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Abstract We analyze changes of four extreme hydroclimatic indices in the RCP8.5 projec-
tions of the Phase I CREMA experiment, which includes 21st century projections over 5
CORDEX domains (Africa, Central America, South America, South Asia, Mediterranean)
with the ICTP regional model RegCM4 driven by three CMIP5 global models. The indices
are: Heat Wave Day Index (HWD), Maximum Consecutive Dry Day index (CDD), fraction of
precipitation above the 95th intensity percentile (R95) and Hydroclimatic Intensity index (HY-
INT). Comparison with coarse (GPCP) and high (TRMM) resolution daily precipitation data
for the present day conditions shows that the precipitation intensity distributions from the
GCMs are close to the GPCP data, while the RegCM4 ones are closer to TRMM, illustrating
the added value of the increased resolution of the regional model. All global and regional
model simulations project predominant increases in HWD, CDD, R95 and HY-INT, implying
a regime shift towards more intense, less frequent rain events and increasing risk of heat wave,
drought and flood with global warming. However, the magnitudes of the changes are generally
larger in the global than the regional models, likely because of the relatively low “climate
sensitivity” of the RegCM4, especially when using the CLM land surface scheme. In addition,
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pronounced regional differences in the change signals are found. The data from these
simulations are available for use in impact assessment studies.

1 Introduction

Knowledge of changes in hydroclimatic extreme statistics in response to climate change
induced by anthropogenic greenhouse gases (GHG) is essential for the assessment of
impacts and vulnerability to global warming (IPCC 2012). Analysis of extensive model
results has shown that various types of extremes are expected to increase with global
warming, such as drought, flood and heat waves (IPCC 2012; Sillmann et al. 2013). In
fact, some studies suggest that global warming might induce fundamental changes in the
characteristics of the Earth’s hydrologic cycle and related hydroclimatic regimes (e.g.
Trenberth 1999; Giorgi et al. 2011).

Simulation of hydroclimatic extremes optimally requires high model resolution, both spatial
and temporal, hence high resolution regional modeling represents an important context for
assessing the response of extreme events to global warming (Giorgi and Mearns 1999). Indeed,
a number of papers have assessed extreme events in ensembles of Regional Climate Model
(RCM) simulations for specific regions (e.g. Beniston et al. 2007; Kjellstrom et al. 2007;
Lenderink 2010; Nikulin et al. 2012). Therefore, the CORDEX RegCM hyper-MAtrix
(CREMA) ensemble described in this special issue (Giorgi 2014, this issue) offers a good
opportunity to explore changes in extreme events in long term regional climate projections
across different domains and model configurations.

In this paper we analyze different hydroclimatic extreme indices based on temper-
ature and precipitation daily data in the CREMA ensemble of transient projections,
and attempt in particular to identify common behaviors across the different domains
and simulations. The extremes are calculated for both the RCM and corresponding
driving Global Climate Model (GCM) experiments in order to identify whether the
higher resolution of the RCMs might lead to different or common conclusions
compared to the coarser resolution GCMs. Both, the performance of the models in
present day climate conditions and the changes in extreme indices are investigated.
Here we present summary results for all CREMA experiments, while specific in-depth
analysis of individual domains and events (e.g. tropical cyclones) is left to companion
papers of this special issue. Also, we recall that an overall assessment of the models’
biases and change signals is presented in the companion paper by Coppola et al.
(2014, this issue).

2 Experiment and analysis design

2.1 The RegCM4 model

The CREMA ensemble was produced using the latest version of the Abdus Salam
International Centre for Theoretical Physics (ICTP) regional climate model RegCM4 (Giorgi
et al. 2012). This version represents the latest evolution of previous ones (Pal et al. 2007), with
upgrades in most aspects of the model physics and a major rewriting and optimization of the
code. The model is hydrostatic and includes a number of options for physics parameterizations
(Giorgi et al. 2012), from which those used in the CREMA simulations were selected (Coppola
et al. 2014, this issue). In particular, in the runs discussed here the model describes land surface
processes using either the Biosphere- Atmosphere Transfer Scheme (BATS, Dickinson et al.
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1993) or the Common Land Surface model (CLM3.5, Oleson et al. 2008), and convective
precipitation using either the scheme of Grell (1993) or that of Emanuel and Rothman (1999).

2.2 The CREMA ensemble

Table S1 (Supplementary material) describes the CREMA ensemble. All simulations are
performed with the RegCM4 using different physics schemes, and extend from 1970 to
2100. Simulations for two Representative Concentration Pathways (RCPs, Moss et al. 2010)
were carried out, RCP4.5, a mid level pathway, and RCP8.5, a high level one. However, in this
paper for brevity the analysis is presented only for the RCP8.5 scenario, bearing in mind that
similar general conclusions were found for the RCP4.5 one (not shown).

Projections were completed for 5 CORDEX domains, Africa, South America, Central
America, South Asia and Mediterranean (see Figure S1), and each domain follows the
CORDEX specifications (Giorgi et al. 2009) which entail a horizontal grid spacing of
50 km. Note that, for each domain, at least two different model configurations are used
(mostly either BATS-Grell or CLM-Emanuel, see Table S1), which were chosen based on
a series of preliminary experiments (see Giorgi 2014, this issue). Driving GCMs include
the Hadley Center HadGEM2-ES (HadGEM), the Max-Planck Institute for Meteorology
MPI-ESM-2R (MPI) and the Geophysical Fluid Dynamics GFDL-ESM2M (GFDL), all
taken from the CMIP5 ensemble (Taylor et al. 2012). They were chosen among those
available at the time of the completion of these runs on the basis of their good
performance in reproducing temperature and precipitation patterns over the selected
domains (see also Giorgi 2014 this issue).

2.3 Extreme indices

We here analyze 4 indices of temperature and precipitation extremes, defined as:

Heat Wave Day Index (HWD): Number of heat wave days, where a heat wave occurs
when for at least Nd consecutive days the daily maximum temperature exceeds the long
term average by at least Nt degrees.
Dry Spell Length Index (CDD): Maximum number of consecutive dry days, where a dry
day is defined as having precipitation below 1 mm/day.
Heavy precipitation Index (R95): Percent of total precipitation above the 95 % percentile.
Hydroclimatic Intensity Index (HY-INT): Product of normalized mean precipitation
intensity and normalized mean dry spell length.

All indices are calculated using data for the entire year. The first three indices were selected
from the standard set recommended by the World Meteorological Organization, and represent
some of the key indices for impact assessment studies. The HY-INT index was introduced by
Giorgi et al. (2011) and is a measure of change in hydroclimatic regimes, with increasing HY-
INT implying a shift towards a regime of more intense and less frequent precipitation events.

The performance of the models in reproducing present day statistics of the precipitation
indices is assessed against two observation datasets, the daily mean precipitation dataset at
0.25×0.25° horizontal resolution from the Tropical Rainfall Measuring Mission (TRMM
VB42V46; Huffman et al. 2007; hereafter referred as TRMM and available for the period
1998–2009) and the One-Degree Daily (1DD) data of GPCP V1.1 (GPCP1; Huffman et al.
2001; hereafter referred as GPCP and available from 1996 to 2004). The reference period for
the model assessment is 1976–2005. Note that the observations are available only for shorter
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periods (almost overlapping with each other) than the simulation reference one. We neverthe-
less decided to use the longer simulation period in the analysis in order to have more robust
statistics and because, without data assimilation, the model reference period does not refer to
the actual observed one (i.e. the model 1996–2004 is not the real 1996–2004). Although it is
possible that interdecadal variability might affect to some extent this evaluation, its effect is
likely small for the first order analysis presented here. For temperature we do not have
available gridded observed daily data that cover sufficiently well all of our domains, and
therefore we limit our analysis to the change signal.

3 Results

3.1 Assessment of precipitation indices for the present day reference period 1976–2005

In this section we first present an assessment of the RegCM4 and corresponding GCM
simulations of the two indices CDD and R95. Figures 1 and 2 compare these indices averaged
over the period 1976–2005 for the RegCM4 and GCM simulations and over the periods of
available data in the case of GPCP, and TRMM. All 5 CORDEX domains considered are
shown, and in those regions where they overlap, the domain is selected which is specifically
designed to best represent that region under the CORDEX protocol. For example, over the
northern areas of South America covered by both the Central and South America domains, the
latter is shown. For the models, ensemble average data for all simulations are presented.

Fig. 1 Mean value of CDD over the five CREMA domains for GPCP (1996–2004; upper left panel), TRMM
(1998–2009; upper right panel), GCM ensemble (1976–2005; lower left panel), RegCM4 ensemble (1976–2005,
and RegCM lower left panel). Units are No. days
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Concerning the CDD, we first find a generally good consistency between the GPCP and
TRMM data. In the regions covered by the RegCM4 domains observed maxima of CDD are
found over the Sahara and Southern Africa regions, the southwestern regions of North
America, the southwestern coastal regions of South America and eastern Brazil, the middle
east and central Asia. Conversely, observed minima occur over the southeastern regions of
North America, the central/northwestern Amazon and La Plata Basin, equatorial Africa and, to
a lesser extent, central/eastern India.

Comparison of the observed and simulated CDD patterns shows a generally good perfor-
mance by the two ensembles. The GCM set reproduces rather well the broad global CDD
pattern, and the regionalization by the RegCM4 captures some observed regional signals over
the simulation domains. In fact, we highlight a few areas where the RegCM4 ensemble appears
to improve the field from the GCMs: in South America the GCMs fail to reproduce the
minimum over the western Amazon Basin, which is better captured by the RegCM4 ensemble;
similarly, the La Plata basin maximum is better defined in the RegCM4; over the India
continent the GCMs substantially overestimate the CDD, while the RegCM4 ensemble is
closer to observations.

Figure 2 shows observed and simulated (ensemble averaged) R95, and offers some
interesting considerations. First, differently from the CDD, we find substantial differences
between the two observation datasets, with the TRMM data yielding generally larger values
than GPCP. Notwithstanding possible differences in the calibration procedures of the two
datasets, this is very likely a result of the higher resolution of the TRMM data. A comparison
of the model ensembles with the observation data shows that the RegCM4 runs are closer to
the TRMM data, while the GCMs are closer to the GPCP data. This is consistent with the

Fig. 2 Mean value of R95 over the five CREMA domains for GPCP (1996–2004; upper right panel), TRMM
(1998–2009; upper left panel), GCM ensemble (1976–2005; lower right panel), RegCM4 ensemble (1976–2005,
and RegCM lower left panel). Units are %
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differences in resolutions across the two simulation ensembles and illustrates the added value
of going to higher resolution using a nested RCM.

To better illustrate this point we selected four land regions (see Figure S1) and constructed
Empirical Probability Density Functions (EPDFs) of daily precipitation for all individual runs
and observation datasets, incorporating in the EPDFs all land grid points in these regions. The
EPDFs are shown in Fig. 3. In all regions we see a separation between the fine and coarse scale
EPDFs, both in the observation and simulation datasets. For example, in West Africa both the
GPCP and GCM data produce events that at most reach about 100 mm/day, with the GCMs
somewhat overestimating light events and underestimating the occurrence of the heaviest
events compared to GPCP. The RegCM4 runs produce a much longer tail more in line with the
TRMM data, although compared to this dataset the model overestimates the occurrence of the
heaviest events and underestimates the frequency of events in the middle of the distribution.
The model produces a small number (note the logarithmic scale) of events in excess of 350–
400 mm/day, possibly because of the occasional occurrence of what have been defined
“numerical point storms” (e.g. Giorgi 1991). However the RegCM4 shows a much closer
EPDF to the high resolution observation dataset than the GCMs.

For the India and La Plata basin cases the RegCM4 runs can reproduce the tail of the
observed TRMM distribution, while the GCMs show less intense extreme events more in line
with the GPCP data. In fact, for these two regions, the TRMM and RegCM4 tails are in
relatively good agreement while, similarly to the West Africa region, the model underestimates
the frequency of events in the middle of the distribution. Finally, in the Central America region
(Fig. 3d) not only do we find a separation between the coarse and fine scale EPDFs, but also a
quite different behavior between two sets of RegCM4 runs, i.e. the BATS-Grell simulations
closely reproduce the TRMM EPDF, while the CLM-EM ones overestimate the observed
EPDF virtually across the entire distribution (in line with the overestimate of mean
precipitation found in Coppola et al. 2014), the BATS Grell reproduces it quite well.

a c

b d

Fig. 3 Empirical distribution of daily precipitation events for TRMM, GPCP, and individual GCM and RegCM
simulations for the four regions depicted in Figure S1. a West Africa; b Central India; c La Plata Basin; d upper
Central America
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We therefore find that the regional model produces values of CDD and R95 that are
generally in line with the high resolution TRMM data and yields and improvement in the
simulation of the precipitation EPDFs (compared to the driving GCMs) expected from the its
increased resolution. Conversely, the GCMs selected provide results that are generally in line
with the coarser resolution GPCP dataset, although in this case the occurrence of most extreme
events appears mostly underestimated.

3.2 Changes in extreme event indices

In this section we discuss changes (2071–2100 minus 1976–2005, RCP8.5 only) and/or 21st
century trends (linear trends over the 2005–2100 period) in the 4 indices described in
Section 2. We present both spatial maps of the ensemble average changes/trends (Figs. 4, 5,
6 and 7) and changes for individual simulations averaged over the continental areas within
each domain (Tables S2-S4). In Figs. 4, 5, 6 and 7 the ensemble average for each domain is
calculated using all available RegCM4 and corresponding driving GCM experiments for that
domain.

Coppola et al. (2014, this issue) discuss the ensemble average changes in mean annual
temperature and precipitation and these are reported in the supplementary Figure S2.
Concerning temperature, in general the RegCM4 runs exhibit somewhat lower warming
magnitudes than the GCM ensemble, i.e. the RegCM4 has a relatively low “climate sensitiv-
ity”, especially when using the CLM scheme (Coppola et al. 2014, this issue). For precipita-
tion, the broad scale patterns of change in the two ensembles are similar (although with
different regional detail) and can be summarized as follows: decreased precipitation over

Fig. 4 Ensemble mean change (2071–2100 minus 1976–2005) in heat wave characteristics for the thresholds
Nd=5 days and Nt=5 °C over the five CREMA domains. Upper panels show the GCM runs, lower panels show
the RegCM4 runs. Left column: change in number of HWD (compared to present day means) per year per degree
of (local) warming. Right column: change in mean heat wave length in days
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central America, the northeastern and eastern regions of Brazil, the western coastal
areas of West Africa, southern Africa, the Mediterranean and areas of central India
(more extended in the RegCM4 than the GCMs); increased precipitation over the
southeastern United States, la Plata basin, areas of equatorial and east Africa (more
extended in the GCMs), Southern India. The reader is referred to Coppola et al.
(2014, this issue) for more detail.

3.2.1 Heat wave day index (HWD)

As mentioned above, the heat wave index depends on two threshold parameters, the number of
consecutive days Nd exceeding an anomaly of Nt degrees C. Figure 4 shows the ensemble average
change in number of heat wave days (HWD) per year per degree of (local) warming, along with the
mean length of heat wave, when both Nd and Nt are equal to 5, which is a standard value used for
example by Tebaldi et al. (2006) andMeehl et al. (2007). The HWD is calculated using the daily
maximum temperature (TMAX) with respect to the reference mean TMAX, and therefore is
affected by mean warming as well as changes in variability. Also, for simplicity we use the same

Fig. 5 Ensemble mean change (2071–2100 minus 1976–2005) in CDD over the five CREMA domains. The
CDD is calculated for each year and then averaged over the 30- year period. Upper panel shows the GCM runs,
lower panel shows the RegCM4 runs. Units are No. Days
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HWDdefinition for all domains, however it was pointed out by one reviewer that different values of
Nt and Nd might be more suitable over different regions. Results are shown for both the RegCM4
and corresponding GCM ensembles. Table S2 reports the corresponding changes in number of heat
wave days averaged over five continents (land only) for each individual run.

The number of HWD increases over all regions due to the general warming projected by the
models, with maximum increases of up to 25–30 days/year over the Amazon Basin, Sahara,
Southern Africa, central India and Mediterranean. At the continental average scale (Table S2) the
changes are in the range of 20–30 days/year. In general both Fig. 4 and Table S2 show that the
change in number of heat wave days is somewhat larger in the GCMs than the RegCM4
simulations. This is mostly because, as mentioned above, the regional model produces lower
warming than the GCMs (Figure S2). The most noticeable exception is the central India region,
where the RegCM4 shows a greater change due to a greater projected decrease of precipitation
there (Figure S2). Compared to BATS, CLM is characterized by aweaker response to atmospheric
forcing and a lower climate sensitivity, which results in lower increases of HWD (Table S2).

A greater agreement between GCMs and RegCM4 is found in terms of changes in mean
length of heat waves (Fig. 4, right column), which are mostly in the range of 5–15 days
compared to values in the reference period mostly in the range of ~5–10 days. Most prominent

Fig. 6 Ensemble mean change (2071–2100 minus 1976–2005) in R95 over the five CREMA domains. The R95
is calculated for each year and then averaged over the 30- year periods. Upper panel shows the GCM runs, lower
panel shows the RegCM4 runs. Units are %
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is the maximum change seen over the eastern Amazon and Brazil, a hot spot present in both
ensembles. Figure S3 illustrates the sensitivity of the change in HWD to Nt and Nd, by
showing changes for the three cases Nt=5,Nd=10; Nt=10,Nd=5; Nt=10, Nd=10, i.e. cases in
which either one or both of the parameters are doubled. The last case would be indicative of
the occurrence of extremely severe heat waves in which anomalies of at least 10 °C would
persist for at least 10 days. When only Nd is increased to 10 days, we do not find strong
differences with respect to Fig. 4, while the increase in HWD is reduced when Nt is increased
to 10 °C with change values mostly less than 5 HWD/year. This suggests that the main factor
affecting the increase of HWD (with respect to present day climatology) is the mean warming,
rather than the occurrence of peak temperature anomalies, a result which is in agreement with
some previous studies (Ballester et al. 2010a, b). Note in Figure S3 the emergence of the
Amazon Basin as a prominent hotspot in terms of heat wave enhancement.

3.2.2 Precipitation extreme indices

Figures 5 and 6 show the ensemble average changes (2071–2100 minus 1976–2005) for the CDD
and R95 indices, while Tables S3-S4 present the continental average corresponding values. It is

Fig. 7 Ensemble mean trend (2005–2100) in the index HY-INT over the five CREMA domains. The HY-INT is
calculated for each year and then the trend is computed using these annual values (as in Giorgi et al. 2011). Upper
panel shows the GCM runs, lower panel shows the RegCM4 runs. Units are % change
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evident that for all domains most areas exhibit positive values for both the CDD and R95 indices.
Comparison of these figures with the mean annual precipitation change (Figure S2) shows that the
areas of positive CDD (R95) change are greater than the areas of negative (positive) precipitation
change. This implies that the increase in dry and wet extremes is not specifically tied to the
precipitation change, but reflects a possible shift in hydroclimatic regime, which we will explore
in greater detail in the next section.

Intercomparison between the GCM and corresponding RegCM4 runs (Figs. 5 and 6 and
Tables S3-S4) shows that for both indices the GCM changes are of systematically larger
magnitude than the RegCM4 ones, essentially in all domains. It is difficult to clearly identify
the causes of this difference. One is likely that, as mentioned, the RegCM4 produces lower
warming that the GCMs (Figure S2, Coppola et al. 2014, this issue).

Comparison of different RegCM4 configurations (Tables S3-S4) also shows some system-
atic behaviors, most noticeably the fact that the CLM-EM configuration tends to produce
lower magnitude responses in CDD and R95 than the BATS-Grell one, particularly over
tropical domains. We attribute this to the use of CLM vs. BATS, since previous experience by
the authors has shown that the BATS scheme has a stronger response and feedback with the
atmospheric forcing than CLM, likely because of the use of a force-restore soil model rather
than a multi-layered one as in CLM. This enhanced feedback would especially contribute in
amplifying wet and dry extremes (e.g. Seneviratne et al. 2006).

In terms of regional distribution, areas that show maximum increase in CDD include
Eastern Brazil, Southern Africa, Central America, the Mediterranean and the Indian continent,
while a decrease in CDD is found over the La Plata basin, western Amazon, Congo Basin and
Eastern and western United States, clearly in response to an increase of simulated precipitation
there (Figure S2). Concerning the R95 change, areas of maximum increase largely correspond
to areas of increased precipitation, while some areas of decrease are found in the RegCM runs
(e.g. eastern Brazil) in correspondence with a strong precipitation reduction.

3.2.3 HY-INT index

Giorgi et al. (2011) introduced the HY-INT index as a measure of the global warming-induced
shift of the hydrologic cycle towards a regime of more intense and less frequent precipitation
events. They found positive trends of HY-INT in a range of 21st century global and regional
model projections. Figure 7 shows the 21st century trends in HY-INT calculated for the GCM
and RegCM4 CREMA RCP8.5 projections. This trend is positive almost everywhere, both for
the GCMs and RegCM4 experiments, with linear trend values for the period 2005–2100 in line
with those found by Giorgi et al. (2011). Consistently with what found for the other indices, we
find generally larger HY-INT trends in the GCM than the RegCM4 simulations, mostly
because of the relatively low values found in the CLM runs.

Therefore, the present GCM and CORDEX simulations confirm the conclusion of Giorgi
et al. (2011) of the increase in HY-INT being a strong and ubiquitous indicator of the response
of the earth’s hydrologic cycle to global warming.

4 Conclusions

In this paper we analyze present day and future changes in four hydroclimatic extreme and
regime indices in the GCM and RegCM4 ensembles of the Phase I CREMA experiment for
the RCP8.5 GHG concentration scenario (Giorgi 2014 this issue). Comparison of the present
day simulation period with two precipitation observation datasets (the high resolution TRMM
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and coarse resolution GPCP) shows that, while the GCM daily precipitation distributions are in
line with the coarse resolution GPCP observations, the RegCM4 ones are more consistent with
the TRMM dataset, particularly in exhibiting a much longer tail of the distribution (high
precipitation events) and a better representation of dry day sequences. This result illustrates the
added value of the higher resolution of the regional model. In fact, the aim of a downscaling
exercise is to provide realistic fine scale information which enhances that of the coarse scale
GCMs, and in our case, this added information (in spectral space) is represented by the tails of
the daily precipitation distribution. Our experiment is thus well illustrative of the aim of
downscaling: the GCMs reproduce the coarse scale EPDFs (GPCP) while the regional model
better reproduces the fine scale EPDFs (TRMM). Concerning the change signal, both the
GCMs and RCMs show a prevailing increase of CDD and R95, regardless of the change in
mean precipitation. Therefore both sets of models suggest greater occurrence of drought-prone
and flood-prone conditions. In addition a pronounced increase in heat waves (compared to
present day climatology), both duration and intensity, is simulated, largely tied to the mean
warming. Finally, a predominant positive trend in HY-INT is found in the ensemble indicating
a regime shift towards more intense and less frequent precipitation events.

Recently, Donat et al. (2013) analysed observed 20th century trends in a series of temper-
ature and precipitation indices, including R95 and CDD. It is very difficult to compare our
results with those of Donat et al. (2013), since they included trends only for some sub-regions
of our domains where data were available and show trends with marked spatial varibility.
However our results are in line with their finding of a prevalence of areas with increasing
precipitation intensity. On the other hand, our spatial patterns of change in R95 and CDD are
generally in line with those of Sillmann et al. (2013) for the full CMIP5 set of experiments, a
further indication that our sub-set of GCMs is representative of the CMIP5 ensemble. Finally,
in this paper we discussed only ensemble averaged results, but a relatively large inter-model
spread of results was found, both across GCMs and across RegCM4 physics configurations.
Other papers in this special issue analyze in detail inter-model differences of response over the
different domains.

Comparison of GCM vs. RegCM4 results showed that the changes produced by the GCMs
were generally of larger magnitude than those produced by the RegCM4. This is at least
partially because of the relatively lower surface warming exhibited by the regional model,
especially when using the CLM land surface scheme. In order to increase the robustenn of our
projections, we plan to continue to populate the CREMA ensemble with further CORDEX
simulations and to make available the results from these simulations for eventual use in impact
assessment studies.
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