Climate change of ETCCDI indices is accessed by a non-parametric methodology. For each
s index, the following analyses were performed onto the corresponding ETCCDI MME (fifteen mem-
o bers) and also onto the ETCCDI MMEM:

110 e Linear trend analysis
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Theil-Sen linear trend, from 1961 to 2098, tested by the Mann-Kendall test.

e Climate-median differences
Differences between the climatologies, estimated by the time-median, of a near-future (2021 —
2050) and a distant-future (2069 — 2098) climates from the climatology of a reference climate
(1961 — 1990), tested by the Mann-Whitney test.

These statistics (trend or climate-median differences) are commonly used as climate change es-
timators. For each statistic we obtain fifteen estimates from the ETCCDI MME and one from
the ETCCDI MMEM. Climate change projection is evaluated by the later estimate, while the
uncertainty of this projection is evaluated by the spread of the former estimates around the later.
Here, we evaluate this spread using a modified version of the Median Absolute Deviation (MAD)

statistic:

MME&REEMU:MMW(

k=1,..15 1

where T' is a statistic of an ETCCDI index, Ty gx 18 its value estimated from the kth member of
the ETCCDI MME, and T e is its value estimated from the ETCCDI MMEM. Shortly, MME
SPREAD is the median of all relative absolute deviations of the MME estimates from the MMEM

estimate.

3. Results

3.1. Climate change patterns

The climate change detection methods (Section 2.3) applied to each ETCCDI index of Table 2
yield spatial patterns of trends and climate-median differences of each index over the Iberian
Peninsula. For each index, these patterns are shown in two distinct figures: (i) a figure where the
patterns are built with grid points that have significant, at a 0.05 significant level, statistics; and
(ii) another figure where the patterns are built with grid points that satisfy the condition in (i) and
also that have a MME SPREAD(T') < 50%. Therefore, this last figure presents robust patterns
of climate change, since they are composed by grid points where most simulations agree in their

climate change projection.
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For PRCTOT the patterns with or without the MME SPREAD(T") < 50% restriction are indis-
tinguishable, thus, only one figure is presented (Figure 1). Both the trend and the climate-median
differences provide the same climate change projections: a decrease in annual precipitation over
the entire Peninsula, specially on the north and northwest. The decrease of annual precipitation is

due to the decrease in spring, summer and autumn. Note that no changes are projected for winter.

Significant climate changes of CDD estimated with the MMEM are presented in Figure 2, while
significant robust changes (significant MMEM CDD changes where MME SPREAD(CDD) <
50%) are shown in Figure 3. This is a good example of the importance of identifying the grid
points where the change is not only statistically significant but also robust. Figure 2 shows that
the annual number of consecutive dry days is projected to be higher in both future climates than
it is in the reference climate. However, from Figure 3 we can see that CDD is projected to increase
till 2050 but to decrease afterwards. The increase of annual CDD projected for the near-future
climate is due to the decrease of CDD in summer, and, to a lesser extent, in spring.

Results for the amount of precipitation of the wettest episode of five consecutive wet days
(Rxbday) are presented in Figure 4. Only one figure is presented since almost all grid points with
significant changes have a MME SPREAD(Rz5day) < 50%. The annual Rx5day precipitation is
projected to decrease near the Mediterranean shores. Some grid points have a positive trend, but
they account for a negligible fraction of the Iberian area. The behaviour of the annual index is
due to the winter season when 5-consecutive wet day episodes have higher precipitation amounts,
besides being more frequent. An important feature is the Rxbday decrease projected to occur in
spring and autumn for the major part of the Peninsula. This result is consistent with the projected
decrease of total precipitation (PRCTOT) in these seasons (Figure 1). For the dry season (summer)
a decrease of episodes is projected to occur in northern Iberia, which is the rainiest region.

Finally, the projected changes for the percentage of total precipitation occurred in days with
precipitation above the 90th percentile of the reference climate (R95T) are presented in Figures 5
and 6. Except for summer, there is a noticeable disagreement between RCM projections, that is,

the MME SPREAD(R95T) is high. Note that while the annual and winter patterns of Figure 5
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show an increase of R95T, no projected changes stand out from Figure 6. These results suggest
that some RCMs project an increase while others project a decrease of this index. Taking into
account the robust climate projections shown in Figure 6, the remarkable features are the decrease

of R95T in northern Iberia in summer and in the south-southwest in autumn.

4. Summary and Conclusions

A methodology to make robust inferences on climate change from an ensemble of model sim-
ulations was presented. This methodology was used to assess climate change projections and
associated uncertainties of daily-total precipitation simulated by fifteen RCM-GCM configurations.

Precipitation changes were estimated for annual and seasonal total amounts, and for the fol-
lowing extreme indices: maximum number of Consecutive Dry Days, maximum of total amount
of 5-consecutive wet days, and percentage of total precipitation occurred in days with precipita-
tion above the 90th percentile of a reference climate. Climate change projections of these indices
was addressed by applying the following non-parametric methods to the ensemble-median: linear
trends for 1961 — 2098 estimated by the Theil-Sen method and tested by the Mann-Kendall test,
and climate-median deviations of the 2021 — 2050 and 2069 — 2098 periods from the 1961 — 1990
period. The same methods were applied to all members of the ensemble and a measure of the
spread of the resulting statistics across the ensemble was quantified.

The spatial patterns of statistical significant, at 0.05 significance level, trends and climate-
median differences of the indices were presented with and without the constraint of low spread of
these statistics across the ensemble. The differences between these patterns are notorious for ex-
treme indices, like CDD and R90T. This fact lead us to realize the importance of discarding regions
with high projection uncertainties when making climate change inferences. Note, for example, that
a significant increase of CDD is projected to occur till the end of the twenty-first century for all
seasons except winter, but only the summer changes till 2050 are robust. For R90T, we would
infer an increase in winter, when only the decreases in summer (autumn) in the north-northwestern

(southwestern) Iberia are robust changes.
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Figure 1: Annual and seasonal MMEM PRCTOT climate change statistics. Left column: Theil-Sen linear trend
from 1961 to 2098; Middle column: climate-median difference (CD) between the near-future (2021-2050) climate
and the reference (1961 — 1990) climate. Right column: as the middle column but for the distant-future (2069-
2098) climate. Values significant at a 0.05 significance level, assuming the A1B scenario, according to the Mann-

Kendall test for trends, and Mann-Whiteney test for climate-median differences. Significant values also have a

MME SPREAD(PRCTOT) < 50%.
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Figure 3: As Figure 1 but for CDD with MME SPREAD(CDD) < 50%.
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Figure 4: As Figure 1 but for Rx5day with MME SPREAD(Rxz5day) < 50%.

19



SUMMER SPRING WINTER ANNUAL

AUTUMN

N\

o, 0 0 _0_ "

Figure 5: As Figure 1 but for R95T without the constraint of MME SPREAD(R95T) < 50%.
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Figure 6: As Figure 1 but for R95T with MME SPREAD(R95T) < 50% .
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