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Abstract The most severe effects of global warning will
be related to the frequency and severity of extreme events.
We provide an analysis of projections of temperature and
related extreme events for Africa based on a large ensem-
ble of Regional Climate Models from the COordinated
Regional climate Downscaling EXperiment (CORDEX).
Results are presented not only by means of widely used
indices but also with a recently developed Heat Wave Mag-
nitude Index-daily (HWMId), which takes into account
both heat wave duration and intensity. Results show that
under RCP8.5, warming of more than 3.5 °C is projected
in JEM over most of the continent, whereas in JAS tem-
peratures over large part of Northern Africa, the Sahara and
the Arabian peninsula are projected to increase up to 6 °C.
Large increase in in the number of warm days (Tx90p) is
found over sub equatorial Africa, with values up to more
than 90 % in JAS, and more than 80 % in JFM over e.g.,
the gulf of Guinea, Central African Republic, South Sudan
and Ethiopia. Changes in Tn90p (warm nights) are usually
larger, with some models projecting Tn90p reaching 95 %
starting from around 2060 even under RCP4.5 over the
Gulf of Guinea and the Sahel. Results also show that the
total length of heat spells projected to occur normally (i.e.
once every 2 years) under RCP8.5 may be longer than those
occurring once every 30 years under the lower emission
scenario. By employing the recently developed HWMId
index, it is possible to investigate the relationship between
heat wave length ad intensity; in particular it is shown that
very intense heat waves such as that occurring over the
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Horn of Africa may have values of HWMId larger than that
of longer, but relatively weak, heat waves over West Africa.
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1 Introduction

It is well known that the most severe effects of global
warming will be related not only to a change in the mean
climate, but especially to an increase in frequency and
intensity of extreme events, such as floods, droughts and
heat waves. Africa is one of the most vulnerable regions to
weather and climate variability (IPCC 2007); for instance,
in 2002 north-eastern Nigeria suffered one of the hottest
and driest spells in living memory, with recorded tempera-
tures above 50 °C and dozens of people dying as a results of
the heat wave (http://news.bbc.co.uk/2/hi/africa/2038164.
stm).

Although the IPCC Special Report on Managing the
Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation (IPCC 2012) claimed a low to medium
confidence in the observed change of maximum temperature
and heat waves frequency in Africa, mainly due to insuffi-
cient evidence and lack of literature, some works by Alex-
ander et al. (2006) and New et al. (2006) reported a signifi-
cant increase, at regional level, in the temperatures of both
warmest and coldest days, and in the duration and frequency
of warm spells especially in South and West Africa. More
recently, Donat et al. (2013) presented a global analysis
of climate extreme indices based on station data since the
beginning of the twentieth century: although the station den-
sity over Africa is very scarce, significant trends in the num-
ber of warm days and nights and duration of warm spells are
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reported for e.g. South Africa. Based on the same dataset and
reanalysis data, a comprehensive analysis of climate extreme
indices simulated by Global Circulation Models (GCMs)
was reported by Sillmann et al. (2013a). On the basis of
reanalysis dataset for the period 1979-2011, Fontaine et al.
(2013) reported an increased occurrence of hot days and heat
waves in Northern Africa, associated to specific atmospheric
anomalies over Morocco and the Western Sahara.

Under global warming, the occurrence and intensity of
extreme events, defined by IPCC (2012) as a value of a
weather or climate variable above or below a threshold value
near the upper or lower ends of the range of observed val-
ues, are expected to change, as reported by e.g. Tebaldi et al.
(2006), Russo and Sterl (2011), Orlowsky and Seneviratne
(2011), and Sillmann et al. (2013b). However, due to their low
spatial resolution, GCMs are not able to resolve small-scale
processes that are influenced by e.g. topographical details,
coastlines, and land-surface heterogeneities. When using
Regional Climate Models (RCMs) to dynamically down-
scale the projections of the global models, the GCMs’ simu-
lation skills are not always improved, especially for the gen-
eral characteristics of the mean climatology; however added
value is found especially in the fine scales and in the ability of
RCM to simulate extreme events (e.g. Kim et al. 2002; Diallo
et al. 2012; Paeth and Mannig 2012; Diaconescu and Laprise
2013; Crétat et al. 2013; Haensler et al. 2013; Laprise et al.
2013; Lee and Hong 2013; Lee et al. 2013; Buontempo et al.
2014; Giorgi et al. 2014; Dosio et al. 2015).

Studies based on RCMs specifically investigating tem-
perature extreme events in Africa are relatively scarce,
and usually focused only on specific regions: Lyon (2009)
investigated the relationship between heat waves and
droughts in South Africa, Nandozi et al. (2012) studied
the projected increase in temperature over Uganda, Justino
et al. (2013) analyzed the relationship between projected
maximum temperature, precipitation and fire risk, and
James et al. (2013) focused on the implication of climate
change of central Africa rain forest.

In order to foster international collaboration to generate
an ensemble of high-resolution historical and future climate
projections, the World Climate Research Programme COR-
DEX (COordinated Regional climate Downscaling EXperi-
ment) (Giorgi et al. 2009) selected Africa as the first target
region of study. Many works have since then focused on the
analysis of present day climatology (e.g. Nikulin et al. 2012;
Endris et al. 2013; Kalognomou et al. 2013; Kim et al. 2014;
Kridhenmann et al. 2013; Gbobaniyi et al. 2014; Dosio et al.
2015) and future projections (Laprise et al. 2013; Teichmann
et al. 2013; Giorgi et al. 2014; Buontempo et al. 2014; Mar-
iotti et al. 2014; Dosio and Panitz 2015; Pinto et al. 2015;
Diallo et al. 2016). However, all these studies focused mainly
on precipitation and mean temperature, and only Giorgi et al.

@ Springer

(2014) provided explicit projections of heat waves duration,
although based on the results of a single RCM.

Here, for the first time to our knowledge, we provide an
analysis of projections of temperature and related extreme
events for Africa based on the results of a large ensemble
of CORDEX RCMs. Since large uncertainty exists in the
projected climate extremes (e.g. Perkins 2011) we particu-
larly focus on the discrepancies between models’ results. In
addition, statistics for the heat waves are presented in terms
of a recently developed Heat Wave Magnitude Index-daily
(HWMId) (Russo et al. 2014, 2015), specifically designed
to take into account both heat wave duration and intensity,
thus enabling the quantification of the magnitude of heat
waves across different time periods and regions.

The paper is structured as follows: Sect. 2 describes the
data and the HWMId index; in Sect. 3 results are shown
and discussed; concluding remarks are presented in Sect. 4.

2 Data and methods
2.1 Models’ simulations

Modelled daily temperature data were obtained from
the RCMs participating to the CORDEX activity, listed
in Table 1. RCMs were used to downscale the results of
GCMs participating to the Coupled Model Intercompari-
son Project Phase 5 (CMIPS) (Taylor et al. 2012) over a
numerical domain covering the entire African continent
(Fig. 1) at a resolution of 0.44 °. Historical runs, forced by
observed natural and anthropogenic atmospheric composi-
tion, cover the period from 1950 until 2005, whereas the
projections (2006-2100) are forced by two Representative
Concentration Pathways (RCP) (Moss et al. 2010; Vuuren
et al. 2011), namely, RCP4.5 and RCPS.5.

Although results for CORDEX-Africa simulations from
several other RCMs have been recently published (e.g.
Haensler et al. 2013; Laprise et al. 2013; Buontempo et al.
2014; Giorgi et al. 2014), they are not, to our knowledge,
publicly available through the Earth System Grid Federation
(ESGF) server, and, consequently, they are not used in this
study.

The matrix of simulations is far from being exhaustive;
for instance only one RCM (SMHI-RCA4) was used to
downscale a large ensemble of GCMs, whereas two RCMs
(DMI-HIRHAMS and KNMI-RACMO?2) downscaled only
a single GCM. However, some qualitative analysis can be
performed on e.g. the effect of the large scale forcing ver-
sus regional processes (comparing the simulations of CLM-
com-CLCM48 and SMHI-RCA4 for the same four GCMs),
or the impact of using different RCMs when downscaling
the same GCM (ICHEC-EARTH).
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Datasets of observed daily temperature for Africa are
scarce, with large gaps in both spatial and temporal cover-
age (e.g. Donat et al. 2013); in order to take into account this
uncertainty, both the ERA-Interim reanalysis from the Euro-
pean Centre for Medium-Range Weather Forecasts (Dee
et al. 2011) and the NCEP-DOE Reanalysis-2 (NCEP-2)
(Kanamitsu et al. 2002) are used to evaluate models’ results
over the reference period (1981-2010). Both Sillmann et al.
(2013a) and Donat et al. (2014) compared indices of tem-
perature extremes from a range of gridded observations
and reanalyses; they found that on average ERA-Interim
performed closest to the observational datasets in regions
where sufficiently complete observations were available,
although local trends between different reanalyses may dif-
fer especially in areas where data are scarce.

2.2 Heat Wave Magnitude Index-daily (HWMId).

The definition of a heat wave is very broad, although it
generally refers to a period of consecutive days where con-
ditions are excessively hotter than normal (Perkins et al.
2012). Most of the widely used extreme temperature indi-
ces take into account only one single aspect (i.e., maxi-
mum temperature, duration, or frequency) during a defined
period, which is not necessarily part of a heat spell, as
pointed out by e.g., Perkins and Alexander (2013). Absolute
threshold based indices (when maximum temperatures is
e.g. 5 °C or more above the average for a reference period)
do not yield comparable results for different geographical
locations (Radinovié and Curi¢ 2012), and they are there-
fore of limited robustness (Alexander et al. 2006; Orlowsky
and Seneviratne 2011; Russo and Sterl 2011; Perkins and
Alexander 2013). Even percentile based indices such as the
Warm Spell Duration Index (WSDI), specifically defined
for detecting heat spells, considers only the duration of a
heat wave: as a result, two heat waves of the same length
are considered equally severe, even if all the days of one
have higher temperatures than the other (Russo et al. 2014).

Here we use the recently developed Heat Wave Magni-
tude Index-daily (HWMId) (Russo et al. 2015) designed to
take into account both heat wave duration and intensity. A
thorough description of the HWMId, including its calcula-
tion, evaluation and comparison to other temperature indi-
ces is provided in Russo et al. (2015); consequently, only a
synthetic description of its calculation is reported here.

The HWMId is defined as the maximum magnitude of
the heatwaves in a year, where a heatwave is defined as the
period of at least three consecutive days with maximum
temperature above the daily threshold for the reference
period. The threshold is defined as the 90-th percentile of
daily maximum temperature, centered on a 31-day window.
The magnitude of a heatwave is defined as the sum of the

daily magnitude M, of all the consecutive days composing
an heatwave, and it is calculated as follows:

T;—T30,
My(Tq) = { Tors—Tas 1 T 6]
0; T_d < T3oy25p

Here, T, is the daily maximum temperature, and T30y25p
and T30y75p are the 25-th and 75-th percentiles of the yearly
maximum temperatures over the reference period (1981—
2010). The interquantile range 730,75, — T30y25p defines the
heatwave daily magnitude unit: as a consequence, a daily
magnitude M, (T;) equal to n indicates that the temperature
anomaly on the day d with respect to T30y25 is n times the
climatological interquantile range (Russo et al. 2015).

3 Results

We first analyze present climate (1981-2010) seasonal cli-
matology of daily mean, maximum (Tx), and minimum
(Tn) temperature, and, subsequently, its future change
(2071-2100) under different RCPs. The evaluation of mod-
els’ results over present climate is performed not only for
the RCMs, but also for the corresponding driving GCMs,
in order to investigate whether downscaling is able to
add value to the performances of the global models. For
the model runs, the present climate period is defined by
combining the model results of the historical simulations
(1981-2005) with the first five years of the projection runs
(2006-2010) under RCP4.5 (results using the first five
years of the RCP8.5 runs are very similar).

Two percentile-based indices from the Expert Team
on Climate Change Detection and Indices (ETCCDI)
(e.g. Sillmann et al. 2013a) have been calculated, namely,
Tx90p (warm days) i.e., the percentage of days in a sea-
son with Tx higher than he reference (1981-2010) 90-th
percentile, and Tn90p (warm nights) i.e., the percentage of
days in a season with Tn higher than the reference 90-th
percentile.

In addition, the Warm Spell Duration Index (WSDI)
is calculated, defined as the total number of days per year
when, in intervals of at least three consecutive days, Tx is
higher than the calendar 90-th percentile of the reference
period. The three consecutive day threshold has been chosen
to be consistent (and comparable) with the definition of heat-
wave in the calculation of the HWMId index. In addition, as
the 90-th percentile is computed over the same period as that
used for the evaluation of the present-day heatwave statistics
(1981-2010), the choice of a longer heatwave threshold may
result in a very small number of events.

Some of the analysis is performed over sub-regions
defined as in the CORDEX protocol (see Fig. 1, and http://
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www.smhi.se/forskning/forskningsomraden/klimatforskn-
ing/1.11299) and used in previous single- and multi-model
evaluation studies over CORDEX-Africa (e.g Nikulin et al.
2012; Laprise et al. 2013). Following the same protocol,
seasonal statistics are calculated for boreal winter, defined
as January—February—-March (JFM), and summer (July—
August—September—IJAS). On the other hand, heat waves
indices are calculated on annual basis.

3.1 Temperature climatology

Figure 2 shows maps of models’ ensemble median and
median absolute deviation (MAD) of seasonal mean tem-
perature. Results for the reference period (1981-2010) are
compared with both ERA-Interim and NCEP-2 reanalyses.
Tabbed values are reported in Table 2.

The RCMs’ ability to reproduce present climate sur-
face temperature has been extensively assessed in the past,

Fig. 1 Model domain and

and it will not be repeated here extensively. However it is
worth noting that contrary to the ERA-interim driven RCM
simulations, where a large multi-RCM ensemble has been
evaluated, (Kim et al. 2014), for the GCM-downscaled
runs only single-RCM studies are available (Laprise et al.
2013; Teichmann et al. 2013; Buontempo et al. 2014; Cop-
pola et al. 2014; Dosio et al. 2015). An analysis of the
performances of the GCMs can be found in e.g. Sillmann
et al. (2013a) and Brands et al. (2013): RCMs’ results are
affected by the bias inherited through the lateral boundary
conditions, in addition to those introduced by the RCM by
means, for instance, of model errors and parameterizations.

Although differences up to nearly 2.5 °C exists amongst
ERA-Interim and NCEP-2, RCMs’ results are, in median,
colder than both reanalyses over the Sahel and the Atlas
Mountain in DJF, over EA especially in JAS and over South
Africa in both seasons (Table 2). On the other hand, RCMs
temperature is overestimated over central Africa especially

topography (m) of the COR-
DEX Africa simulations.
Also shown are the evaluation 40°N |-~
regions as defined in http://
www.smhi.se/forskning/for-
skningsomraden/klimatforskn-
ing/1.11299)
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Fig. 2 Maps of seasonal mean temperature for austral (JFEM) and
boreal (JAS) summer, shown as models’ ensemble median and
inter-model variability (MAD). First columns show data from ERA-
Interim and NCEP-2 reanalysis; second and third column shows
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GCMs and RCMs results for the reference climate (1981-2010)
respectively; fourth and fifth columns show RCMs’ projected climate
change signal (i.e. 2071-2100 minus reference period) under RCP4.5
and RCP8.5 scenarios, respectively
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«Fig.3 Time evolution of seasonal mean temperature anomaly for  in JAS. Comparing RCMs’ results to those of the driving

the evaluation regions. All RCMs runs are shown; for CLMcom- GCMs’ ones is not straightforward, as there are regions
CCLM-48 and SMHI-RCAA4 the various lines (with the same color) ’

correspond to runs with different forcing GCMs. The GCMs’ range where RCMS results’ are, in median, better tt.lan th? GCMs
(maximum and minimum) is also shown (black lines). Note that the ones (e.g. WA_N, WA_S and EH, especially in JAS),
selected season is dependent on the region analysed whereas the opposite is true especially over South Africa.

JFM ERA-INT RE JFM RCM MEDIAN REF
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Change (0 T
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Fig. 4 As Fig. 2 but for seasonal minimum temperature
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Table 1 Matrix of model
simulations used in this study

GCM RCM

CLMcom-CCLM48 DMI-HIRHAMS KNMI-RACMO2 SMHI-RCA4

ICHEC-EC-EARTH
MOHC-HadGEM2-ES

CNRM-CERFACS-CNRM-
CM5

MPI-M-MPI-ESM-LR
CCma-CanESM2
MIROC-MIRCO5
NCC-NorESM1-M
IPSL-IPSL-CM5SA-MR
NOAA-GFDL-GFDL-ESM2M

X X X

XXX XX

X

Four different RCMs (CLMcom-CCLM48, DMI-HIRHAMS, KNMI-RACMO?2, SMHI-RCA4) were used
to downscale the results of several GCMs participating to CMIP5. SMHI-RCA4 was used to downscale
nine different GCMs, and CLMcom-CCLM48 four GCMs

Table 2 Values of seasonal mean temperature for selected regions
over the present climate (1981-2010)

NCEP-2 ERA-Interim RCMs GCMs
AM JFM 11.12 12.69 10.37 (0.93) 11.18 (1.20)
JAS 28.25 30.62 28.94 (1.36) 28.27 (1.15)
WA_N JEM 26.11 27.22 25.27 (1.02) 25.06 (1.28)
JAS 25.48 25.80 25.68 (1.25) 26.25(1.07)
WA_S JEM  26.50 26.74 26.38 (0.89) 25.95(1.02)
JAS 23.35 23.93 23.85(0.90) 24.27 (0.68)
CA_NH JEM 24.50 25.40 25.59 (1.25) 24.64 (0.94)
JAS 22.61 23.04 23.86 (1.23) 23.81(0.91)
CA_SH JEM 23.18 22.71 23.15(0.89) 23.52(1.03)
JAS 2295 22.86 23.74 (1.33) 2391 (1.17)
EH JEM 22.10 22.39 22.14 (0.99) 22.05 (0.83)
JAS 20.77 20.68 2091 (1.67) 21.95 (1.28)
EA JEM  22.56 22.55 22.04 (0.79) 22.75(0.84)
JAS 20.79 21.04 19.02 (0.78) 20.37 (0.87)
SA_WN JEM 2401 24.88 22.60 (1.08) 24.22 (1.41)
JAS 1497 15.85 12.37 (0.99) 15.44 (1.47)
SA_WS JFM 22.29 23.48 22.47 (0.96) 24.16 (1.10)
JAS 13.14 13.56 10.44 (0.97) 13.18 (1.20)
SA_E JEM 24.45 24.81 22.65 (1.09) 23.34 (1.59)
JAS 14.98 15.57 12.71 (0.76) 14.77 (1.24)

Values are reported as ensemble median and MAD (in brackets) of
RCMs and GCMs. Values from ERA-Interim and NCEP-2 are also
reported. Units are degrees Celsius

Dosio et al. (2015) showed that RCMs are not always able
to improve the results of the driving GCMs, although when
CLMcom-CCLM48 results were compared to those of the
four driving GCMs, added value was found over the Sahara
and South Africa, both in JFM and JAS.

The most striking difference between the results of
global and regional models is the value of the inter-model
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variability (MAD), which shows generally lower values for
the RCMs, a part for the Democratic Republic of Congo,
where RCMs’ MAD can reach, locally, vales up to 3 °C.
This is in agreement with the results of Dosio and Panitz
(2015), who showed that CLMcom-CCLM48 present-day
mean temperature and daily ranges do not vary significantly
with the different boundary conditions (despite the GCM
values varying considerably), being on the contrary greatly
influenced by local processes such as the land atmosphere
interaction and feedback.

RCMs’ future projections under the RCP4.5 scenario
show,in median, a general temperature increase of around
2°C over the whole continent in JFM, whereas in JAS a
more pronounced warming (up to 3 °C) is found over north-
equatorial Africa and the Arabian peninsula. Under the
more severe RCP8.5 scenario, warming in JFM reaches
5°C over South Africa, Chad, Central African Republic and
South Sudan, whereas in JAS temperatures over large part
of Northern Africa, the Sahara and the Arabian peninsula
are projected to increase up to 6 °C. The inter model vari-
ability as expressed by the MAD is generally small for the
RCPA4.5 runs, whereas values of MAD up to 1 ° are found in
JFM over South Africa. In JAS larger uncertainty is found
especially over the Sahel, with values of MAD reaching
1.6°C.

In order to investigate further the impact of inter-model
variability on the projections, Fig. 3 shows the temporal
evolution of temperature anomaly (with respect to the ref-
erence period) for selected sub-regions shown in Fig. 1. We
first note the at the end of the Century, under RCP8.5, the
uncertainty range (i.e maximum minus minimum) in the
projected temperature anomalies can reach very large val-
ues, up to e.g. 3°C over SA_WN in JAS. The RCMs’ spread
is generally in good agreement with the GCM’s one, a part
for local exceptions such as SA_WN, where one of the
SMHI-RCAA4 runs lies outside the GCM’s range. In some
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cases, (EH, CA_SH, and SA_E) the downscaling reduces  to the two RCP scenarios may overlap, such as in WA_N in
the GCMs’ uncertainty in the projected warming of around  JAS, thus indicating that the uncertainty due to inter-model
1°C. Second we note that the ranges of anomalies related  variability can be as large as that related to the choice of

JFM ERA-INT REF JFM GCM MEDIAN REF JFM RCM MEDIAN REF

JFM RCM MEDIAN rcp45-REF JFM RCM MEDIAN rcp85-REF
~, 7 — o

P

30° N
Yy, “Fy

JFM RCM MAD rcp45- REF

[

JAS RCM MAD rcp45- REF

Tx(C) | | | |
32 35 38 41
Change (C) | | | |
3.5 4.0 4.5 5.0
MAD (C)

Fig. 5 As Fig. 2 but for seasonal maximum temperature
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«Fig. 6 Probability Distribution Function of daily maximum tem-
perature in JAS for CA_NH as modelled by the RCMs for the his-
torical (1981-2010; blue line) and future (2071-2100) climate under
RCP4.5 (green line) and RCP8.5 (red line) scenarios. The black line
is the PDF of maximum temperature from ERA-Interim reanalysis.
In each panel, the two lines of numbers indicate the observed (black),
historical (blue) and projected (green and red) values of the mean and
standard deviation, respectively. The vertical blue line represents the
modelled historical 90th percentile of Tx. Units are degrees Celsius

the emission scenario. Finally, there are areas where the
variability of projected anomalies strongly depends on the
RCM, such as in SA_E in JFM. This aspect is investigated
further by analyzing the results of each single GCM-RCM
run separately, for three of the most significant cases.

For AM in JFM (Table 3), it is clear that the choice of
RCM has a great influence on the projected temperature
change; for instance, the three overall coldest and warm-
est projections are those of CLMcom-CCLM48 and
SMHI-RCAA4, respectively. In addition, when downscal-
ing the same four GCMs, all CLMcom-CCLM48 anoma-
lies are smaller than the SMHI-RCA4 ones, although the
intra-model spread (§ = maximum — minimum) is very
similar, being 1.84 °C for CLMcom-CCLM48 and 1.86 °C
for SMHI-RCA4. For only one GCM (ICHEC-EARTH)
downscaled results are available for all RCMs: in this case
KNMI-RACMO2 shows the largest warming (3.87°C).
Considering that, in the case of SMHI-RCAA4, all the warm-
est runs (except for the MOHC-HadGEM?2-ESM) are those
corresponding to GCMs that have not been downscaled
by the other RCMs, one can only speculate whether, for
instance, KNMI-RACMO?2 would project the largest warm-
ing if it was used with more GCMs.

For CA_SH in JAS (Table 4), CLMcom-CCLM48
and SMHI-RCA4 give relatively close results, when
the same GCMs are downscaled, with similar values of
both mean and Delta. On the contrary, both DMI-HIR-
HAM45 and KNMI-RACMO?2 project a smaller tem-
perature increase than either CLMcom-CCLM48 or
SMHI-RCA4: again, it would be interesting to investi-
gate how much the inter-model variability would increase
if these RCMs were used to downscale, for instance, the
GCM that shows the smallest regional warming, namely
CNRM-CERFACS-CNRM-CMS5.

As last example, we investigate the projected tem-
perature increase over SA_E in JAS (Table 5). In this
case, SMHI-RCA4 shows both the largest and the small-
est values, being 2.97 and 5.98 °C, respectively, but these
results correspond to GCMs that have not been down-
scaled by other RCMs. When the same GCMs are com-
pared, SMHI-RCA4 is systematically less warm than

CLMcom-CCLM48; not only the mean value for SMHI-
RCA4 (4.02 °C) is smaller than that of CLMcom-CCLM48
(5.17°C), but so is the value of the intra-model spread
(0.91 °C compared to 1.34 °C), showing that SMHI-RCA4
in this case is less sensitive than CLMcom-CCLM48 to
forcing boundary conditions.

Figures 4 and 5 show maps of the ensemble median and
MAD of seasonal minimum (Tn) and maximum (Tx) tem-
perature, respectively. RCMs’ results are generally simi-
lar to the GCMs’ ones, and closer to ERA-Interim than
NCEP-2. However, Tx is generally overestimated over
central Africa, compared to ERA-Interim, both in JFM
and JAS, as for mean temperature (Fig. 2). RCMs’ inter-
model variability is usually smaller than for the GCMs;
however, MAD for Tx is greater than 3 °C over central
Africa and part of the Sahara in JFM, and over most of
north-equatorial Africa up to around 20°N in JAS. On
the contrary, RCMs’ MAD for Tn shows relatively small
values (less than 1.6°C) in JFM but larger values over
the Sahara, Northern Africa and the Arabian peninsula in
JAS. Kim et al. (2014) also noted a large variability in the
performances of the (ERA-interim) driven RCM simula-
tions, with the skill of individual RCMs varying depend-
ing on the variable. Kridhenmann et al. (2013) performed
a detailed analysis of the performance of CLMcom-
CCLM48 driven by ERA-Interim in simulating statistics of
daily Tx and Tn: they found a considerable overestimation
of the diurnal temperature range over the tropics due to a
large warm bias in Tx, but a general underestimation of the
diurnal range over the Sahara; these biases are claimed to
be related to uncertainty in the cloud cover parameteriza-
tion and soil thermal conductivity.

Maximum temperature is projected to increase by the
RCMs, in general, similarly to the mean temperature,
although some differences exist over the Sahel in JAS for
both the ensemble median increase and the MAD (com-
pare Figs. 2 and 5). Larger discrepancies are evident for
Tn, especially under RCP8.5, with the projected warming
being larger than that of mean temperature over north tropi-
cal Africa in JEM and over the Sahara, the Arabian penin-
sula and central Africa in JAS.

3.2 Probability Distribution function and Indices
of extreme events

As the future occurrence of extreme events is related to both
the shift in the mean and the change in the variability, it is
important to investigate how climate models reproduce not
only the temperature probability distribution function (PDF)
in present climate condition, but also its change under
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Fig. 7 As Fig. 6 but for SA_E in JFM
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«Fig. 11 Maps of Warm Spell Duration Index over the reference
period (in days/year). Results are presented as temporal maximum
(first and second rows) and median (p50, third and fourth rows) of
WSDI annual values over the period 1981-2010. First column shows
ERA-Interim and NCEP-2 results; GCMs and RCMs results are
shown in the second and third column, respectively. Model results are
shown as ensemble median ad MAD

climate change. For instance, Lustenberger et al. (2014)
found a significant change in the upper and lower ends of
the PDF of Tx and Tn over large areas of Europe, which
results in an asymmetry between changes in the cold and
warm extremes. Here we analyze two of the most significant
examples, namely, CA_NH in JAS and SA_E in JFM.

Figure 6 shows, for each RCM, the PDF of daily Tx
over CA_NH in JAS for the reference period (1981-2010)
as well as at the end of the century (2071-2100) under
RCP4.5 and RCPS8.5, respectively. Here, PDFs are calcu-
lated simply as normalized frequency histograms of daily
temperature values.

RCMs simulate present-day PDFs in a very heteroge-
neous way: for instance, CLMcom-CCLM48 and KNMI-
RACMO?2 reproduce the PDF calculated from ERA-Interim
reanalysis rather satisfactorily, both for the mean and the
standard deviation (which is a measure of the PDF width)
close to those of ERA-Interim; DMI-HIRHAMS repro-
duces the PDF width quite accurately, but sensibly over-
estimates its position (mean value); SMHI-RCA4 on the
other hand misrepresents both the position and the width
of the PDF for nearly all the GCM-driven runs, resulting in
an overestimation of both the mean Tx value and its daily
variability.

On the contrary, the future evolution of the Tx PDF is
more influenced by the driving GCM: for instance all the
four ICHEC-EARTH driven RCMs show only a slight
increase in the PDF width, whereas both SMHI-RCA4
and CLMcom-CCLM48 project a larger increase in Tx
variability when driven by MPI-ESM-LR. Also CLMcom-
CCLM48 driven by CNRM-CMS5, and SMHI-RCA4 driven
by either MIROCS5 or NorSMEL1 show a large increase in
the PDF standard deviation. As shown by e.g. Schir et al.
(2004) increase in variability in response to greenhouse-
gas forcing would strongly affect the incidence of extreme
events such as heat waves; this is true especially in tropical
regions, where the present day variability is small, and it
will be investigated later on.

In extra-tropic regions such as South Africa, present day
observed daily Tx variability is larger, as shown in Fig. 7,
with a value of the PDF standard deviation (2.6 °C) more
than twice that of CA_NH (1.13 °C). RCMs tend in general
to slightly underestimate mean Tx, especially all the runs
driven by ICHEC-EARTH. The width of the PDF is usually
too narrow, especially for DMI-HIRHAMS and KNMI-
RACMO?2, whereas CLMcom-CCLM48 tends to simulate

a larger daily variability, especially when driven by MPI-
ESM-LR and CNRM-CMS. At the end of the century the
PDF width has not changed significantly, especially for all
SMHI-RCA4 runs and DMI-HIRHAMS, whereas CLM-
com-CCLM48 (driven by ICHEC-EARTH and HadGEM2-
ES) and KNMI-RACMO?2 project a larger increase in vari-
ability. If the variability does not increase significantly, the
frequency of extreme events is mostly related to the change
of the mean Tx value.

Figure 8 shows the seasonal ensemble median and MAD
of Tx90p (warm days) and Tn90p (warm nights) at the end
of the century. As mentioned, these indices are defined as
the percentage of days where Tx (Tn) is above the calen-
dar day 90th percentile. As pointed out by Sillmann et al.
(2013a), percentile based indices represent exceedance
rates (in %) relative to the reference period (1981-2010),
during which the average value of the index is 10 % by
definition. The largest increase in Tx90p is found for both
RCPs over sub equatorial Africa (Democratic Republic of
Congo, Angola and Zambia), with values up to more than
90 % in JAS, whereas in JEM values of more than 80 %
are found over the gulf of Guinea, Central African Repub-
lic, South Sudan and Ethiopia. Large variation in the sea-
sonal Tx90p value are found over the Sahara, with JAS val-
ues nearly twice the JFM ones, whereas values over South
Africa are more season independent, with an increase gen-
erally between 50 and 70 %.

Changes in Tn90p are usually larger than those of
Tx90p, as already noted by e.g. Sillmann et al. (2013b); in
particular, a large fraction of sub-equatorial Africa in JFM
and the tropics in JAS show values of Tn90p larger than
90 %. In fact, in regions characterized by a small day to
day variability (small values of the PDF standard deviation,
see Fig. 6) relatively small changes in the mean tempera-
ture may produce large variations in the excendance values.

The temporal evolution of seasonal Tx90p is shown in
Fig. 9 for selected areas. Large increase in the percentage
of warm days is projected in all regions, although large dif-
ferences exist amongst models. For instance, in WA_S in
JFM SMHI-RCA4 driven by either CCma-CanESM2 or
IPSL-CMS5A projects Tx90p exceeding 80 % around 2050
(under RCP8.5), whereas CLMcom-CCLM48 driven by
CNRM-CMS5 projects an average exceedance of 67.2 %
at the end of the century (2071-2100). Similarly, under
RCP4.5 the largest Tx90p value (82.17 % for SMHI-
RCAA4 driven by IPSL-CMS5A) is nearly twice the value of
the smallest one (42.63 %, CLMcom-CCLM48 driven by
CNRM-CMYS). This contrasting behaviour can be further
interpreted, for CA_NH in JAS and SA_E in JFM, by ana-
lyzing the PDF of Tx shown previously in Figs. 6 and 7,
respectively. In SA_E two RCMs (DMI-HIRHAMS and
SMHI-RCA4 driven IPSL-CM5A) stand clearly out pro-
jecting the largest values of exceedance, being 73.07 and
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«Fig. 12 Maps of Warm Spell Duration Index (in days/year) at the end
of the century (2071-2100), under RCP4.5 and RCP8.5 as projected
by the RCMs. Results are presented as temporal median (first and
second rows) and maximum (third and fourth rows) of WSDI annual
values over the period 2071-2100, thus corresponding to heat waves
occurring every 2 and 30 years, respectively. The middle column
shows the 50th percentile (median) of the RCMs’ ensemble. Model
uncertainty is shown as the 25th and 75th percentile (left and right
column, respectively)

72.00 %, respectively, against the ensemble mean value of
53.83 %. The PDFs and their future evolution simulated
by these models are however very different; SMHI-RCA4
simulates a PDF that is relatively wide (the standard devia-
tion being 2.18 °C), similarly to the observed one, but it
projects the largest increase in mean Tx, namely 5.8 °C.
On the contrary, DMI-HIRHAMS shows a smaller increase
in mean Tx (3.9°C) but, as the PDF is relatively narrow
(the standard deviation being 1.69 °C), a large fraction of
it exceeds the 90th historical percentile. The shape of the
PDF is here crucial, as a similar or even higher increase of
mean Tx (4.2 °C) on a PDF that is very wide produces only
a 40.92 % value of exceedance at the end of the century.
(CLMcom-CCLM48 driven by CNRM-CM5).

Similarly, for CA_NH in JAS, the smallest values of
exceedance are associated with the smallest increase in
mean Tx (between 3.0°C and 3.4°C), by SMHI-RCA4
driven by MIROC5, NCC-NorESM1 and CNRM-CMS5.
However, it is important to note that the historical PDF
simulated by SMHI-RCA4 is largely wider than the ERA-
Interim one. In cases where the PDF is narrower, simi-
lar increase in mean Tx (3.2°C) leads to larger values of
exceedance (78.19 % for KNMI-RACMO?2), and to even
larger values (85.75 %) when Tx increase reaches 4.4 °C
(CLMcom-CCLM48 driven by ICHEC-EARTH).

Finally we note that the uncertainty in the RCMs’
Tx90p projections is generally similar to the GCMs’ one,
with few notably exceptions, such as WA_S and CA_SH
(under RCP4.5) and, especially, CA_NH. Here, in fact,
three of the nine GCMs project an increase of TX90p
larger than all RCMs, with IPSL-CM5A-MR standing
clearly out projecting a value of exceedance larger than
80 % starting from 2035. It is difficult to infer the cause
of this difference, as this GCM was downscaled only by
SMHI-RCAA4; given the large numerical domain used by
the RCMs, it is however possible that over regions such
as central Africa, away from the domain boundaries, local
process and parameterizations (e.g. that for the soil) play
a crucial role. For instance, Dosio and Panitz (2015) show
that over central Africa the signal of projected precipita-
tion for CLMcom-CCLMA48 is the opposite of that of the
driving GCMs.

Changes in the exceedance of warm nights (Tn90p) are
mostly larger than those of Tx90p, as shown in Fig. 10. In

particular, a large number of regions show values of Tn90p
higher than 90 % at the end of the century, under RCP8.5
(WA_N, WA_S, CA_NH and EH in JAS, CA_SH, and EA
in JFM), with some cases where all the RCMs project a
nearly 100 % exceedance (99.54 % on ensemble average
for WAS_S, and 97.90 % for CA_NH, in JAS). It is note-
worthy that for the Gulf of Guinea (WA_S) and the Sahel
(WA_N) in JAS, SMHI-RCA4 driven by HadGEM2-ES
projects Tn90p reaching 95 % starting from around 2060
even under RCP4.5. Under this lower emission scenario,
inter model variability is especially large, with values
ranging for e.g., CA_SH in JFM, between 60.0 % (SMHI-
RCA4 driven by CNRM-CMS5) and 92.90 % (CLMcom-
CCLM48 driven by HadGEM2-ES). The RCMs’ uncer-
tainty is generally as large as that of the driving GCMs, a
part from WA_S, EH and EA (under RCP4.5) where it is
reduced up to nearly 15 %.

3.3 Warm Spell Duration Index and Heat Waves
Magnitude Index-daily

We first evaluate the ability of climate models to repro-
duce the main characteristics of heat waves over the refer-
ence period. Figure 11 shows the temporal maximum and
median of WSDI annual values over the period 1981-2010.
Large uncertainties exist between the WSDI maximum cal-
culated from the reanalyses; for instance, over the Shara,
NCEP-2 shows larger values than AER-Interim, whereas
the contrary is true over the Horn of Africa, Cameroon,
Nigeria, Central African republic ad Angola. Both GCMs
and RCMs show generally similar results, usually underes-
timating WSDI maximum over the Sahara (although RCMs
results compare better to the reanalysis). Local differences
are visible also e.g. over northern Mozambique, where
GCMs overestimate WSDI maximum and RCMs underes-
timate it.

ERA-Interim shows values of median WSDI larger than
NCEP-2, a part from Central Africa.GCMs and RCMs
results are generally similar and closer to ERA-Interim than
NCEP-2; regional models perform slightly better locally
over Niger, Chad, Somalia, Namibia and south Africa.
Finally, inter-model variability is very similar between
GCMs and RCMs.

Figure 12 shows maps of WSDI as modelled by RCMs
at the end of the century. Here, the median and maximum
of the yearly WSDI can be regarded as WSDI values pro-
jected to occur every two and 30 years, respectively.

The RCMs’ ensemble median shows a large fraction of
Africa facing, once every 2 years, heat waves with WSDI
values longer than four (under RCP4.5) and six months
(under RCP8.5). Under the most severe emission scenario,
some models (75-th percentile of the RCM ensemble) pro-
ject that the gulf of Guinea, Central Africa and the Horn of
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Table 3 Climate change signal (under RCP8.5) of seasonal mean temperature for AM in JFM (averaged over land points only)

GCM /RCM CLMcom-CCLM48 DMI-HIRHAMS KNMI-RACMO2 SMHI-RCA4 Mean d
ICHEC-EC-EARTH 2.86 3.05 3.87 3.51 332 1.01
MOHC-HadGEM2-ES 4.28 5.08 4.68 0.80
CNRM-CERFACS-CNRM-CM5 2.45 3.23 2.84 0.78
MPI-M-MPI-ESM-LR 2.97 391 3.44 0.94
CCma-CanESM2 4.19 4.19
MIROC-MIRCO5 4.86 4.86
NCC-NorESM1-M 3.25 3.25
IPSL-IPSL-CM5A-MR 4.95 4.95
NOAA-GFDL-GFDL-ESM2M 3.19 3.19

Mean 3.14 3.05 2.87 4.02 (3.93) 3.71

d 1.84 1.90 (1.86) 2.63

All GCM-RCM runs are grouped according to the downscaling RCM (column) and driving GCM (row); for each group also reported are the
average and the intra-model spread (3, i.e. maximum-minimum). For SMHI-RCA4 the values of the mean and spread of the runs driven by the
same 4 GCMs as CLMcom-CLM48 are reported in bracket. Bold values are the entire ensemble mean and spread. Units are in degrees Celsius

Table 4 As 3 for CA_SH in JAS

GCM RCM CLMcom-CCLM48 DMI-HIRHAMS KNMI-RACMO2 SMHI-RCA4 Mean d
ICHEC-EC-EARTH 4.14 3.58 3.66 4.42 3.95 0.83
MOHC-HadGEM2-ES 5.25 5.15 5.20 0.11
CNRM-CERFACS-CNRM-CM5 3.81 3.57 3.69 0.23
MPI-M-MPI-ESM-LR 5.62 5.00 5.31 0.62
CCma-CanESM2 4.90 4.90
MIROC-MIRCOS5 4.40 4.40
NCC-NorESM1-M 3.66 3.66
IPSL-IPSL-CM5A-MR 5.51 5.51
NOAA-GFDL-GFDL-ESM2M 4.07 4.07

Mean 4.70 3.58 3.66 4.52 (4.54) 445

d 1.81 1.94 (1.57) 2.04
Bold values are the entire ensemble mean and spread

Table 5 As 3 for SA_E in JAS

GCM RCM CLMcom-CCLM48 DMI-HIRHAMS KNMI-RACMO2 SMHI-RCA4 Mean d
ICHEC-EC-EARTH 542 4.35 3.69 3.72 4.30 1.73
MOHC-HadGEM2-ES 5.31 4.44 4.88 0.87
CNRM-CERFACS-CNRM-CM5 4.30 3.53 391 0.76
MPI-M-MPI-ESM-LR 5.64 4.38 5.01 1.25
CCma-CanESM2 4.57 4.57
MIROC-MIRCOS5 3.66 3.66
NCC-NorESM1-M 2.97 2.97
IPSL-IPSL-CM5A-MR 5.98 5.98
NOAA-GFDL-GFDL-ESM2M 3.19 3.19

Mean 5.17 4.35 3.69 4.05 (4.02) 4.34

d 1.34 3.01 (0.91) 3.01

Bold values are the entire ensemble mean and spread
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Fig. 13
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Africa will be affected, once every 2 years, by warm spells
with a total length of more than 300 days.

It is interesting to note, that WSDI maximum under
RCP4.5 is generally lower than the WSDI median under
RCP8.5, meaning that under the most extreme emission
scenario, the total length of heat spells that will occur nor-
mally (i.e. once every 2 years) will be longer than those
occurring once every 30 years under the lower emission
scenario.

In order to analyze more thoroughly the characteristics
of the heat waves, Fig. 13 shows, similarly to Fig. 12, the
temporal median and maxima of the length of the single
longest warm spell (indicated as WSDI_M). The RCM’s
ensemble median shows that under RCP8.5 the gulf of
Guinea, the Horn of Africa, the Arabian peninsula, Angola
and the Democratic Republic of Congo are projected to
face, every 2 years, heat waves of length between 60 and
120 days. Once every 30 years heat waves are projected to
be longer than 180 days over part of central Africa and the
Arabian peninsula.

POINT ( 41.E, 7.0N)
315 [T LI LR T

310 F

305 F ! 1\
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Fig. 15 Time evolution of Tx, for one RCM (KNMI-RACMO?2),
in 2098 under RCP8.5 for a single grid point in the Horn of Africa
(41°E,7°N), the gulf of Guinea (—5.1°E,7°N) and central Africa
(19°E, —10°N). The calendar 90-th percentile of Tx in the reference
period is also shown (thin red line): by definition, a heat wave occurs
when Tx is above the 90-th percentile for at least 3 consecutive days

It is interesting to note that over the gulf of Guinea the
WSDI_M median and maxima under RCP8.5 have simi-
lar values (whereas for instance over Angola and the Ara-
bian peninsula WSDI_M maximum is twice the median
value). This means that this region will not be affected
by extremely long heat waves, but they may be relatively
frequent, causing the WSDI value to reach, once every 30
years, very high values (more than 300, see Fig. 12).

As explained, WSDI (or WSDI_M) is a measure of the
length of the warm spell, but it does not take into account
its intensity; as a result, two warm spells of the same length
but with different values of Tx, will have the same value of
WSDI (Russo et al. 2014).

On the contrary, HWMId is designed to take into account
both the length and intensity of the heat wave, and, in addi-
tion, its value is weighted with respect to the climatologi-
cal maximum temperature interquantile range. Results for
HWMId are shown in Fig. 14. By comparing the results for
HWMId and WSDI, some similarities can be noted, along
with some striking differences. In particular, we first note

POINT ( -5.1E, 7.0N)
315 [T T T T

0 100 200 300
Day of the year

(shown as thick red line). Also shown in the picture are T30y25, and
T30y75p »i-€., the 25-th and 75-th percentiles of the yearly maximum
temperatures over the reference period (horizontal black lines). By
definition, only the days when daily maximum temperature is higher
than 73,25, contribute to the value of HWMId (see Eq. 1)
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that, at the end of the century, HWMId reaches the highest
values, in median, over central Africa, the Horn of Africa,
and the Arabian peninsula, under either RCP. This is con-
sistent with the results of WSDI (and WSDI_M) over these
regions affected by very long heat spells. We also note that,
similarly to WSDI, the median value of HWMId under
RCP8.5 is larger than the maximum value under RCP4.5,
meaning that under the most severe emission scenario heat
waves may be not only longer, but also more intense.

The largest discrepancy between WSDI and HWMId maps
is shown over the gulf of Guinea where, in median, HWMId
has a relatively smaller value, compared to e.g. the horn of
Africa, despite the fact that both WSDI and WSDI_M have
similar values over these two regions, i.e. the length of the
heat waves are comparable, but intensities differ.

It is important to understand that WSDI (WSDI_M)
and HWMId give different but complementary informa-
tion on the nature of heat waves; in particular the value
of HWMId it is indeed proportional to the heat wave
length, but it also depends, crucially, on the temperature
anomaly with respect the climatological 25-th percentile,
as explained. As a result, it is possible that relatively short
but intense heat waves (i.e. with very high values of Tx)
may have values of HWMId larger than long but ‘weak’
warm spells. In order to better investigate the origin of
the difference between the two indices, Fig. 15 shows, as
an example, the yearly evolution of Tx, for one RCM, in
2098 (under RCP8.5) for a single grid point in the Horn
of Africa (41°E,7°N), the gulf of Guinea (-5.1°E,7°N)
and central Africa (19°E, —10°N). The calendar 90-th
percentile of Tx in the reference period is also shown: by
definition, a heat wave occurs when Tx is above the 90-th
percentile for at least 3 consecutive days (shown as thick
red line). In addition, only the days when daily maximum
temperature is higher than T3y25, contribute to the value
of HWMId (see Eq. 1); from Fig. 15 we note that over
the Horn of Africa, the relatively ’short’ heat wave occur-
ring in April and May (WSDI_M = 63) produces a very
high value of HWMId (HWMId = 171) due to the large
Tx anomaly with respect to T30py75p. On the contrary, over
the gulf of Guinea, the longest heat wave (WSDI_M =
86) does not contribute to HWMId, whose relatively small
value (HWMId = 24.5) is due to the short heat wave
occurring in March. Finally, over central Africa, HWMId
reaches very high values due to a combination of very
long and intense heat waves.

4 Summary and concluding remarks
In this work we have analyzed the projections of tem-

perature and related extreme events for Africa based on
the results of a large ensemble of CORDEX RCMs. In
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particular, we have investigated not only the seasonal cli-
matology of mean, minimum and maximum temperature,
but also percentile based indices of extreme events, namely
Tx90p and Tn90p, and we have related them to the tem-
perature probability distribution function, both in the pre-
sent and future climate. Finally, projections of heat waves
occurrences were analyzed by means of two different indi-
ces, the widely used Warm Spell Duration Index, which
takes into account only the length of a warm spell, and a
recently developed Heat Wave Magnitude Index-daily that
takes into account also its intensity.

Future projections under the RCP4.5 scenario show a
general increase of mean temperature of around 2 °C over
the whole continent in JFM, whereas in JAS warming up to
3°C is found over north-equatorial Africa and the Arabian
peninsula. Under the more severe RCP8.5 scenario warm-
ing in JFM reaches 5 °C over South Africa, Chad, Central
African Republic and South Sudan, whereas in JAS tem-
peratures over large part of Northern Africa, the Sahara and
the Arabian peninsula are projected to increase up to 6 °C.
However, model results can differ greatly, with values of
the median absolute deviation reaching 1.6 °C.

RCMs simulate present climate temperature PDF het-
erogeneously; depending on the season and region, some
RCMs show a PDF similar to that calculated with ERA-
Interim, whereas other misrepresent its position or width,
and, in some cases, both. However, the future evolution of
the PDF is also strongly influenced by the driving GCM.

Concerning extreme events indices, the largest increase
in the number of warm days (Tx90p) is found for both
RCPs over sub equatorial Africa, with exceedance rates
projected to reach up to more than 90 % in JAS, and more
than 80 % in JFM over the gulf of Guinea, Central Afri-
can Republic, South Sudan and Ethiopia. Values over South
Africa are more season independent, with an increase gen-
erally between 50 and 70 %.

Changes in the number of warm nights (Tn90p) are usu-
ally larger than those of Tx90p; in particular, a large frac-
tion of sub-equatorial Africa in JFM and the tropics in JAS
show, at the end of the century, values of Tn90p larger than
90 %. In fact, in regions characterized by a small day to
day variability relatively small changes in the mean tem-
perature may produce large variations in the excendance
values. It is noteworthy that for the Gulf of Guinea and the
Sahel in JAS, SMHI-RCA4 driven by HadGEM2-ES pro-
jects Tn90p reaching 95 % starting from around 2060 even
under RCP4.5, although under this lower emission sce-
nario, inter model variability is especially large.

The impact of an heat wave is related not only to its
length (and frequency), but also to its intensity. RCM’s
results show that under RCP8.5 the gulf of Guinea, the
Horn of Africa, the Arabian peninsula, Angola and the
Democratic Republic of Congo are expected to face, every
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2 years, heat waves of length between 60 and 120 days.
Once every 30 years heat waves are projected to be longer
than 180 days over part of central Africa and the Arabian
peninsula. In addition, it was shown that the total length of
heat spells projected to occur normally (i.e. once every 2
years) under RCP8.5 may be longer than those occurring
once every 30 years under the lower emission scenario.

By employing the recently developed HWMId index, it
was possible to investigate the relationship between heat
wave length ad intensity; in particular it was shown that
very intense heat waves such as that occurring over the
Horn of Africa may have values of HWMId larger than that
of even longer, but relatively weak, heat waves over West
Africa; as such WSDI and HWMI give different but com-
plementary information on the nature of heat waves.

Finally, it is worth remembering that although this work
is based on a relatively large ensemble of RCMs’ results, the
GCM-RCM matrix is far from being complete, with only
one RCM downscaling a large number of GCMs (8). As it
was shown that results may depend strongly on the RCM,
subsequently, the uncertainty on the results due to inter-
model variability may increase if more runs were added to
the matrix. This would be essential in order to identify and
quantify the many sources of uncertainty that still remain.
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