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I Action C4
C4 action has a two-fold objective, which is to a) provide an assessment of the impact of future climate change
scenarios on Urban Heat Island (UHI) for the two Mediterranean cities of Thessaloniki and Rome (UHI-FCAR) and b)
to assess and quantify the outcome of promoting mitigation measures in the cities mentioned above to
reduce/hinder the UHI effect (UHI-ASAR).
The current report refers to the first of the deliverables of the C4 action (Urban Heat Island Future Climate
Assessment Report, UHI-FCAR). For the purposes of this subaction/deliverable the climate of a reference and two
future periods has been simulated via the Weather Research Forecast (WRF) mesoscale meteorlogical model, which
was used as a Regional Climate Model (RCM).
The present document describes the future climate impact on the UHI effect and the methodologies applied to
produce such results. In particular, the current document referes to:
1) the modelling system’s set up (configuration of the domains, schemes etc);
2) the results.

1) Modelling system’s set up
a) Domains
For the purposes of the current action, the WRF model has been applied over four (2-way) nested domains with
spatial resolutions of 50km (d01), 10km (d02) and 2km (d03, d04) (figure 1). The first domain (d01; mesh size of
166x98) covers most of the Europe, the North Africa and the Middle East to simulate the synoptic meteorological
conditions. The second domain (d02; mesh size of 55x43) includes the eastern Mediterranean, while two smaller
domains within the d02 focus on the studied urban areas of Thessaloniki, Greece (d03; mesh size of 16x16) and
Rome Italy (d04; mesh size of 16x16). The vertical profile of all the domains is composed of 35 unevenly spaced full
sigma layers (between ~35m and 100hPa). In order to understand the topography of the fine resolution domains
d03 and d04, figure 2 depicts the altitude over these regions.

Figure 1. Configuration of the four (2-way) nested WRF modeling domains
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Figure 2 – Altitude maps for the domains d03 (Thessaloniki - left) and d04 (Rome - right). White contour shows
indicates the urban area.

b) Simulation periods and the boundary conditions
Three simulations were performed in total over different periods. The first period is the so called reference period
(2006-2010), which is used as a representative period of the current climate. The rest of the simulations refer to the
periods 2046-2050 and 2096-2100, which were selected in order to obtain the climate at both the middle and the
end of the current century over the study area. For the rest of this report, periods 2006-2010, 2046-2050 and 20962100 will be referred as periods A, B and C respectively.
The lateral boundaries, which were used by the model for both the simulations of both the control and the future
periods, were obtained from the National Center for Atmospheric Research (NCAR). The datasets include global biascorrected climate model output data from version 1 of NCAR's Community Earth System Model (CESM1) that
participated in phase 5 of the Coupled Model Intercomparison Experiment (CMIP5), which supported the
Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5). All variables needed for initial and
boundary conditionsare included, and have been bias-corrected using the European Centre for Medium-Range
Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim) fields for 1981-2005, following the method in Bruyere
et al. (2014). The data are interpolated to 26 pressure levels, have a horizontal resolution of approximately 1° and
are provided in files at six hourly intervals. The dataset that was used for the current action refers to the
Representative Concentration Pathway (RCP) future scenario 8.5. In this scenario the greenhouse gas emissions and
concentrations increase considerably over time, leading to a radiative forcing of 8.5 W m-2 at the end of the current
century.
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c) Physics options
The WRF physics schemes include: (a) microphysics, (b) cumulus physics, (c) planetary boundary and surface layer
parameterizations, (d) land surface physics, and (e) short-wave and long-wave radiation parameterizations. Each
category has multiple options varying from simple and efficient to more sophisticated and computationally costly. A
considerable effort of research has been implemented over the LIFE ASTI project studied regions examining the WRF
performance in replicating hot summer conditions and the UHI effect (Giannaros T.M. and Melas, 2012, Giannaros
T.M. et al., 2014; Giannaros C. et al., 2018, 2019; Morini et al., 2017). Based on these studies but also taking into
account the computational cost, the physics parameterizations listed in Table 1 will be applied in all modeling
domains of the LIFE ASTI forecasting system.
Physics
Microphysics (clouds)

Parameterization
References
WRF single-moment 6Hong and Lim (2006)
class (WSM6)
Cumulus (convection)*
Kain-Fritsch (KF)
Kain (2004)
Planetary boundary layer
asymmetric convection
Pleim (2007a, 2007 b)
model 2 (ACM2)
Surface layer
Monin-Obukhov (Janjic
Monin and Obukhov
Eta) scheme
(1954); Janjic (1996)
Land surface
Noah model
Tewari et al. (2004)
Short-wave radiation
RRTMG
(Iacono et al. 2008, JGR)
* Cumulus parameterization will be used only for domains d01 and d02
Table 1. Summary of the WRF physics options

d) Land use/land cover
For the representation of the land use/land cover (LULC) in the WRF model, two differerent datasets were used. For
the domains d01 and d02, the Global Land Cover by National Mapping Organizations (GLCNMO) was used (Tateishi,
2011; Hua et al., 2018). This dataset has a resolution of 30 archseconds and includes 20 different LULC classes (table
2). However, for the urban-scale domains d03 and d04, LULC was obtained from the 250m spatial resolution CORINE
2012 dataset (version 18.5.1) that includes 44 LULC categories (table 3) (Büttner, 2014). As shown in table 3, the
CORINE data enable the three additional urban LULC categories (IC, HIR, LIR) that are necessary for implementing
the Single Layer Urban Canopy Model (SLUCM) (Giannaros C, 2018). Figure 2 demonstrates the land use classes over
the domains d03 (Thessaloniki) and d04 (Rome). The pinkish and greyish colours indicate the urban areas.

Code
1
2
3
4
5
6
7
8
9
10

Class Name
Code
Class Name
Broadleaf Evergreen Forest
11
Cropland
Broadleaf Deciduous Forest
12
Paddy field
Needleleaf Evergreen Forest
13
Cropland / Other Vegetation Mosaic
Needleleaf Deciduous Forest
14
Mangrove
Mixed Forest
15
Wetland
Tree Open
16
Bare area,consolidated(gravel,rock)
Shrub
17
Bare area,unconsolidated (sand)
Herbaceous
18
Urban
Herbaceous with Sparse Tree/Shrub
19
Snow / Ice
Sparse vegetation
20
Water bodies
Table 2. Summary of the GLCNMO classes.
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CORINE urban LULC classification
MODIS/IGBP urban LULC classification
1.1.1: Continuous urban fabric
32: High-intensity residential
1.1.2: Discontinuous urban fabric
31: Low-intensity residential
1.2.1: Industrial/commercial units
33: Industrial/commercial
1.2.2: Road/rail networks and associated land
13: Urban and built-up
1.2.3: Port areas
13: Urban and built-up
1.2.4: Airports
13: Urban and built-up
1.3.1: Mineral extraction sites
13: Urban and built-up
1.3.2: Dump sites
13: Urban and built-up
1.3.3: Construction sites
13: Urban and built-up
1.4.1: Green urban areas
31: Low-intensity residential
1.4.2: Sports and leisure facilities
31: Low-intensity residential
Table 3. Mapping strategy of the CORINE urban LULC elements to the corresponding WRF urban LULC categories

Figure 2 – Land use classes over the domains 03 (Thessaloniki - up) and 04 (Rome - down) as considered in the
CORINE 2012 dataset.

7

2) Results
The simulations for the reference and the two future 5-year periods results are described and compared in the next
subsections. As the LIFE-ASTI programme focuses on the UHI, variables such as temperature, heating/cooling degree
days and urban heat island intensity are discussed for the two cities of interest, Thessaloniki and Rome.

a) Thessaloniki
For the domain d03 of Thessaloniki, the annual average temperature for the reference period is ~17.5°C. The
expected temperature increase is of the order of 1°C and ~3.5°C for the periods 2046-2050 and 2096-2100,
respectively (figure 3). Focusing on the greater area of Thessaloniki (thus, the entire urban area and the rural areas
close by the city), it can be noticed that the southeastern regions located relatively far from the coastline (>6km)
present a trend of further temperature increase compared to the northwestern regions during summertime. In
particular, this increase is much more intense during Spring (+0.7°C and +3.8°C for periods B and C) and Summer
(+1.4°C and +4.4°C) in the southeast, while in the northwest the expected increase is slightly lower (+0.6°C, 3.6°C
and +1.2°C, +4.2°C respectively). During autumn and winter there is no significant trend in the temperature over the
entire urban region.
As the project focuses on the urban heat island and the way that the climate change affects it, figure 5 presents a
comparison between three urban and two reference points (figure 4). The three urban points were selected in order
to represent the centre of the city (CU) and the centre of the west (WU) and east (EU) urban area. In addition, the 2
reference points are representatives of the west (WR) and east (ER) ambient rural areas. In general, for the period
A, the WR point exhibits the lowest minimum average temperatures through the year (average annual is ~17.5°C),
but also the highest maximum average values during summer (31.5°C).The ER point is usually up to 1°C warmer than
WR. Regarding the urban points (CU, WU, EU), the temperature during the night is higher by 2-3°C through the year,
while, during the day, the temperature difference between urban and reference points is between <+0.5°C to ~ +1°C.
In average, by the year 2050 (2100) in these five selected points the temperature is expected to increase by 0.8°C
(2.7°C), 0.6°C (3.7°C), 1.3°C (4.1°C) and 1.7°C (4.2°C) in winter, spring, summer and autumn, respectively. Finally, the
temperature seems to increase more during the afternoon (by ~+0.2°C comparing to the other periods of the day)
in winter and spring, while in summer the maximum increase is expected early in the morning (up to ~+0.4°C
comparing to the other periods of the day).
Moving to figure 6, during the reference period early in the morning (0-3UTC), the UHI intensity between urban and
west (urban and east) is ~2°C (~1°C) reference points in winter, while in summer the intensity increases ~3°C (~2°C)
on average. However, in the afternoon the UHI effect is practically eliminated. Regarding the future periods, there
are no significant changes in the UHI effect. An interesting finding could be the increasing trend of the UHI effect in
summer for the eastern regions at 12-18UTC by +0.1°C and 0.4°C, which is caused (taking into account figure 3) by
a more intense increase of the temperature over the eastern rural area.
Regarding the energy consumption, figure 7 indicates (as expected) that energy demand for heating will decrease in
winter. In contrast, cooling degree days will increase in the summer. In particular, the winter average heating degree
days (HDD) for the reference period is 5-7°C, which is expected to decrease by 0.85°C and 2.6°C by the year 2050
and 2100. This change seems to be uniform over the majority of lower ground areas in the domain. However, looking
at the summer average cooling degree days, it seems that for the reference period this parameter fluctuates
between 3-5°C over the urban area of Thessaloniki. This footprint of the city differs by 2°C or more from the areas
around it. By the year 2050, CDD is expected to increase by 1.2-1.5°C, while by the year 2100, this increase will reach
4-4.4°C. It should be hihglighted that the eastern regions of the city demonstrate the highest increase.
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Figure 3 – Figures a-e show the winter, spring, summer, autumn and annual average temperature for the period A (2006-2010). Figures f-j show the
temperature difference betweeen the periods 2046-2050 and 2006-2010 for the different seasons of the year. Figures k-o are similar to f-j, but for the periods
2096-2100 and 2006-2010. The white line is used to depict the boundaries of the urban area.
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Figure 4 – The selected reference and urban points in the domain 03 for the city of Thessaloniki.

Finally, in figure 8, we indicatively present the apparent temperature (TAPP) calculated for the typicaly warmer
month of the year (July) for d03 as a function of temperature (T in °C) and dew point temperature (Tdew in °C) by
the following equation to represent the thermal discomfort on local poluations:
TAPP = −2.653 + 0.994 ∙ T + 0.0153 ∙ (Tdew)2 ) (Kalkstein et al., 1995) (Eq. 1)
Epidemiological studies have shown a typical J-U-shaped association between temperature indicators, such as TAPP,
and health outcomes such as mortality and hospital admission during summer, with a non-linear increase in daily
deaths/admissions as temperatures rise above the threshold value (Curriero et al 2002, Kovats and Hajat, 2008;
Benmarhnia et al. 2015).). Under current climatic conditions (figure 8a, 9a), TAPP presents increased values (2426°C) close to the sea and lakes early in the morning, while in the afternoon maximum TAPP (~33°C) is observed in
low ground regions far from the sea. This can be explained by the fact that temperature and humidity usually present
a narrow diurnal range at places close by the sea, especially under anticyclonic conditions. Instead, in continental
areas far from the sea these variables exhibit a larger range. Exceptions are some parts of the city of Thessaloniki,
which although are located next to the sea, exhibit TAPP ~31-32°C due to the urban environment. In the future,
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changes are expected in minimum TAPP, which is important as nightime cooling enables us to recover from daily
heat exposure and can affect quoaity of our sleep (Lan et al., 2014; Joshi et al., 2016; Lan et al., 2017). It should be
noted that in average, in d03, TAPP will increase by 2-3°C and 4-5°C by 2050 and 2100 respectively both during early
morning (03UTC) and early afternoon (12UTC) in July (figure 8d, g and 9d, g). However, lower ground areas will have
higher TAPP (~+0.5°C) compared to ambient elevated regions. Regarding the city of Thessaloniki, major increases
are expected at the very west and east parts, and especially at the southeastern parts. In particular, average TAPP
at 03UTC will increase by 2.5°C and 4.9°C by 2050 and 2100, while the average increase at 12UTC will be of the order
of 2°C and 4.5°C respectively. Taking into account the eq. 1, it seems that TAPP calculation is mostly based on the
temperature rather than the dew point. Hence, although dew point increases at both 03 and 12UTC, during 20462050 (figures 8e-f and 9e-f), by almost 1°C more than the temperature (this occurs mostly over the city and further
to the east), the contribution of the temperature increase is still more significant. For the period 2096-2100, the
temperature increase is more significant (+3.4°C) than the dew point (+2.4°C) in the urban area and it is still the
factor that contributes to the TAPP increase the most (figures 8h-i and 9h-i).
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Figure 5 – Figures a-e show the diurnal temperature cycle for the five selected points of the domain of Thessaloniki (figure 4). Figures f-j show
the temperature difference betweeen the periods 2046-2050 and 2006-2010 for the different seasons of the year. Figures k-o are similar to f-j, but for the
periods 2096-2100 and 2006-2010.
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Figure 6 – Figures a-e show the diurnal urban heat island intensity as calculated between WU-WR, EU-ER, CU-WR and CU-ER points of the
domain of Thessaloniki (figure 4). Figures f-j show the UHI effect difference for the different seasons of the year betweeen 2046-2050 and 20062010. Figures k-o are similar to f-j, but for the periods 2096-2100 and 2006-2010.
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Figure 7 – Average Heating and Cooling Degree Days for winter and summer respectively for the reference
period (a, b). Figures c,d and e,f show the HDD and CDD difference between the periods 2046-2050 and
2096-2100 with respect to the reference period. The white line is used to depict the boundaries of the urban
area of Thessaloniki.
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Figure 8 – Average apparent temperature (TAPP) in °C for July at 03UTC, respectively, for the reference
period (a, b). Figures d-f and g-i show TAPP difference between the periods 2046-2050 and 2096-2100
with reference, respectively. The white line is used to depict the boundaries of the urban area of Thessaloniki.
Figures a-b, e-f and h-i share the same colourscales respectively.
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Figure 9 – Average apparent temperature (TAPP) in °C for July at 12UTC, respectively, for the reference
period (a, b). Figures d-f and g-i show TAPP difference between the periods 2046-2050 and 2096-2100
with reference, respectively. The white line is used to depict the boundaries of the urban area of Thessaloniki.
Figures a-b, e-f and h-i share the same colourscales respectively.
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b) Rome

For the domain d04 of Rome, the annual average temperature for the reference year is ~17°C. The expected
temeperature increase is of the order of 1°C and ~3.4°C for the periods 2046-2050 and 2096-2100, respectively
(figure 10). The largest temperature increases compared to the present are expected in summer (+1.4 and +4°C in
the middle and the end of the current century) and the lowest during the winter (+0.5 and +2°C, respectively).
Focusing on the greater area of Rome (thus the entire urban area and the rural areas close by the city), it can be
noticed, as a general trend, that the further the distance to the sea, the largest the temperature increase in the
future. The temperature increase difference between a region at the west (by the sea) and another at the east of
the city of Rome is on an annual basis of a an order of 0.3°C and 0.7° for periods 2046-2050 and 2096-2100,
respectively. The largest differences between west and east regions are observed during summer and autumn (up
to 0.7°C), while the lowest ones (0.3°C) are noticed during winter and spring for the period 2046-2050. However,
along the period 2096-2100, the temperature increase difference is greater for spring, summer and autumn (0.71°C), while during the winter this difference remains low (~0.3°C).
Regarding the urban heat island and the way that the climate change affects it, figure 11 displays a comparison
between three urban and two reference points (figure 12) in a pattern similar to that followed for Thessaloniki. The
three urban points were selected in order to represent the centre of the city (CU) and an urban area at the west
(WU) and east (EU) of the city of Rome. In addition, the two reference points are representatives of the west (WR)
and east (ER) ambient rural areas. In general, for the period A, the WR point exhibits the lowest minimum average
temperatures through the year (average annual is ~16.5°C), and the lowest maximum average values during summer
(28°C). The ER point is usually up to 1°C warmer than WR. Regarding the urban points (CU, WU, EU), the temperature
during the night is higher than this in reference points by ~2°C through the year, while, during the day, the
temperature difference between urban and ER point is eliminated. It should be noted that the WR point remains
cooler especially during Spring and Summer in the afternoon as it is located close to the coastline. In average, the
temperature is expected to increase, by the year 2050 (2100), by 0.5°C (2°C), 0.4 °C (3.7°C), 1.2°C (4°C) and 1.4°C
(3.6°C) in winter, spring, summer and autumn respectively in these five selected points. Finally, regarding the
temperature diurnal cycle, there is no significant trend of temperature change at a specific period of the day.The
most noteable are the warmer afternoons during the winter by the year 2050 (by 0.2°C comparing to the rest of the
day) and the warmer spring afternoons by the end of the century (by 0.3°C comparing to the rest times of the day).
Moving to figure 13, during the reference period in the night and morning (18-06UTC), the average UHI intensity is
~2-2.5°C (~1-1.5°C) between urban and west (east) reference points through the entire year. However, in the
afternoon the UHI effect between urban and east reference points is practically eliminated, while between urban
and west remains at ~2°C almost all times of the day. Regarding the future periods, there are no significant changes
in the UHI effect except for the spring period, when the UHI intensity seems to be slightly enhanced (by 0.2-0.3°C)
during the afternoon.
Finally, figure 14 indicates (as expected) that energy consumption for heating will decrease in winter. In contrast,
cooling degree days will increase in the summer. In particular, the winter average heating degree days (HDD) for the
reference period is 4-6 degree days , which is expected to decrease by 0.5 and 1.8 degree days by the year 2050 and
2100 in Rome and the regions around. This change seems to be uniform over the majority of lower ground areas in
the domain, especially during the winter. On the other hand, the CDD during the reference period is ~3-4 degree
days, increasing by 1.1 and 4.1 degree days by 2050 and 2100, respectively.
Finally, in figures 15 and 16 we present the apparent temperature (TAPP; see Eq. 1). In the present climate, TAPP
presents increased values (24-26°C) close to the sea and lakes early in the morning (03UTC), while in the afternoon
maximum TAPP (~32°C) is observed in low ground regions far from the sea. The central and northeastern parts of
the city of Rome for both time periods seem to exhibit the highest TAPP (24°C and 32°C respectively) presenting a
high TAPP city signature in the map (figure 15a and 16a). Similarly to d04, although TAPP for the entire domain will
increase on average by 2-3°C and 4-5°C by 2050 and 2100, respectively, in lower ground areas TAPP increase will be
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much more intense (by ~+0.4°C to +1°C) than that in elevated regions at both 03 and 12 UTC. The city of Rome
exhibits the largest increases, +2.6°C and +5.6°C by the middle and the end of the century (figure 15d,g and 16d,g).
It is worth mentioning that at the end of the current century TAPP will be much higher at 03UTC (by up to 1°C),
reaching pratically average values of >30°C for the month of July. Again, TAPP is mostly affected by the temperature
increase. In the case of the domain of Rome, temperature increase seems to be larger than dew point in both future
periods (figures 15 and 16b-c, e-f, h-i). In particular, temperature over the urban area at both 03 and 12UTC exhibits
an increase of ~2.2°C and ~3.6-4°C in 2050 and 2100 periods respectively, while dew point increases by 1.6°C and
2.6-3.2°C. It should be noted that dew point increase tend to be larger over the western coastal area and Rome at
03UTC and lower at 12UTC. This may show that dew point increase contributes more to the TAPP increase during
the morning.
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Figure 10 – Same as figure 3, but for domain 04 of Rome.

19

Figure 11 – Same as figure 4, but for domain 04 of Rome.
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Figure 12 – Figures a-e show the diurnal temperature cycle for the five selected points of the domain of Rome (figure 10). Figures f-j show the
temperature difference betweeen the periods 2046-2050 and 2006-2010 for the different seasons of the year. Figures k-o are similar to f-j, but for the periods
2096-2100 and 2006-2010.
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Figure 13 – Figures a-e show the diurnal urban heat island intensity as calculated between WU-WR, EU-ER, CU-WR and CU-ER points of the
domain of Rome. Figures f-j show the UHI effect difference for the different seasons of the year betweeen 2046-2050 and 2006-2010. Figures ko are similar to f-j, but for the periods 2096-2100 and 2006-2010.
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Figure 14 – Same as figure 5, but for domain 04 of Rome.
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Figure 15 – Same as figure 8, but for domain 04 of Rome.
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Figure 16 – Same as figure 9, but for domain 04 of Rome.
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