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1 Introduction
The objective of this report is to visualize the impacts of 2 degree warming on a range of
important sectors. Climate change will have impacts on the water, energy and tourism sector.
In addition changes of hydrological extremes and sea level rise will affect coastal and inland
floods. Many previous climate change analyses have been done for Europe. However these
results here often hard to compare due to differences in emission scenarios and climate
models used. Here we present an analyses with consistent use of climate forcing data for the
impact analyses of the different sectors.

2 Water
Within IMPACT2C we made an assessment of the water cycle in Europe under two degrees
global warming. This was done by carrying out a large number of simulations with
hydrological models. In total, an ensemble of 55 simulations was made by forcing 5
hydrological models (E-HYPE, Lisflood, LPJmL, VIC and WBM) with the bias-corrected
output produced by 11 climate model simulations, the climate model output consisting of
variables like precipitation, 2 meter temperature and surface radiative fluxes. All runs were
transient, roughly for the period 1950-2100 but the precise beginning and end years differing
slightly between the climate model simulations.
For each transient simulation two periods were selected, namely the 30-year period around the
year of two-degree global warming (determined by an analysis of the Global Climate Model
simulation) and the so-called baseline period (1971-2000) (Table 2.1). For both periods
statistics, like the period mean, of relevant hydrological variables were computed. The
difference of the various statistics between the two periods was then used for further analysis.
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Table 2.1: Period of 2 degree warming selected for each of the GCM-RCM-RCP
combinations.
RCM
Driving GCM
RCP
+2°C period
CSC-REMO2009
MPI-ESM-LR
8.5
2026-2055
4.5
2035- 2064
2.6
2071-2100
SMHI-RCA4
HadGEM2-ES
8.5
2026-2055
4.5
2035- 2064
SMHI-RCA4
EC-EARTH
8.5
2026-2055
4.5
2035- 2064
2.6
2071-2100
KNMI-RACMO22E EC-EARTH
8.5
2026-2055
4.5
2035- 2064
IPSL-WRF331F
IPSL-CM5A-MR
4.5
2035- 2064
This analysis consisted mainly of computing the ensemble-mean (median in the case of the
analysis of extremes) change for each of the grid cells (0.5 x 0.5 degrees). One asset of
making an ensemble of simulations is the possibility to estimate the uncertainty in the
projected changes. In the analysis of changes in period mean values we quantified uncertainty
as the standard deviation of the projected changes from all individual simulations. The
ensemble-mean changes were then combined with these standard deviations to characterise
the ensemble-mean changes as either significant or insignificant, where a change was deemed
significant if its absolute value exceeded the standard deviation.

2.1 Changes in the water cycle – means
Changes in the water cycle under 2 degree warming show a general north-south divide. The
southern parts of Europe are getting dryer and the north is becoming wetter. Rainfall is
reducing in the south while in the Northern part rainfall is projected to increase (Figure 2.4).
Reduction in rainfall are especially projected for Portugal and Southern Spain. Increase in
rainfall are most pronounced in Scandinavia and Finland. Evaporation is increasing in most
parts of Europe (Figure 2.1). Only in parts of the Mediterranean the evaporation is reducing
due to lower rainfall. Changes are significant especially in Scandinavia and in the Alps. Also
in central Germany and the Baltic states there is significant increase in evaporation. Only in a
few cells in Southern Spain and Portugal the reductions in evaporation are significant.
Run-off is increasing in Northern Europe and reducing in the South. In large parts of Europe
the total annual run-off is hardly changing. Only, in the North there are clear increases in runoff. Soil moisture is reducing in most parts of Europe. However, soil moisture reductions are
only significant in the South of Europe over large parts of the Iberian Peninsula, Southern
France, Italy and Greece. In the rest of Europe changes are not significant.
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Sources of Uncertainty
The assessments were done using different climate models and hydrological models. This
allows for an assessment of the sources of uncertainty. For Evaporation, Soil Moisture and
Run-off we analysed which is the main source or uncertainty, climate or hydrological model,
by dividing the standard deviation (s.d.) of the climate models by the s.d. of the hydrological
models. The result are shown is the lower right panel of figure 2.1,2.2 and 2.3. For
Evaporation, for most parts of Europe the hydrological model dominates the uncertainty. Only
in Greece and parts of Spain the climate models are a large source uncertainty than the
hydrological models. For changes in run-off the main source of uncertainty is the climate
model. Especially in the western halve of Europe (From Spain to Scotland) the climate
models are a much larger source of uncertainty compared to the hydrological model. Only in
parts of Poland, Bulgaria and Romania the hydrological model uncertainty is larger than the
climate model contribution for run-off. For soil moisture the signal is more mixed and the
contribution to uncertainty of the hydrological models and climate models is more balanced.

Figure 2.1:Results of the ensemble simulations in terms of evapotranspiration. All panels are for 30-year mean
values. The upper left panel shows the ensemble mean during the baseline period. In the upper right panel the
ensemble mean difference between the baseline period and the period of two degree global warming is depicted.
The lower left panel is identical to the upper right one but only cells with significant changes are coloured. The
last panel, the lower right one, provides information on the source of the uncertainty. The quantity shown is the
ratio between the standard deviations of the changes across the hydrological models and across the climate
model forcings.
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Figure 2.2:

as Figure 2.1 but for runoff
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Figure 2.3:

as Figure 2.1 but for volumetric root zone soil moisture
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Figure 2.4:

as Figure 2.1 but for precipitation
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Figure 2.5:

as Figures 2.1-2.4but for the period of 1.5˚C global warming instead of 2˚C global warming.
Panels are limited to the climate change signal. The left hand side panels show changes for all
cells. In the rights hand side panels only cells with significant changes are coloured. From top to
bottom rows are for evapotranspiration, runoff, volumetric root zone soil moisture and
precipitation.
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2.2 Changes in Extremes
2.2.1 Methodology for extreme value analysis
For this section (extreme value analysis), we select only 3 hydrological models for
floods (Lisflood, E-Hype and VIC) and 2 for low flows (Lisflood and E-Hype) out of the five
available based on their skills to simulate such extreme events. To do so, we use 428
discharge stations over Europe selected from the Joint Research Center database which
gathers several sources like the Global Runoff Data Centre (2013) data or other publicly
available datasets (e.g., HYDROBanque, CEDEX, Norwegian Water Resources and Energy
Directorate, National river flow archive, Waterinfo.be , eHyd).
•

High flows (and same general methodology for rainfall)

We focus here on the discharge magnitude of the 1 in 10 and 1 in 100 year floods
(namely QRP10 and QRP100). In order to compute QRP10 and QRP100 for each pixel of the
grid, we followed a typical extreme value analysis fitting methodology (see e.g. Roudier and
Mahé (2010)). First, the daily maximum discharge was selected for each year, then fitted a
Generalized Extreme Value (GEV) distribution using the L-moments and finally, we
calculated QRP10 and QRP100 using the fitted function. The goodness-of-fit was also
checked using the Anderson-Darling test (at 5%), as recommended by Meylan et al. (2008).
For each hydrological model, and each of the 11 climate runs, we next computed the relative
QRP10 and QRP100 change between the +2°C period and the baseline, resulting in a set of 33
relative changes. To describe this set, we use here the median of all the ensemble members
(the combined climatological and hydrological model ensemble) rather than the mean, in
order to avoid giving excessive weight to potential outliers. The significance of changes is
also assessed using a Wilcox test (5% threshold) between future period and baseline.
Therefore, in all relative change plots, we set as missing values pixels that do not pass the test.
Moreover, those that do not pass the goodness-of-fit test were also set as missing value.
•

Low flows

We focus for low flows on the same return periods as for the high flow analysis,
following the methodology used by Feyen and Dankers (2009). First the daily discharge timeseries is smoothed applying a seven day moving average and then for the magnitudes of low
flows (QlowRP10 and QlowRP100), the lowest smoothed discharge event is selected, every
year. For the duration of low flows a threshold approach is used with the 20th flow percentile
of the smoothed flow duration curve as threshold. After computing the 20th percentile (for
each pixel, projection and hydrological model) we select all the days that have a smoothed
discharge value below this 20th percentile and then we compute the duration of each event
below that threshold and select the maximum drought duration for each year. Finally, for both
drought magnitude and duration, the rest of the methodology is similar to previous section
(fitting a GEV distribution on each set of 30 values in order to compute QlowRP10 and
QlowRP100 magnitude and duration).
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•

Damages and number of people affected

This task aims at assessing the impact that +2C may have on the number of people
affected by floods and on flood damages. Here we use only one hydrological model, Lisflood
because of its fine spatial resolution and because this model is initially developed to simulate
and detect floods. We use the same 11 climate runs (see table) than for impacts on physical
variables but the future time window is slightly different (we keep the same for all RCP 4.5,
8.5 and 2.6 respectively). Moreover, we take into account two socio-economic evolutions of
the world: in the first one (“No SSP”) we assume that the population and the GDP remain the
same compared to the baseline. In the second one (”SSP2”), both population and GDP follow
the Shared Socioeconomic Pathways 2 (SSP2, see Nakicenovic et al. (2013)). The GDP data
projections come from the OECD and the population from IIASA.
Finally, we also study here three different typical adaptation options based on the
flood protection level, in order to assess their respective benefits: (i) no adaptation (i.e. the
discharge against which an area is protected remains the same in the future compared to the
baseline), (ii) the flood protection level is kept the same in the future (e.g. if it is 100 years for
the baseline, it is still 100 years in the future, so the flood protection structures may be raised)
and (iii) all flood defences structures that protect below a 100 years return level are set to 100
years.
The general methodology of this assessment is as follows. First, for each grid point, each
climate run and for the baseline and the future period, we perform an extreme value analysis
using the fitting of a Gumbel distribution on annual maximum daily discharge similar to the
one described in Rojas et al. (2012) in order to compute discharges for specific return periods
(QRP10, QRP20,…,QRP500). Then these discharge values are converted into water levels
(WL10, WL20…, WL500) and flood maps using a procedure based on the climatological
database of discharges available in the European Flood Awareness System (EFAS). The
relevant hydrological information (annual maxima of discharge, peak discharge for several
return periods) is extracted from the EFAS river network and downscaled to a higher
resolution river network (100m). For each section of the 100m river network a synthetic flood
hydrograph is derived from available discharge climatology, and used to run a flood
simulation with a 2D hydrodynamic model. Finally, the continental flood hazard map is
derived by merging all the local flood maps.
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Figure 2.6: methodology to compute the Expected Annual Damages, for each grid point, each member,
and for the future period and baseline. The EAD is the represented by the grey area. The “+” represent
the points that we have thanks to calculation. The dashed line is the protection level: if <0.1 (which
means protects against a flood more intense than the 1 in 10 year one), the curve is truncated on the
right side.

Then, each water level is converted into damages (D10, D20,…, D500) and number of
people affected by floods (PP10, PP20,…,PP500) using depth-damage functions,
available for several types of land use and each country (Huizinga, 2007). We finally
compute the Expected Annual Damages (EAD) and Expected Annual number of People
Affected (EAPA) following the methodology of Rojas et al. (2013). EAD is the integral of
the damage-probability curve (Figure 2.62.6). In order to compute the number of people
affected by floods, we use a map of European population density at 100 m resolution
combined with the flood inundation maps for the different return levels. To take flood
defence into account, we moreover use a dataset produced at the JRC and used by
Jongman et al. (2014) giving the current protection level for Europe (EU25). We assume
that all events below this protection level do not lead to any damage/people affected.
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2.2.2 Results
•

Extreme precipitation

Figure 2.7: Extreme rainfall median relative change (1 in 10 year daily rainfall)
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•

Floods – 10 and 100 year return period

Figure 2.8: high flows median relative change, for two different return periods; RP10 (top), and RP100
(bottom). The median is computed over 33 members. Only significant changes are shown here.
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•

Droughts – Magnitude and duration

Figure 2.9: characteristics of low flows (RP10): duration (top) and magnitude (bottom) When low flow
magnitude is increasing, it means that the drought is less intense (more discharge). The median is
computed over 22 ensemble members. Only significant changes are shown here. When QlowRP10 is
zero for the baseline period, we set the relative change as missing value.
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•

Flood damages and number of people affected by floods

Figure 2.10: relative change (%) in flood damages (top) and number of people affected(bottom). These results
are based on 11 climate simulations, and one hydrological model, Lisflood. “SSP2” and “No SSP” refer to the
two socio economic pathways taken into account. X-axis show the adaptation option studied (see methodology).
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Figure 2.11: median relative change (%) in flood damages (bottom) and number of people affected (top). These
results are based on 11 climate simulations, and one hydrological model, Lisflood. Here are shown scenarios No
SSP and No adaptation.

Page 17 of 60

3 Energy
3.1 Wind energy
Two quantities are used to assess the impacts of climate change on wind energy. The first
quantity is the wind energy density at the turbine hub height, which corresponds to the energy
flux associated with the wind at the hub height and is not dependent on the wind turbine
technology. The second quantity is the wind power output which is the power extracted by a
modern standard wind turbine.
For both quantities, the 10m wind speed model output is first extrapolated from 10m up to the
turbine hub height, taken here at 90m, by using a vertical wind profile described by the
empirical power law shown in Equation 1 (Elliott 1979).
1

𝐻 7
𝑈𝐻 = 𝑈𝑆 . � �
(1)
10
where U H is the wind speed at the turbine hub height H and U S is the wind speed at 10m.
Wind energy density is calculated as follows (Equation 2) and expressed in W.m-2:
1
𝑊𝐸𝐷 = 2 . 𝜌. 𝑈 3 (2)
where U is the wind speed at the 90 meters and ρ the air density taken equal to 1.2 kg.m-3..
The wind power output P is calculated using a standard power curve described in Equation 3
(adapted from Hueging et al 2013) :
0
𝑖𝑓 𝑈𝐻 < 𝑈𝑖 𝑜𝑟 𝑈𝐻 > 𝑈𝑜
1

𝑃 = �γ. 2 . 𝜌. 𝑈𝐻 3 . 𝜋. 𝑅². 10−3 𝑖𝑓 𝑈𝑖 ≤ 𝑈𝐻 < 𝑈𝑟
3000
𝑖𝑓 𝑈𝑖 ≤ 𝑈𝐻 < 𝑈𝑟

(3)

where P is expressed in kW, γ is an efficiency factor and taken equal to 0.35, ρ the air density
taken equal to 1.2 kg.m-3, U H is the wind speed at the turbine hub height H, R is the turbine
blades length taken equal to 50m, U i is the cut-in wind speed, Ur the rated speed and U o the
cut-out speed, which define the four working regimes of a wind turbine. (Ui = 3.5 m/s, Ur =
12.5 m/s, Uo = 25 m/s).
Those quantities are calculated at the grid cell level and at the 3-hourly timescale.
To calculate national wind power productions, the wind power output is aggregated over the
locations of the turbines currently installed and scaled according to the wind power installed
capacity in each cell (taken from www.thewindpower.net).
The 10m wind speed model output used here is not bias-corrected.

3.2 Solar Photovoltaics
The solar Photovoltaics (PV) potential is a function of the atmospheric conditions that
primarily involve the amount of the incoming solar radiation at the surface (RSDS) but also
the influence of other atmospheric variables on the efficiency of the PV cells, which
diminishes as their temperature increases (Radziemska 2003). According to the literature
(Mavromatakis 2010; Davy & Troccoli 2012), this can be expressed as follows:
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𝑅𝑆𝐷𝑆

𝑃𝑉𝑝𝑜𝑡 = 𝑃𝑅 . 𝑅𝑆𝐷𝑆

𝑆𝑇𝐶

(1)

where STC refers to standard test conditions (RSDS STC = 1000 Wm-2) and P R is the so-called
performance ratio, formulated to account for changes of the PV cells efficiency due to
changes in their temperature assuming a linear relationship as:
𝑃𝑅 (𝑡) = 1 + 𝛾[𝑇𝑐𝑒𝑙𝑙 (𝑡) − 𝑇𝑆𝑇𝐶 ]

(2)

where T cell is the PV cell temperature, T STC =25 ºC and γ is taken here as -0.005 considering
the typical response of monocrystalline silicon solar panels (Tonui & Tripanagnostopoulos
2008).

Finally, T cell is modeled considering the effects of near-surface temperature (TAS), RSDS and
10m wind speed (VWS) on it as follows:
𝑇𝑐𝑒𝑙𝑙 (𝑡) = 𝑐1 + 𝑐2 𝑇𝐴𝑆(𝑡) + 𝑐3 𝑅𝑆𝐷𝑆(𝑡) + 𝑐4 𝑉𝑊𝑆(𝑡) (3)

with c 1 =4.3 ºC, c 2 =0.943, c3=0.028 ºCm2W-1 and c 4 =-1.528 ºC sm-1 according to (Chenni et

al. 2007).
The PV potential is calculated at the grid cell level using the 3-hourly model output.
To calculate the national PV power productions, the PV potential is aggregated over the
locations of the PV plants currently installed and scaled according to the PV power installed
capacity in each cell. The gridded PV installed capacity is established using the CLIMIX
model (Jerez et al 2015).
The TAS, RSDS, VWS model outputs used here are not bias-corrected.

3.3 Hydropower
The quantity used to assess the climate change impact on hydropower is the gross hydropower
potential i.e. the potential available if all runoff at all locations were to be transformed into
energy.
The atmospheric output variables from the CORDEX simulations that are needed as input for
the hydrological models VIC are selected, namely daily values of precipitation, minimum and
maximum temperature, incoming fluxes of short and long wave radiation, humidity and wind
speed. The first five of these variables are biased corrected using the quantile mapping
method. The observational reference used here is E-OBS for precipitation and temperature,
and WFDEI for radiation
Five hydrological models are used here : VIC, E-HYPE, WBM, LPJ and LISFLOOD. These
hydrological models generate, among other variables, daily values of discharge m as output.
From this output and using information on flow direction (which cell receives the water from
the considered cell) along with elevation differences h between cell and the cell receiving
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water, the gross hydropower potential G is estimated at each "river grid cell" using the
Equation 1:
G = m*g*h (mass times gravitational acceleration times elevation difference) (1)
The national gross hydropower potential is calculated at the national level by aggregating the
local gross hydropower potential over countries.

3.4 Thermo-electric power
River flow and water temperature projections were produced on daily time step and 0.5º x
0.5º spatial resolution for Europe with the Variable Infiltration Capacity model (VIC) (Liang
et al., 1994) and water temperature model RBM (Yearsley, 2009). These models were forced
with (bias-corrected) output of minimum and maximum temperature, precipitation and wind
speed from EUROCORDEX simulations. Impacts of changing river flow and water
temperature on thermoelectric power generation were quantified using the model of Koch and
Vögele (2009), which was modified as described in van Vliet et al.(2012).

3.5 Results
The assessment of future changes in wind and solar PV power potential is based on two sets
of EUROCORDEX 0.11° simulations. The first set is made up of the 5 RCP4.5 simulations
defined as mandatory in IMPACT2C. The second set is made up of 9 simulations including
those five RCP4.5 simulations and the 4 RCP8.5 simulations as selected in IMPACT2C.
Future changes are computed as the difference between the mean values obtained for the
1971-2000 present period and the +2°C future periods. They are considered “robust” when i)
present-future model ensemble mean difference is significant at the 95% confidence level
according to the Wilcox-Mann-Whitney test applied to the whole model ensemble (adapted
from Jacob et al 2013) and ii) at least 80% of the models agree on the sign of change.
The assessment of future changes in gross hydropower potential is based on two sets of
simulations. The first set is made up of 25 simulations achieved with the 5 RCP4.5
EUROCORDEX simulations forcing each of the 5 hydrological models. The second set is
made up of 45 simulations achieved with the 5 RCP4.5 + 4 RCP8.5 simulations forcing the
five hydrological models.
Future changes are computed as the difference between the mean values obtained for the
1971-2000 present period and the +2°C future periods. They are considered “robust” when at
least 80% of the models agree on the sign of change.
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Figure 3.1. a) Ensemble mean wind energy density at 90m (W.m-2) averaged over the recent period 1971-2000,
based on the 5 RCP4.5 simulations set. c) Ensemble mean changes in annual wind energy density at 90m
occuring under a 2°C global warming with respect to the recent period (in %), assessed from the 5 RCP4.5
simulations set. e) Same as c) but assessed from the 9 RCP4.5-RCP8.5 simulations set. b) d) and f) Same as a) c)
and e) respectively but for Wind Power Output (kW). Grid points where changes are robust are marked with
black dots.
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Figure 3.2.
Changes in mean annual wind energy yield for the 2013 national wind farms fleets under a 2°C (cyan) and 3°C
(salmon) global warming. Changes are expressed in percents with respect to the recent 1971-2000 period. The
assessment is based on the 5 simulations out of the 9 RCP4.5-RCP8.5 simulations that reach a 3°C global
warming. The colored wide bars indicate the model ensemble mean. The thin bars indicate the 95% level
confidence interval as computed using the Wilcoxon-Mann-Whitney test. Model individual changes are
represented by differing symbols: symbols are red when changes are significant at the 95% level using the
Wilcoxon-Mann-Whitney test.
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Solar PV power
a

b

c

Figure 3.3. a) Ensemble mean solar PV potential (kWh.yr-1.m-2) averaged over the recent period 1971-2000,
based on the 5 RCP4.5 simulations set. b) Ensemble mean changes in annual solar PV potential occuring under
a 2°C global warming with respect to the recent period (in %), assessed from the 5 RCP4.5 simulations set. c)
Same as b) but assessed from the 9 RCP4.5 and RCP8.5 simulations set. Grid points where changes are robust
are marked with black dots.
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Figure 3.4. Changes in mean annual PV energy yield for the current national PV plants fleets under a 2°C (cyan)
and 3°C (salmon) global warming. Changes are expressed in percents with respect to the recent 1971-2000
period. The assessment is based on the 5 simulations out of the 9 RCP4.5-RCP8.5 simulations that reach a 3°C
global warming. The colored wide bars indicate the model ensemble mean. The thin bars indicate the 95% level
confidence interval as computed using the Wilcoxon-Mann-Whitney test. Model individual changes are
represented by differing symbols: symbols are red when changes are significant at the 95% level using the
Wilcoxon-Mann-Whitney test.
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Hydropower
a

b

c

Figure 3.5. a) Ensemble mean national gross hydropower potential (MW) averaged over the recent period 19712000, based on the 25 RCP4.5 simulations set. b) Ensemble mean changes in annual national gross hydropower
potential occuring under a 2°C global warming with respect to the recent period (in %), assessed from the 5
RCP4.5 simulations set. c) Same as b) but assessed from the 45 RCP4.5-RCP8.5 simulations set. The dotted
areas indicate countries where changes are robust.
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Figure 3.6. Changes in national mean annual gross hydropower potential under a 2°C (cyan) and 3°C (salmon)
global warming. Changes are expressed in percents with respect to the recent 1971-2000 period. The assessment
is based on an ensemble of 25 simulations (the 5 simulations out of the 9 RCP4.5-RCP8.5 simulations that reach
a 3°C global warming, forcing the 5 hydrological models). The colored wide bars indicate the model ensemble
mean. The thin bars indicate the 95% level confidence interval as computed using the Wilcoxon-Mann-Whitney
test. Model individual changes are represented by differing symbols: symbols are red when changes are
significant at the 95% level using the Wilcoxon-Mann-Whitney test.
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Thermo-electric power

Figure 3.7 Changes in mean annual thermo-electric energy yield for an ensemble of 2012 thermo-electric power
plants installed as of 2012, under a 2°C (cyan) and 3°C (salmon) global warming. Changes are expressed in
percents with respect to the recent 1971-2000 period. The assessment is based on the 5 simulations out of the 9
RCP4.5-RCP8.5 simulations that reach a 3°C global warming. The colored wide bars indicate the model
ensemble mean. The thin bars indicate the 95% level confidence interval as computed using the WilcoxonMann-Whitney test. Model individual changes are represented by differing symbols: symbols are red when
changes are significant at the 95% level using the Wilcoxon-Mann-Whitney test.

Page 27 of 60

4 Summer Tourism
Climate has key influence on the tourism activity (Perry, 1997). Climatic conditions favor the
outdoor tourist and recreational activities (Gomez Martin, 2005) and thus play a key role in
the selection of tourism destinations. Flash Eurobarometer (2012) reveals that when
European citizens decide whether to return to the same place for another holiday, 50% of the
respondents reported that the most important factor was the location’s natural features such as
weather. Over a quarter (28%) of respondents also said that they went on holiday for the sun
or the beach.
Key weather elements that have a direct impact on the human perception are temperature,
humidity, sunshine, radiation, precipitation and wind (Stern et al. 2000; Hamilton and Lau,
2004; Gomez Martin, 2005; Matzarakis, 2001) determining a large share of the
international tourism flows. Especially temperature and humidity (that affect thermal comfort)
that are physiological parameters, affect a destination’s favorability, in contrast to the rest that
may be largely depended on human perception. Statistical analyses shown in Maddison
(2001), Lise and Tol (2002), and Hamilton (2003), unveil the relevance of climatic
coefficients as determinants of tourist demand. Mieczkowski (1985) is among the few that
correlated the general findings of human comfort to the specific activities related to recreation
and tourism (Amelung and Moreno, 2009). The Tourism Climatic Index (TCI) he proposed
summarizes and combines seven climate variables. It has been used in a large number of
studies (Amelung et al. 2007; Amelung and Viner, 2006; Scott et al. 2004, and other) to
quantify the effect of climate in tourist destination favorability and determine ideal climatic
coefficients.
Climate however has a strong seasonal pattern which is constant in a large degree, while
potential changes are very slow and thus is hardly perceived by the human. The tourism
favorability of a given place is highly depended on this seasonality pattern both for winter and
summer tourism activities. Due to the relative stability of the year to year climate, climate
factors that affect tourism are obscured by other more volatile factors such as political
stability, economic environment, fashion trends etc. The climatic effect on tourism is not so
evident, but its underlying effect and the long term changes can have a strong impact on it
(Amelung and Viner, 2006).
The evaluation of climate for tourism purposes is mainly based on the assessment of climate
variables related to the human comfort to exercise outdoor activities. Common variables used
for climate favorability are air temperature, air humidity or precipitation, wind and sunshine
duration (Mieczkowski, 1985; Matzarakis and de Freitas, 2001). The climatic variables are
more often considered in monthly averages (Mieczkowski, 1985) or sometimes in daily
timestep (Matzarakis et al, 2007).
The TCI is favored as an index because it comprises one of the most comprehensive metrics
that integrates all the three essential facets of climate that are considered relevant for tourism.
They are thermal comfort, physical aspects such as rain and wind, and the aesthetical facet of
sunshine/cloudiness (de Freitas, 2003). At the same time it makes use of climate variables
that are commonly available from weather stations or climate models, making data provision
simple. Evidently, different tourism activities impose different climatic requirements i.e.
sunbathing, skiing and surfing all require quite specific and different conditions. There is not
a single index that can rate the climate for all these specific activities together. However the
TCI focuses on the common and general tourism activities of sightseeing and similar light
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outdoor activities. The TCI serves for the quantification between the climate conditions and
the favorability of a tourism destination. The monthly values of the climate variables that are
utilized for TCI estimation describe the average monthly climate favorability of a tourism
destination. By using monthly climate data of observations and future projections, we can
quantify the changes of the index in the future. Scott and McBoyle (2001), examined tourism
demand correlation to the seasonal patterns of TCI scores described previously. They found
that TCI provide a useful measure of relationship between climate and tourism.
The TCI index has a number of shortcomings. The most important one is that the rating scale
used to describe TCI is based on expert judgment rather than empirical verification (PerchNielsen, 2010). This aligns to the fact that the rating may differ along time or amongst
different countries of tourists’ origin (Besancenot, 1990; Lise and Tol, 2002; Morgan et al.,
2000). The weighting factor of each TCI sub-index is rather subjective too. This generates
another source of uncertainty related to what tourism activity the TCI represents. The original
Mieczkowski rating of thermal comfort places the optimum effective temperature between
20oC and 27oC for sightseeing tourism. This optimum range is reported to be 24oC 31oC for
beach tourism according to Scott et al. (2008). Other index induced uncertainty is that some
climate variables that may affect the tourism favorability are not taken into consideration. An
example is given by Perch-Nielsen (2010) who states that when TCI is applied to beach
tourism, an important limitation of the index is the water temperature which is not taken into
account, or the degree of pollution. The temporal resolution of TCI is a source of uncertainty,
as the monthly mean of the climatic variables do not contain information about their
distribution in the respective month. Weather extremes are also largely obscured in the
monthly aggregates. Perch-Nielsen et al. (2010) used TCI in daily temporal scale to
overcome the shortcoming.
The connection between tourism indicators and TCI is a rather difficult task. The main
difficulty is the quantification of the pure climate effect on tourism, out of all the other nonclimatic parameters that affect the tourism flow (e.g., social unrest, political instability, risk
perceptions). As Gossling and Hall (2006) state, even though their role is insufﬁciently
understood, it is clear that perceptions are complex, and might even result in abrupt changes
in travel behavior and longer-term behavior modiﬁcation.
Here, the RCM data described in IMPACT2C Subdeliverable D2.1.1 (Suggestion for
IMPACT2C mandatory climate simulations – a) basic subset of mandatory simulations) and
IMPACT2C Subdeliverable D2.1.1 (Suggestion for IMPACT2C mandatory climate
simulations - b) full ensemble of mandatory simulations) are utilized to estimate the Tourism
Climatic Index for the reference (1971-2000) and the +1.5oC / +2oC periods. The +1.5oC and
the +2oC periods are explicitly defined for each RCM as the period in which the respective
driving GCM reaches the specific level of global warming comparing to the preindustrial
period 1881-1910. The definition of +1.5oC and the +2oC periods for each RCM model can be
found in IMCPACT2C Deliverable D2.1 (Identification of robust climate change patterns in
pre-existing scenarios for Europe), and IMCPACT2C Deliverable D2.2 (Climate change
information and the creation of an online data archive). The provided variables were
aggregated in monthly temporal resolution in order to meet the TCI estimation requirements.
Specifically for the precipitation and temperature variables, they were adjusted for systematic
biases using the quantile mapping technique described in Themeβl et al. (2011; 2012). The
observational datasets used for the bias correction process was the E-OBS v5.0 (Haylock et
al., 2008). The evaluation of the method is provided in IMPACT2C SubDel. D1.3.2 (Bias
Page 29 of 60

corrected standard climate scenarios – basic parameters). The rest of the variables were not
corrected due to lack of appropriate resolution and creditability observational datasets.

4.1 Methods
4.1.1 Τhe Tourism Climatic Index
The TCI is a summary of ratings of five human comfort indices related to sightseeing tourism.
Thermal comfort sub-indices that have a high weighting in the TCI formulation, consider both
monthly means of daily temperature and humidity. Misenard (1937) used the thermal
comfort index shown in Eq. 1.

R 

CI =T − 0.4 ⋅ (T − 10) ⋅ 1 − h 
 100 

[Eq. 1]

o

where T is temperature [ C] and R h [%] the relative humidity.

Using monthly means of maximum daily temperature and minimum humidity in Eq. 1, the
CID sub-index is derived in oC. The CID represents the thermal comfort for the daytime.
When the monthly means of mean daily temperature and humidity are used instead, the CIA
sub-index, which represents the average daily thermal comfort, is derived. The third sub-index
R is the mean monthly precipitation in mm, the fourth sub-index S is the mean monthly daily
sunshine duration and finally the sub-index W is the monthly mean wind speed in m/s. All
these indices are rated according to subjective rating scales suggested by Mieczkowski
(1985). The rating scales are presented in Table 4.1
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Table 4 1: Tourism Climatic Index Sub-indices rating scales
Thermal Comfort (ºC)

Precipitation
(mm)

Sunshine duration Wind Speed
(Hours/Day)
(km/h)

20-27

0.0-14.9

>10

<2,88

4.5

19-20 or 27-28

15.0-29.9

9-10

2.88-5.75

4

18-19 or 28-29

30.0-44.9

8-9

5.76-9.03

3.5

17-18 or 29-30

45.0-59.9

7-8

9.04-12.23

3

15-17 or 30-31

60.0-74.9

6-7

12.24-19.79

2.5

10-15 or 31-32

75.0-89.9

5-6

19.80-24.29

2

5-10 or 32-33

90.0-104.9

4-5

24.30-28.79

1.5

0-5 or 33-34

105.0-119.9

3-4

28.80-38.52

1

(-5)-0 or 34-35

120.0-134.9

2-3

0.5

35-36

135.0-149.9

1-2

0

(-10)-(-5)

>150,0

<1

Rates

>38.52

The rated TCI sub-indices are then weighted according to the Eq.2, by different weights. The
summary of the weighted rates is the TCI. According to the weights used, the thermal comfort
is the most significant index with a summary of 10 for the thermal comfort sub-indices’
weights. Precipitation and sunshine duration are equally weighted with a weighting factor of
4. Finally, the wind speed is of less importance using a weighting factor of 2. The TCI is
finally categorized using the categories shown in Table 4.2.

TCI = 8 ⋅ CID + 2 ⋅ CIA + 4 ⋅ R + 4 ⋅ S + 2 ⋅ W

[Eq. 2]

Table 4.2: Tourism Climatic Index categorization.
TCI score
90-100

Category
Ideal

80-89

Excellent

70-79

Very good

60-69

Good

50-59

Acceptable

40-49

Marginal

30-39

Unfavorable

20-29

Very unfavorable

10-19

Extremely unfavorable

< 10

Impossible

Characterization
Excellent

Very good and good

Acceptable

Unfavorable

Page 31 of 60

4.1.2 Correlating the sunshine duration to the surface
downwelling longwave radiation
According to De Miguel et al. (1994), the relation between sunshine duration and surface
downwelling longwave radiation is not linear. Here we use a second order polynomial curve
to correlate SUND and RSDS. The quadratic equation that was used in shown in Eq.3.

𝑆𝑈𝑁𝐷 = 𝑎 ∗ 𝑅𝑆𝐷𝑆 2 + 𝑏 ∗ 𝑅𝑆𝐷𝑆 + 𝑐

[Eq. 3]

where SUND is the predictant, RSDS the predictor in the equation, and a, b and c the quadratic
coefficient, the linear coefficient and the constant or free term respectively.

The estimation of the parameters a, b, c is done in a least squares sense, which implies the
optimization of the Coefficient of determination also known as r squared (R2). The metric
comprises a comprehensive measure of how well a set of measurements are replicated by a
model, as the proportion of total variation of outcomes explained by the model. The R2 is
defined in Eq. 4.

𝑅2 = 1 −

∑(𝑦𝑖 −𝑓𝑖 )2
∑(𝑦𝑖 −𝑦�)2

[Eq. 4]

where the nominator stands for the residual sum of squares (squared difference between real
and model predicted values) while the denominator expresses the total sum of squares
(squared difference between real value and mean real response). The methodology was used
to estimate the missing sunshine duration for METO-HC and MPI-REMO model data of
fastrack dataset, using the Surface Downwelling Shortwave Radiation. The quadratic equation
that related the SUND and RSDS parameters was calibrated for each RCM grid cell using the
available data from the DMI-HIRHAM-BCM and SMHI-HadCM3Q3 models. Similarly
for the Slowtrack data, the sunshine duration of CSC_REMO2009 and IPSL_WRF33 was
estimated using the correlation equation calibrated with data from KNMI_RACMO22E,
SMHI_RCA4_EC-EARTH and SMHI_RCA4_HadGEM2-ES models.

4.1.3

Correlating the minimum relative humidity to temperature
data.

Relative humidity is expressed as the ratio of the vapor pressure (e) to saturation vapor
pressure (e s ) as shown in Hess (1999) [Eq. 5].
𝑒
𝑅𝐻 =
[Eq. 5]
𝑒𝑠

A commonly available parameter related to the atmospheric water in RCM simulation is the
specific humidity (HUSS), which is defined as the mass mixing ratio of water vapor in air, as
shown in Eq.6

𝑞≡

𝑚𝑣

𝑚𝑣 +𝑚𝑑

=

𝑤

𝑤+1

≈𝑤

[Eq. 6]
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where q is the specific humidity or the mass mixing ratio of water vapor to total air
(dimensionless), m v is the specific mass of water vapor (kg), m d is the specific mass of dry air
(kg) and w mass mixing ratio of water vapor to dry air (dimensionless). Relative humidity can
be also expressed as the ratio of water vapor mixing ratio to saturation water vapor mixing
ratio, w/w s (Eq. 7).

𝑤𝑠 ≡

𝑚𝑣𝑠
𝑚𝑑

=

𝑒𝑠 𝑅𝑑

𝑅𝑣

≈ 0.622
(𝑝−𝑒 )
𝑠

𝑒𝑠

[Eq. 7]

𝑝

where p is the pressure (Pa), e s (T) saturation vapor pressure (Pa), R d specific gas constant for dry air
−1

(J kg

−1

−1

K ), R v specific gas constant for water vapor (J kg

−1

K ), m vs specific mass of water vapor at

equilibrium (kg), w s mass mixing ratio of water vapor to dry air at equilibrium (dimensionless). From
Clausius-Clapeyron equation Eq. 8.
𝐿𝑢 (𝑇)

𝑒𝑠 (𝑇) = 𝑒𝑠0 𝑒𝑥𝑝 ��

𝑅𝑢

1

1

17.67(𝑇−𝑇0 )

� �𝑇 − 𝑇�� ≈ 6.11𝑒𝑥𝑝 �
0

𝑇−29.65

� [Eq. 8]

where e s 0 saturation vapor pressure at T 0 (Pa), L v (T) specific enthalpy of vaporization (J
kg−1),

T temperature

(K),

T 0 reference

temperature

(typically

273.16

K)

(K).

From

estimated w and w s the relative humidity parameter can be obtained from Eq. 9.

𝑅𝐻 = 100

𝑤

𝑤𝑠

17.67(𝑇−𝑇0 )

≈ 0.263𝑝𝑞 �𝑒𝑥𝑝 �

𝑇−29.65

��

−1

[Eq. 9]

By using the maximum temperature in the equation, the minimum relative humidity can also
be derived from Eq. 9. The methodology was used to estimate minimum relative humidity for
all slowtrack RCM models (CSC_REMO2009, IPSL_WRF33, KNMI_RACMO22E,
SMHI_RCA4_EC-EARTH and SMHI_RCA4_HadGEM2-ES) and the relative humidity
of CSC_REMO2009 which was also unavailable.

4.1.4

Correlating the Tourism Climatic Index to the overnight stays.

The Tourism Climatic Index was directly correlated to the overnight stays per NUTSIII
region. The correlation between TCI (that describes the climate favorability of a place for
summer tourism) and the overnight stays that was used as indicator of tourism activity is
considered theoretically follow an upwards hyperbolic curve as the one presented in Figure
4.1. For the low TCI values, the overnight stays should be relatively low and constant around
a specific value, due to a standard activity to the overnight stays that do not relate to tourism
activities. As the TCI increases, the climate conditions become more attractive for tourism
and recreational activities, with a parallel increase of the overnight stays, resulting to the right
part of the curve. For the high TCI values it is assumed that there is no limitation in the
availability of the bed places. The quadratic equation used to approach the upwards
hyperbolic curve in shown in Eq.10.

𝑂𝑣𝑆𝑡 = 𝑎 ∗ 𝑇𝐶𝐼 2 + 𝑏 ∗ 𝑇𝐶𝐼 + 𝑐

[Eq. 10]
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where OvSt stands for the overnight stays variable which comprises the predictant while TCI is the
predictor in the equation. The parameters a, b and c are the quadratic coefficient, the linear coefficient
and the constant or free term, respectively.

Figure 4.1: Upwards hyperbolic curve describing the correlation between TCI and tourism activity.

4.1.5 The NUTS classification
The NUTS classification (Nomenclature of territorial units for statistics) is a hierarchical
system for dividing up the economic territory of the EU for the purpose of collection,
development and harmonisation of EU regional statistics, and socio-economic analyses of the
regions (Source: Eurostat). There are 4 levels of classification, starting from the 0 level which
consists of the European countries and scales down to level 3. Eurostat attaches description to
levels 1 to 3 as “major socio-economic regions”, “basic regions for the application of regional
policies” and “small regions for specific diagnoses” respectively. A list of the member
countries of NUTS classification is provided in Table 3 along with the centroid latitude and
the country code.

Table 3: List of countries where the analysis was performed, their symbol and the centroid latitude in
decimal degrees (WGS84).

Page 34 of 60

Country
Cyprus
Greece
Turkey
Portugal
Spain
Albania
FYROM
Andora
Kosovo
Bulgaria
Italy
Montenegro
Bosnia Herzegovina
Serbia
Croatia
Romania
Slovenia
France
Switzerland
Liechtenstein
Magyarorszag
Moldova

Country
code
CY
GR

Centroid
latitude
35.05
39.04

TR
PT
ES
AL
FYROM
AD
KS
BG
IT
ME
BA

39.07
39.60
40.23
41.14
41.60
42.55
42.59
42.76
42.79
42.79
44.17

RS
HR
RO
SI
FR
CH
LI
HU
MD

44.24
45.04
45.84
46.12
46.56
46.80
47.14
47.17
47.20

Country
Austria
Slovenian
Republic
Ukraine
Czech Republic
Luxembourg
Belgium
Germany
Poland
Netherlands
Ireland
Belarus
United Kingdom
Lithuania
Denmark
Latvia
Estonia
Russia
Sweden
Norway
Finland
Iceland

Country Centroid
code
latitude
AT
47.59
SK
48.71
UA
CZ
LU
BE
DE
PL
NL
IE
BY
UK
LT

49.00
49.74
49.78
50.64
51.11
52.13
52.25
53.18
53.54
54.16
55.34

DK
LV
EE
RU
SE
NO
FI
IS

55.96
56.85
58.67
58.95
62.78
64.46
64.47
64.98

4.2 Results
4.2.1 Assessment of baseline, 1.5 oC and 2oC periods TCI
The TCI was estimated according to the fastrack and slowtrack RCM data in monthly
timestep. The calculations were performed in the RCM data spatial resolution. They were then
interpolated on NUTSIII regions for Europe. Figure 4.24.2 shows the average TCI for the
historical, the +1.5oC and +2oC periods for RCP2.6, RCP4.5, A1B and RCP8.5 scenarios.
Aggregates for May to October and June to August seasons are considered in Figure 4.24.2.
Between May and October months the majority of summer tourism activity occurs, while
June to August is the peak of the tourism season. Detailed pan-European estimations of TCI
for the reference periods and for each RCM are included in the Appendix section.
For the May to October period, there is a general increasing trend for the TCI in both +1.5oC
and +2oC warming levels, except regions of the southernmost European countries where
substantial decrease is foreseen. The decrease can be mainly attributed to the increase in the
May to October temperature that cause a corresponding decrease to the thermal comfort.
Southern parts of Spain, Portugal, Greece and the entire Cyprus will experience mild negative
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change in TCI up to 5 units in some cases. In contrast, the rest of the European countries, and
the northern regions of the aforementioned countries are expected to have an increase in the
May to October TCI. Furthermore, for the peak summer period (June to August), the impact
of the +1.5oC and +2oC warming is expected to become more profound. The aforementioned
regions will experience stronger decrease in TCI, and to a greater extend. In addition to them,
Italy, Sardinia and southern France is expected to experience severe decrease in TCI. The
decrease is estimated to be as high as 10 TCI units. On the opposite, countries of northern
Europe are expected to benefit from the increase in the June to August temperatures.
Especially Ireland, the northern part of France, northern Germany and Denmark are expected
to experience increase in TCI to as high as 10 TCI units (Figure 4.2).
The major differences between the TCI from fastrack and slowtrack RCM data is the that
southern Europe exhibits warmer JJA in fastrack, both in historical and A1B maps which is
presented with lower TCI values. This is possibly attributed to the warm bias of the fastrack
(ENSEMBLES) data as reported by Boberg and Christensen (2012).
The conclusions of the presented analysis is subject to a number of limitations. The
methodology of TCI considers only summer outdoor tourism for estimating the climate
favorability. While it partly describes other types of tourism such as beach tourism, there are
indices in the literature that better fit to such specific applications. Moreover, it has to be
stressed that the approach of TCI describes the impact of climate change on tourism activity
in a relatively narrow sense, by not considering significant aspects like changes in water
availability, aesthetic parameters etc. Finally it considers a single optimal climate while in
reality it differs culturally. Besides the limitations, the effect of the climate in summer outdoor
tourism activities is self-evident and can be adequately described in TCI.
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Figure 4.2: Fastrack and Slowtrack models TCI for Historical (1971-2000), +1.5oC and +2oC periods for
RCP2.6, RCP4.5, A1B and RCP8.5 scenarios, aggregated for May to October and June to August periods.
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4.2.2 Overnight stays in NUTSIII regions
The Nights spent in tourist accommodation establishments by NUTS 2 regions - annual data
[tour_occ_nin2] (hereafter referred to as Overnight stays) per month and NUTS2 region were
retrieved from the Eurostat service and used as tourism demand indicator. The overnight stays
were disaggregated to NUTSIII regions using the Eurostat data Number of establishments,
bedrooms and bed-places by NUTS III regions [tour_cap_nuts3] in NUTSIII region. Figure
4.34.3 shows the monthly distribution of tourism activity in NUTSIII regions for the period
1990 to 2011. It can be observed that the summer months there is a generally higher number
of overnight stays in the majority of the regions, especially in the summer tourism intensive
Mediterranean coastal areas.

Figure 4.3: Overnight stays (in thousands) in NUTSIII regions
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4.2.3 Effect of 1.5oC and 2oC global warming on European summer
tourism
The historical monthly average TCI and the historical monthly average overnight stays were
correlated using a quadratic form equation. The goodness of fit was then estimated at NUTS
III level using the coefficient of determination which is presented in the left panels of Figure
4.44 and Figure 4.45 (common between the two Figures), aggregated in country level (NUTS
0). In general, the coefficient of determination exhibits significantly high vales in some
regions especially in the southern countries. Moreover, it is evident that in some regions the
two variables present low correlation indicating that the methodology is not appropriate for
those regions. Austria, presents the lowest correlation due to the intensity of the winter
tourism which cannot be described by a thermal comfort index such as TCI. Moreover,
northern countries and especially Sweden and Norway exhibit moderate correlation
coefficients due to similar reasons. It has to be noted that the correlation coefficient may
differ between the various emissions pathways due to different number of RCMs contributing
to the corresponding ensemble. Thus, the results of the correlation should be used as a
measure of confidence to the interpretation of results that are presented hereafter. Figure 4.4
and 4.5 show the percent change in overnight stays due to change in climate, for the +1.5oC
and +2oC periods respectively. The central panels of the figures includes the peak season
(JJA) results and the right panels the full summer season (May to October) results. In more
detail, for the +1.5oC period and the May to October period, it can be said that a general
increasing trend in the overnight stays is projected, with the RCP2.6 showing stronger
increasing signal. The increase reaches up to 10% and 20% for the most European countries,
while only Greece and Cyprus are projected to have a decrease for the specific season. In June
to August period, the results show a clearer pattern between the “winning” and the “loosing”
countries, with the major “losers” to be Cyprus and Greece for all emission scenarios. Spain
and Portugal are also projected to face a demand decrease under RCP8.5 and A1B. For the
+2oC warming period and the May to October season the results indicate a slight increase for
most of the European countries of about 10% and 20%, while only Cyprus exhibits a robust
decreasing pattern. In the June to August period the effect of climate on the overnight stays
across the European countries unveils a robust strongly negatively signal over the southern
countries and a respective increase for the central and northern Europe. The most severely
affected countries are foreseen to be Cyprus, Croatia, Greece, Spain and Portugal. However
the above results are subject to areal averaging amongst the NUTSIII regions of each country.
Figures A7 and A8 included in the Appendix show the results of Figures 4.5 and 4.6,
respectively, in NUTSIII spatial discretization.
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Figure 4.4: Country level aggregates for quality of correlation between overnight stays and TCI (left), percent
change in overnight stays under +1.5oC of global warming per scenario for the May to October (right) and June
to August periods (center).
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Figure 4.4: Country level aggregates for quality of correlation between overnight stays and TCI (left), projected
percent change in overnight stays under +2oC of global warming per scenario for the May to October (right) and
June to August (center) periods.

Mediterranean countries have the largest share of European tourism (over 85% in financial
terms) and plays an important role to their GDP. The following section describes the results
focused over these southernmost countries for the peak summer tourism period (JJA) at a
+2oC warming level. Portugal is expected to exhibit an increase in overnight stays in the
northern parts to as high as 20%, while the southern parts may exhibit negative trends mainly
by up to -10% and in some regions may reach -20%. The signal is similar among RCP4.5,
RCP8.5 and A1B scenarios. Similar trends are projected for Spain, with the extent of
negatively affected areas to be larger and focused in the southwest part. The most severe
scenario is expected to be RCP8.5, with A1B and RCP4.5 to follow. However, northern parts
are projected to exhibit slight increase. Balearic Islands are expected to exhibit mild negative
change in the overnight stays.
France shows a general increase in the overnight stays, with the most beneficiary NUTSIII
regions over the northern parts of the country. Especially Normandy region is expected to
exhibit an increase over 20%, which is robust for all RCP4.5, RCP8.5 and A1B scenarios.
Finally, the overnight stays are expected to slightly decrease to as low as -10% for Corsica
region. Country level aggregates (NUTS0) for Italy should be carefully interpreted in the light
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of the higher resolution results (NUTSIII) because of the missing data for almost the entire
northern tributaries (see Figures A7 and A8). The results of the analysis were thus limited at
the NUTSIII regions roughly southern from Rome. The results show an overall decreasing
pattern to as high as -20%. The pattern however is not robust among the different scenarios,
with the A1B to project the most severe negative changes and the RCP4.5 to project minor
loses in overnight stays for a limited number of regions and a general increase in most of the
areas. Sardinia, along with Sicily are expected to face the most negative impacts among
Italian regions under A1B, while the RCP4.5 projects the milder negative consequences.
Greece is expected to exhibit decrease in its overnight stays over its entire region under the
RCP8.5 and A1B scenarios with the most severe expected decrease for the A1B where many
regions show decrease to as high as -20%. The islands of Evvoia, Chios and Crete exhibit
decrease higher than 30%, constituting them the “top loosing” NUTSIII regions in the
European domain. However, under the RCP4.5 scenario, the decrease is bounded to as high as
-10% with marginal increase to some NUTSIII mainly in the northern parts of Greece. Cyprus
can be considered one of the most negatively impacted Countries. The JJA loss in overnight
stays is expected to be as high as -20% which is consistent amongst the different studies
scenarios.

4.3 Conclusions
The present report summarizes the findings of the change in climate favorability related to
summer tourism according to the RCM outputs described in IMPACT2C Subdeliverable
D2.1.1 and IMPACT2C Subdeliverable D2.1.1 for the reference (1971-2000) and the
+1.5oC / +2oC periods. The RCMs provided consistent information about the increase in
climate favorability related to summer tourism under the 2oC of global warming in most
northern European countries while project respective decrease for the Mediterranean
countries. In annual basis, the climate is expected to be more favorable for outdoor activities
under 2oC, and this is the case for the majority of the European countries. The increase of TCI
mainly for the late spring and early autumn months is expected to lengthen the season
characterized as “Very good” in the TCI scale. The results show that in a +2oC world climate,
European countries except the Mediterranean are expected to be favored. Considering that
those countries share more than 18% of the a global tourism market, changes in the climate
favorability can potentially pose changes in the international tourism flows, even changes in
the seasonality of the European tourism industry. Although tourism industry is highly affected
by social and economic parameters, trends, marketing etc., the recognition of the potential
climate stress on tourism should urge the tourism industry and the related organizations of the
southernmost European countries to develop and implement strategies to face the projected
changes and to take preventive actions for future effects.
The correlation of TCI with a real tourism activity indicator (overnight stays) was proved to
be significantly high for the majority of the NUTSIII regions of Europe. Higher correlation
coefficients were attained in general for the European South, while the lowest correlation was
attained for Sweden Denmark and Austria. The correlation was then used to provide
information about the change in tourism activity due to changes in the TCI. The results show
that for the May to October season, and under +1.5°C and +2°C climate the potential
overnight stays are projected to increase in average in almost the entire European domain,
except Cyprus which exhibits a consistent decrease, robust across all scenarios. In contrast,
for the peak of the summer season between June and August, it is projected that the European
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south will potentially exhibit decrease in the overnight stays to as high as 20% and for some
cases to even higher than 30% (within the Greece region). Finally, it has to be stressed out
that the present analysis is based on the ceteris paribus assumption, examining the impact of
the change in climate favorability on the European tourism.

5 Winter Tourism
Impact on winter tourism is here presented as the relative change in number of snow days,
here defined as days with more than 120 mm snow water equivalent (SWE), corresponding to
approximately 30 cm of snow.
The hydrological model VIC was ran with bias-adjusted temperature and precipitation from
the different RCMs. An ensemble-mean areal average number of days in the 1.5 and 2-degree
periods relative to the reference period 1971-2000 is presented in Figure 5.1 Areas that do not
exceed 120 mm SWE in the reference period are left blank. A few areas show increased snow
season length (highlighted in gray), but the majority shows a decrease and some areas will not
even be able to reach 120 mm (highlighted in red).
The areal average however does not clearly show the impact for winter tourism or other
activities that depend more on snow conditions in higher altitudes than lower. Figure 5.2
highlights the difference in impact for different altitudes for two mountainous regions,
Scandinavia and the Alps.

Figure 5.1: Snow season length, defined as number of days with >120 mm snow water equivalent, for two
different time periods; 1.5 (left) and 2-degrees (right). Shown values are relative to the reference period 19712000 (e.g. 0.8 means a 20% reduction in number of days per year).
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Figure 2: Length of the snow season in days (>120 mm snow water equivalent) as a function of altitude for
Scandinavia and the Alps. Model ensemble values for 30-year mean over all grid points in each altitude interval
are shown. The grey boxes show values for the reference period 1971-2000, while orange and red show for the
1.5 and 2-degree periods, respectively.

6 Sea level Rise
More details can be found in D6.2.
Sea-levels have been rising for thousands of years, and there are concerns that global mean
sea-level rise will accelerate with warming temperatures (Church et al. 2013). Sea-levels do
not instantaneously respond to warmer temperatures as it takes time for oceans to absorb a
rise in temperature to their bottom layers. Thus, atmospheric warming in recent decades is not
anticipated to show in sea-level records for many decades to come. This process is known as
the commitment to sea-level rise (Church et al. 2013; Wigley and Raper, 1993). For coastal
systems, pinpointing the impacts and costs of sea-level rise at 1.5°C 2°C above pre-industrial
levels therefore becomes rather challenging as sea-levels would not have had time to respond
to the temperature rise. Furthermore, the magnitude of sea-level rise is highly dependent on
the path of emissions and temperature rise. For example, sea-level rise is expected to be
greater under a high emissions scenario compared with one of climate mitigation, but these
differences may not be revealed for several decades. Differences between scenarios are best
seen over long time frames, rather than the first time temperatures reach a 1.5°C, 2.0°C,
3.0°C, 4.0°C or 5.0°C. Thus, in this deliverable, impacts are costs are reported using
projections from the HadGEM2-ES model in the 2080s for an RCP2.6 (2°C stabilisation
scenario), RCP4.5 (3°C) and RCP8.5 (5°C) scenario under the Shared Socio-Economic
Pathway 2 (‘Middle of the Road’) scenario. During these periods, sea-level rise is (assuming a
median level of ice melt) is projected as 0.31m (RCP2.6, 2°C), 0.42m (RCP4.5, 3°C), and
0.57m (RCP8.5, 5°C) with respect to 1985-2005. Additionally, a scenario of no sea-level rise
has been analysed, to understand impacts if climate change did not occur, i.e. those caused by
subsidence and population growth alone.
Impacts and costs of sea-level rise were derived from the Dynamic Interactive Vulnerability
Assessment (DIVA) modelling framework. (DIVA) modelling framework is an integrated
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model of coastal systems that assesses biophysical and socio-economic impacts of sea-level
rise and socio-economic development (Hinkel 2005; Vafeidis et al., 2008; Hinkel and Klein
2009; Hinkel et al. 2013, 2014) 1 which is driven by climatic and socio-economic scenarios.
DIVA calculates impact metrics by disaggregating the world’s coastline (excluding
Antarctica) into 12,148 coastal segments. In the European Union, there 1,619 segments, with
a mean length of 47km and a median length of 14km. The area at risk from flooding for each
segment was based on Shuttle Radar Topography Mission (SRTM) dataset which has a
resolution of 90 m (Rabus et al., 2003). For each segment, DIVA first downscales to relative
sea-level rise (RSLR) by combining the sea-level rise scenarios due to global warming with
the vertical land movement. The latter is a combination of glacial-isostatic adjustment
according to the geophysical model of Peltier (2000a; 2000b). To access damage and costs
associated with flooding, land elevation was analysed with respect relative sea-level rise and
the frequency of extreme events. Extreme sea-level events produced by a combination of
storm surges and astronomical tides will be raised by mean sea level: the return period of
extreme sea levels is reduced by higher mean sea levels (e.g., Haigh et al., 2010). The
magnitude of this effect depends on the slope of the exceedance curve. Due to the difficulties
of predicting changes in storm surge characteristics (e.g., von Storch and Woth, 2008), the
present storm surge characteristics are simply displaced upwards with the rising sea level
following 20th century observations (e.g., Zhang et al., 2000; Woodworth and Blackman,
2004; Haigh et al., 2010). Surges represent return periods of the 1-in-1 to the 1-in-1000 year
floods.
Impacts also depend on the level of adaptation. Following present day practice, it was
assumed that coasts will continue to be protected as sea-levels rise. DIVA evaluates the
building of sea and river dikes to reduce the risk of flooding (following Hoozemans et al.
1993) and beach/shore nourishment to reduce erosion (Hinkel et al. 2013). For the former, as
there is no empirical data on actual dike heights available at a global level, a demand for
safety is computed and assumed to be provided by dikes (Tol, 2006; Tol and Yohe, 2007),
which changes as sea-levels rise. As a full cost-benefit is computationally too expensive, a
demand for safety function was developed, where, as population density increases there is a
greater level or protection. There are no dikes where there is very low population density (< 1
person/km2). Half of the demand for safety is applied at a population density of 20
persons/km2, and 90% at a population density of 200 persons/km2. This is akin to providing
isolated dikes around individual settlements at lower population densities, to more continuous
dikes at higher population densities.
DIVA translates these physical changes into social and economic consequences. The
following parameters were analysed:
a) Expected number of people flooded annually (thousands/yr): The expected
number of people subject to annual flooding due to submergence.
In DIVA the number of people exposed is superimposed on the digital elevation model and
interpolated between set elevations. A hazard function relates each extreme sea level with a
probability of a flood staying below a certain level, which again is related to the number of
people exposed. The expected number of people flooded annually integrating those exposed

1

For IMPACT2C, DIVA model 5.1.1 was used.
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from flooding for different flood heights and weighted by the probability. Land elevation
below 1m is not considered, as these represent uninhabited wetlands.
b) Annual sea flood costs (million Euros / year)
Annual sea flood costs are represented by superimposing assets (obtained through a
statistically derived asset to GDP ratio based on Hallegatte et al. (2013)) with the digital
elevation data, depth-damage curve from Hinkel et al. (2014) and the probability of
occurrence.
c) Annual sea dikes costs (million Euros / year)
Costs of building new and raising modelled (i.e. from 1995) sea dikes are computed through a
demand for safety function based on income levels, sea-level rise, population density and the
height of the 100 year surge event.
Figure 1 illustrates the expected number of people flooded annually in the 2080s under a
SSP2 scenario.

Figure 6.1. Expected number of people at risk annually in the 2080s under a SSP2 scenario for RCP8.5 (high),
RCP4.5 (med), RCP2.6 (low) and a no-sea level rise scenario.

Figure 6.1 illustrates that even without climate change, people would still be at risk from sea
floods, mostly concentrated around low-lying North Sea countries. Adaptation does not offer
full protect, but can greatly reduce those flooded (Hinkel et al. 2014). The figure illustrates
that under all sea-level rise scenarios the top five countries affected, even with adaptation (in
terms on absolute numbers) are Belgium, France, Germany, Netherlands, and Great Britain
and Northern Ireland. In practice, the Netherlands are very risk adverse, and have protection
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to higher defence levels than the ones in modelled in DIVA (as DIVA is a global model, it
assumes a set of ‘rules’ for protection, but does not take account those countries which are
particularly risk adverse). The countries that benefit most from climate mitigation are those in
eastern Europe (Croatia, Lithuania, Romania).
Figure 6.2 illustrates the projected annual sea flood costs.

Figure 6.2. Annual sea flood costs in the 2080s under a SSP2 scenario for RCP8.5 (high), RCP4.5 (med),
RCP2.6 (low) and a no-sea level rise scenario.

Similar to the expected number of people flooded, sea flood costs will occur even without
sea-level rise. The Netherlands, France, Great Britain and Northern Ireland, and Belgium have
in absolute terms the greatest annual sea flood costs, probably as parts of their countries are
low-lying, or that they have a long coastline. In the Netherlands, such high flood costs are
unlikely as they protect to much higher defence standards than the ones modelled in DIVA.
Continued flooding should therefore be anticipated even without climate change. The greatest
sea flood costs per kilometer of defences are projected to occur in Belgium. The small island
nations of Cyprus and Malta would most benefit from climate mitigation.
Adaptation is well known to reduce flood damages, but at a cost. Figure 3 illustrates the
annual costs of building sea dikes.
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Figure 6.3. Annual sea dike costs in the 2080s under a SSP2 scenario for RCP8.5 (high), RCP4.5 (med), RCP2.6
(low) and a no-sea level rise scenario.

Across all scenarios, the greatest costs (in terms of absolute numbers) occur in Denmark,
France, Germany, Great Britain and Northern Ireland and Ireland. Many of these countries
have coastline surrounding the North Sea. These coasts tend to me low-lying or comprised of
erodible sediment, and hence would result in high costs of protection (McFadden et al. 2006).
Across all socio-economic scenarios for RCP 4.5, the highest costs per km of protection are
found in Belgium and Germany, and the lowest costs in Sweden and Slovenia. The median
cost across all scenarios in the 2080s for the RCP 4.5 scenario is €15,300 per annum.
Additionally, the costs of maintaining dikes need to be considered, which for some countries
could be at least twice as much as capital costs per year. The highest maintenance costs would
occur in the same set of countries as capital dike costs, with the addition of the Netherlands as
they already have a large stock of sea dikes.
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APPENDIX

Figure A1: Tourism Climatic Index for fastrack models, for historical, +1.5oC and +2oC period.
Averages over June to August period.
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Figure A2: Tourism Climatic Index for fastrack models, for historical, +1.5 C and +2 C period.
Averages over May to October period.
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Figure A3: Tourism Climatic Index for slowtrack models, for historical and +1.5 C periods. Averages
over June to August period.
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Figure A4: Tourism Climatic Index for slowtrack models, for historical and +1.5 C periods. Averages
over May to October period.
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Figure A5: Tourism Climatic Index for slowtrack models, for historical and +2 C periods. Averages
over June to August period.
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Figure A6: Tourism Climatic Index for slowtrack models, for historical and +1.5 C periods. Averages
over May to October period.
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Figure A7: Quality of correlation between overnight stays and TCI (left), projected percent change in
o

overnight stays under +1.5 C of global warming per scenario for the May to October (right) and June
to August (center) periods.
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Figure A8: Quality of correlation between overnight stays and TCI (left), projected percent change in
o

overnight stays under +1.5 C of global warming per scenario for the May to October (right) and June
to August (center) periods.
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